
HUMANA PRESSHUMANA PRESS

Edited by

Tom Moss

Methods in Molecular BiologyTMMethods in Molecular BiologyTM

VOLUME 148

DNA–Protein
Interactions

SECOND EDITIONSECOND EDITION

Principles and ProtocolsPrinciples and Protocols

Edited by

Tom Moss

DNA–Protein
Interactions

POLII

TFIIH





DNA–Protein Interactions



DNA–protein interactions are fundamental to the existence of life forms,
providing the key to the genetic plan as well as mechanisms for its mainte-
nance and evolution. The study of these interactions is therefore fundamental
to our understanding of growth, development, differentiation, evolution, and
disease. The manipulation of DNA–protein interactions is also becoming increas-
ingly important to the biotechnology industry, permitting among other things
the reprogramming of gene expression. The success of the first edition of DNA–
Protein Interactions; Principles and Protocols was the result of Dr. G. Geoff
Kneale's efforts in bringing together a broad range of relevant techniques. In
producing the second edition of this book, I have tried to further increase this
diversity while presenting the reader with alternative approaches to obtaining
the same information.

A major barrier to the study of interactions between biological macro-
molecules has always been detection and hence the need to obtain sufficient
material. The development of molecular cloning and subsequently of protein
overexpression systems has essentially breached this barrier. However, in the
case of  DNA–protein interactions, the problem of quantity and hence of de-
tection is often offset by the high degree of selectivity and stability of DNA–
protein interactions. DNA–protein binding reactions will often go to near
completion at very low component concentrations even within crude protein
extracts. Thus, although many techniques described in this volume were ini-
tially developed to study interactions between highly purified components,
these same techniques are often just as applicable to the identification of novel
DNA–protein interactions within systems as undefined as a whole cell extract.
In general, these techniques use a DNA rather than a protein detection system
because the former is more sensitive. Radiolabeled DNA fragments are easily
produced by a range of techniques commonly available to molecular biolo-
gists.

DNA–protein complexes may be studied at three distinct levels—at the
level of the DNA, of the protein, and of the complex. At the level of the DNA,
the DNA binding site may be delimited and exact base sequence requirements
defined. The DNA conformation can be studied and the exact bases contacted
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vi Preface

by the protein identified. At the protein level, the protein species binding a
given DNA sequence can be identified. The amino acids contacting DNA and
the protein surface facing the DNA may be defined and the amino acids essential
to the recognition process can be identified. Furthermore, the protein’s tertiary
structure and its conformational changes on complex formation can be stud-
ied. Finally, global parameters of a DNA–protein complex such as stoichiom-
etry, the kinetics of its formation and dissociation, its stability, and the energy
of interaction can be measured.

Filter binding, electrophoretic mobility shift assay (EMSA/gel shift),
DNaseI footprinting, and Southwestern blotting have been the most commonly
used techniques to identify potentially interesting DNA target sites and to define
the proteins that bind them. For example, gel shift or footprinting of a cloned
gene regulation sequence by proteins in a crude cell extract may define binding
activities for a given DNA sequence that correlates with gene expression or
silencing. These techniques can be used as an assay during subsequent isolation
of the protein(s) responsible. Interference assays, SELEX, and more refined
footprinting techniques, such as hydroxy radical footprinting and DNA bend-
ing assays, can then be used to study the DNA component of the DNA–protein
complex, whereas the protein binding surface can be probed by amino acid
side chain modification, DNA–protein crosslinking, and of course by the pro-
duction of protein mutants. Genetic approaches have also opened the way to
engineer proteins recognizing chosen DNA targets.

DNA–protein crosslinking has in recent years become a very important
approach to investigate the relative positions of proteins in multicomponent
protein–DNA complexes such as the transcription initiation complex. Here,
crosslinkable groups are incorporated at specific DNA sequences and these
are used to map out the “positions” of different protein components along the
DNA. Extension of this technique can also allow the mapping of the crosslink
within the protein sequence. Similar data can be obtained by incorporating
crosslinking groups at known sites within the protein and then identifying the
nucleotides targeted.

Once the basic parameters of a DNA–protein interaction have been
defined, it is inevitable that a deeper understanding of the driving forces
behind the DNA–protein interaction and the biological consequences of its
formation will require physical and physicochemical approaches. These can
be either static or dynamic measurements, but most techniques have been
developed to deal with steady-state situations. Equilibrium constants can be
obtained by surface plasmon resonance, by spectroscopic assays that differen-
tiate complexed and uncomplexed components, and, for more stable products,
by footprinting and gel shift. Spectroscopy can also give specific answers about
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the conformation of proteins and any conformational changes they undergo
on interacting with DNA as well as providing a rapid quantitative measure of
complex formation. Microcalorimetry gives a global estimation of the forces
stabilizing a given complex. Static pictures of protein–DNA interactions can be
obtained by several techniques. At atomic resolution, X-ray crystallography,
and nuclear magnetic resonance (NMR) studies require large amounts of highly
homogeneous material. Lower resolution images can be obtained by electron
and, more recently, by atomic force microscopies. Large multiprotein com-
plexes are generally beyond the scope of NMR or even of X-ray crystallogra-
phy. These are therefore more often studied using the electron microscope,
either in a direct imaging mode or via the analysis of data obtained from 2D
pseudocrystalline arrays.

 Dynamic measurements of complex formation or dissociation can be
obtained by biochemical techniques when the DNA–protein complexes have
half-lives of several minutes to several hours. For footprinting and crosslinking,
a general rule is that the complexes should be stable for a time well in excess
of the proposed period of the enzymatic or chemical reaction. For gel shift, the
complex half-life should at least approach that of the time of gel migration,
although the cage effect may tend to stabilize the complex within the gel ma-
trix, extending the applicability of this technique. More rapid assembly kinet-
ics, multistep assembly processes, and short-lived DNA–protein complexes
require much more rapid techniques such as UV laser-induced crosslinking,
surface plasmon resonance, and spectroscopic assays. UV-laser induced DNA–
protein crosslinking is a promising development because it potentially per-
mits the kinetics of complex assembly to be followed both in vitro and in vivo.

When I decided to edit a second edition of the present volume, I was of
course aware of the limitations of many of the more commonly used tech-
niques. But as I read the various chapters I realized that each technique was at
least as much limited by the conditions necessary for the probing reaction
itself as by the type of information the probe could deliver. This is perhaps
most evident for in vivo applications, which require agents that can easily
enter cells, e.g., DMS and potassium permanganate are able to penetrate cells
while DNaseI and DEPC are either too large or insufficiently water soluble to
enter cells unaided. (Appendix II presents a summary of the activities and
applications of  the various DNA modification and cleavage reagents described
in this book.) Gel shift assays are limited by the finite range of useable elec-
trophoresis conditions. Because buffers must have low conductance, the KCl
or NaCl solutions typically used for DNA–protein binding reactions are gen-
erally inappropriate. (Appendix I contains a list of the different gel shift
conditions described in various chapters of this book.) Thus, it is often as
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important to choose a technique appropriate to the conditions under which
one wishes to observe the DNA–protein interaction as it is to choose the
appropriate probing activity.

The present volume attempts to bring together a broad range of tech-
niques used to study DNA–protein interactions. Such a volume can never be
complete nor definitive, but I hope this book will provide a useful source of
technical advice for molecular biologists. Its preparation required the coop-
eration of many people. In particular I would like to thank all the authors for
their very significant efforts. Thanks are also due to John Walker for his
encouragement and to the previous editor Geoff Kneale and to Craig Adams
of Humana Press for their help. I also thank Margrit and Peter Wittwer for
providing space in the Pfarrhaus of the Predigerkirche, Zürich, where much of
the chapter editing was done, and Bernadette for her patience, understanding,
corrections, and advice.

Tom Moss
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Filter-Binding Assays

Peter G. Stockley

1. Introduction
Membrane filtration has a long history in the analysis of protein–nucleic

acid complex formation, having first been used to examine RNA–protein inter-
actions (1), before being introduced to DNA–protein interaction studies by
Jones and Berg in 1966 (2). The principle of the technique is straightforward.
Under a wide range of buffer conditions, nucleic acids pass freely through
membrane filters, whereas proteins and their bound ligands are retained. Thus,
if a particular protein binds to a specific DNA sequence, passage through the
filter will result in retention of a fraction of the protein–DNA complex by vir-
tue of the protein component of the complex. The amount of DNA retained can
be determined by using radioactively labeled DNA to form the complex and
then determining the amount of radioactivity retained on the filter by scintilla-
tion counting. The technique can be used to analyze both binding equilibria
and kinetic behavior, and if the DNA samples retained on the filter and in the
filtrate are recovered for further processing, the details of the specific binding
site can be probed by interference techniques.

The technique has a number of advantages over footprinting and gel retarda-
tion assays, although there are also some relative disadvantages, especially
where multiple proteins are binding to the same DNA molecule. However, fil-
ter binding is extremely rapid, reproducible, and, in principle, can be used to
extract accurate equilibrium and rate constants (3–5). We have used the
technique to examine the interaction between the E. coli methionine repressor,
MetJ, and various operator sites cloned into restriction fragments (6,7, see
also Chapter 15). Results from these studies will be used to illustrate the
basic technique.
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Before discussing the experimental protocols it is important to understand
some fundamental properties of the filter-binding assay. The molecular basis
of the discrimination between nucleic acids and proteins during filtration is
still not fully understood. Care should therefore be taken to characterize the
assay with the system under study. Nucleic acid–protein complex retention
occurs with differing efficiencies, depending on the lifetime of the complex,
the size of the protein component, the buffer conditions, and the extent of wash-
ing of the filter. Experiments with the lac repressor system have shown that
prior filtration of protein followed by passage of DNA containing operator
sites does not result in significant retention of the nucleic acid, presumably
because filter-bound protein is inactive for further operator binding. The DNA
retained on filters is therefore a direct reflection of the amount of complex
present when filtration began. Furthermore, incubation of the lac repressor with
large amounts of DNA that does not contain an operator site followed by filtra-
tion also does not lead to significant retention. Because the lac repressor (and,
indeed, essentially all DNA-binding proteins) binds nonsequence-specifically
to DNA, forming short-lived complexes, it is clear that these are not readily
retained. The experiments with the lac repressor (3–5) can therefore be used as
a guide when designing experimental protocols. The repressor is a large pro-
tein (being a tetramer of 38-kDa subunits) but the basic features seem to apply
even to short peptides with molecular weights <2 kDa (8).

In any particular system, the percentage of the DNA–protein complex in
solution retained by the filter should ideally be constant throughout the bind-
ing curve, and this is known as the retention efficiency. Experimental values
range from 30 to >95%. An example of the sort of results obtained with the
MetJ repressor is shown in Fig. 1.

2. Materials
2.1. Preparation of Radioactively End-Labeled DNA

1. Plasmid DNA carrying the binding site for a DNA-binding protein on a conve-
nient restriction fragment (usually <200 bp).

2. Restriction enzymes and the appropriate buffers as recommended by the suppliers.
3. Phenol: redistilled phenol equilibrated with 100 mM Tris–HCl, pH 8.0.
4. Chloroform.
5. Solutions for ethanol precipitation of DNA: 4 M NaCl and ethanol (absolute and

70% v/v).
6. Calf intestinal alkaline phosphatase (CIAP).
7. CIAP reaction buffer (10X): 0.5 M Tris–HCl, pH 9.0, 0.01 M MgCl2, 0.001 M ZnCl2.
8. TE buffer: 10 mM Tris–HCl, pH 8.0, 1 mM ethylenediaminetetraacetic acid (EDTA).
9. 20% w/v Sodium dodecyl sulfate (SDS).

10. 0.25 M EDTA, pH 8.0.



Filter-Binding Assays 3

11. T4 polynucleotide kinase (T4 PNK).
12. T4 PNK reaction buffer, 10X: 0.5 M Tris–HCl, pH 7.6, 0.1 M MgCl2, 0.05 M

dithiothreitol.
13. Radioisotope: γ-[32P]-ATP.
14. 30% w/v acrylamide stock (29:1 acrylamide: N,N'-methylene-bisacrylamide).
15. Polyacrylamide gel elution buffer: 0.3 M sodium acetate, 0.2% w/v sodium

dodecyl sulfate (SDS), 2 mM EDTA.
16. Polymerization catalysts: ammonium persulfate (10% w/v) and N,N,N',N'-

tetramethylethylene diamine (TEMED).
17. X-ray film, autoradiography cassette and film developer.
18. Plastic wrap and scalpel.

2.2. Filter-Binding Assays

1. Nitrocellulose filters: We use HAWP (00024) filters from Millipore (Bedford,
MA), but suitable filters are available from a number of other manufacturers,
such as Schleicher and Schuell (Dassel, Germany). Filters tend to be relatively
expensive. Some manufacturers produce sheets of membrane that can be cut to
size and are thus less expensive.

2. Filter-binding buffer (FB): 100 mM KCl, 0.2 mM EDTA, 10 mM Tris–HCl,
pH 7.6.

3. Binding buffer (BB): This is FB containing 50 µg/mL bovine serum albumin
(BSA, protease and nuclease free; see Note 1).
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4. Filtration manifold and vacuum pump: We use a Millipore 1225 Sampling Mani-
fold (cat. no. XX27 025 50), which has 12 sample ports.

5. Liquid scintillation counter, vials, and scintillation fluid.
6. Siliconized glass test tubes.
7. TBE buffer: 89 mM Tris, 89 mM boric acid, 10 mM EDTA, pH 8.3.
8. Formamide/dyes loading buffer: 80% v/v formamide, 0.5X TBE, 0.1% w/v

xylene cyanol, 0.1% w/v bromophenol blue.
9. Sequencing gel electrophoresis solutions and materials: 19% w/v acrylamide,

1% w/v bis-acrylamide, 50% w/v urea in TBE.
10. Acetic acid (10% v/v).

3. Methods
3.1. Preparation of End-Labeled DNA

1. Digest the plasmid ( 20 µg in 200 µL) with the restriction enzymes used to release
a suitably sized DNA fragment (usually <200 bp). Extract the digest with an
equal volume of buffered phenol and add 2.5 volumes of ethanol to the aqueous
layer in order to precipitate the digested DNA. If preparing samples for inter-
ference assays) only one restriction digest should be carried out at this stage,
see Chapter 15.

2. Add 50 µL 1X CIAP reaction buffer to the ethanol-precipitated DNA pellet (<50 µg).
Add 1 U CIAP and incubate at 37°C for 30 min followed by the addition of a
further aliquot of enzyme and incubate for a further 30 min. Terminate the reac-
tion by adding SDS and EDTA to 0.1% (w/v) and 20 mM, respectively  in a final
volume of 200 µL and incubate at 65°C for 15 min. Extract the digest with buff-
ered phenol, then with 1:1 phenol:chloroform, and, finally, ethanol precipitate
the DNA from the aqueous phase as above.

3. Redissolve the DNA pellet in 18 µL 1X T4 PNK buffer. Add 20 µCi γ-[32P]-ATP
and 10 U T4 PNK and incubate at 37°C for 30 min. Terminate the reaction by
phenol extraction and ethanol precipitation (samples for interference assays
should be digested with the second restriction enzyme at this poin)t. Redissolve
the pellet in nondenaturing gel loading buffer and electrophorese on a non-
denaturing polyacrylamide gel.

4. After electrophoresis, separate the gel plates, taking care to keep the gel on the
larger plate. Cover the gel with plastic wrap and in the darkroom, under the safe-
light, tape a piece of X-ray film to the gel covering the sample lanes. With a syringe
needle, puncture both the film and the gel with a series of registration holes. Alter-
natively, register the film and the gel using fluorescent marker strips. Locate the
required DNA fragments by autoradiography of the wet gel at room temperature
for several min (approx 10 min). Excise slices of the gel containing the bands of
interest using the autoradiograph as a guide. Elute the DNA into elution buffer
overnight (at least) at 37°C. Ethanol precipitate the eluted DNA by adding 2.5 vol
of ethanol, wash the pellet thoroughly with 70% v/v ethanol, dry briefly under
vacuum, and rehydrate in a small volume (approx 50 µL) of TE. Determine the
radioactivity of the sample by liquid scintillation counting of a 1-µL aliquot.
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3.2. Filter-Binding Assays

3.2.1. Determination of the Equilibrium Constant

1. Presoak the filters in FB at 4°C for several hours before use. Care must be taken
to ensure that the filters are completely “wetted.” This is best observed by laying
the dry filters carefully onto the surface of the FB using blunt-ended tweezers
and observing buffer uptake.

2.  Prepare a stock solution of radioactively labeled DNA fragment in an appropri-
ate buffer, such as FB. We adjust conditions so that each sample to be filtered
contains roughly 20 kcpm. Under these conditions, the DNA concentration is
<1 pM. Aliquot the stock DNA solution into plastic Eppendorf tubes. It is best at
this stage if relatively large volumes are transferred in order to minimize errors
caused by pipeting. We use 180 µL/sample. If the DNA-binding protein being
studied requires a cofactor, it is best to add it to the stock solution at saturating
levels so that its concentration is identical for every sample.

3. Prepare a serially diluted range of protein concentrations diluting into BB. A
convenient range of concentrations for the initial assay is between 10–11 and
10–5 M protein.

4. Immediately add 20 µL of each protein concentration carefully to the sides of the
appropriately labeled tubes of stock DNA solution. When the additions are com-
plete centrifuge briefly (5 s) to mix the samples and then incubate at a tempera-
ture at which complex formation can be observed (37°C for MetJ). For each
binding curve it is important to prepare two control samples. The first contains
no protein in the 20 µL of BB and is filtered to determine the level of background
retention. The second is identical to the first but is added to a presoaked filter in
a scintillation vial (see step 6) and is dried directly without filtering. This gives a
value for 100% input DNA.

5. After an appropriate time interval to allow equilibrium to be established, recen-
trifuge the tubes to return the liquid to the bottom of the tube and begin filtering.

6. The presoaked filters are placed carefully on the filtration manifold ensuring that
excess FB is removed and that the filter is not damaged. Cracks and holes are
easily produced by rough handling. The sample aliquot (200 µL) is then immedi-
ately applied to the filter, where it should be held stably by surface tension. Apply
the vacuum. If further washes are used they should be applied as soon as the
sample volume has passed through the filter. Remove the filter to a scintillation
vial and continue until all the samples have been filtered.

7. The scintillation vials should be transferred to an oven at 60°C to dry the filters
thoroughly (approx 20 min) before being allowed to cool to room temperature
and 3–5 mL of scintillation fluid added. The radioactivity associated with each
filter can now be determined by counting on an open channel (see Note 2).

8. Correct the value for each sample by subtracting the counts in the background
sample (no protein). Calculate the percentage of input DNA retained at each pro-
tein concentration using the value for 100% input from the unaltered sample. Plot
a graph of percentage retained vs the logarithm of the protein concentration (e.g.,
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Fig. 1). The binding curve should increase from left to right until a plateau is
reached. This is rarely at 100% of input DNA. The plateau value can be assumed
to represent the retention efficiency, and for quantitative measurements, the
data points can be adjusted accordingly. There is not enough space here to
describe in detail the form of the binding curve or how best to interpret the
data. (For an authoritative yet accessible account, see ref. 9). For our pur-
poses, the protein concentration at 50% saturation can be thought of as the equi-
librium dissociation constant.

9. Once an initial binding curve has been obtained, the experiment should be
repeated with sample points concentrated in the appropriate region (i.e., the
region where the percentage retained is changing most rapidly).

Control experiments with DNAs that do not contain specific binding sites
should also be carried out to prove that binding is sequence-specific. Highly
diluted protein solutions appear to lose activity in our hands, possibly because of
nonspecific absorption to the sides of tubes, among other things. We therefore
produce freshly diluted samples daily. BB can be stored at 4°C for several days
without deleterious effect. Ideally, binding curves should be reproducible. How-
ever, there is some variability between batches of filters and we therefore recom-
mend not switching lot numbers during the course of one set of experiments.

3.2.2. Kinetic Measurements

Kinetic analysis of the binding reaction depends on prior determination of the
equilibrium binding curve, especially the concentration of DNA-binding protein
required to saturate the input DNA. This information allows a reaction mixture
containing a limiting amount of protein to be set up (e.g., at a protein concentration
that produces 75% retention). Both association and dissociation kinetics can be
studied. The major technical problem arises because of the relatively rapid sam-
pling rates that are required. However, it is almost always possible to adjust solu-
tion conditions such that sampling at 10 s intervals is all that is needed. Dissociation
measurements often need to be made over periods of up to 1 h, whereas association
reactions are usually complete within several min.

3.2.2.1. DISSOCIATION

Repeat steps 1 and 2 of Subheading 3.2.1. but do not aliquot the stock DNA
solution. Add to this sample the appropriate concentration (i.e., which pro-
duces approx 75% retention) of stock protein and allow to equilibrate. Add a
20-fold excess of unlabeled DNA fragment containing the binding site and
begin sampling (approx 200 µL aliquots) by filtration. Plots of radioactivity
retained vs time can then be analyzed to derive kinetic constants. In the sim-
plest case of a bimolecular reaction, a plot of the natural logarithm of the radio-
activity retained at time t divided by the initial radioactivity vs time yields the
first-order dissociation constant from the slope. An important control experi-
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ment is to repeat the experiment with DNA that does not contain a specific
binding site to show that dissociation is sequence-specific.

A variation of this experiment can be used in which the concentration of
protein in the reaction mix is diluted across the range where most complex
formation occurs. In this case it is necessary to prepare the initial complex in a
small volume (approx 50 µL) and then dilute 100 times with BB, followed by
filtering 500 µL aliquots.

3.2.2.2. ASSOCIATION

Set up a stock DNA concentration in a single test tube in (Subheading 3.2.1.
(steps 1 and 2). Incubate both this DNA and the appropriate solution of protein
at the temperature at which complexes form. Add the appropriate volume of
protein (e.g., 200 µL) to the DNA stock solution (1800 µL) and immediately
begin sampling (10 × 200 µL aliquots).

3.2.3. Interference Measurements

Experiments of this type can be used to gain information about the site on
the DNA fragment being recognized by the protein. The principle is identical
to that used in gel retardation interference assays but has the advantage that the
DNA does not have to be eluted from gels after fractionation.

1. Modify the purified DNA fragment radiolabeled (approx 100 kcpm) at a single
site with the desired reagent; for example, hydroxyl radicals, which result in the
elimination of individual nucleotide groups (10) (see Chapter 16), dimethyl sul-
fate (DMS) (11) (see Chapter 14), which modifies principally guanines, or ethyl
nitrosourea, ENU (see Chapter 15), which ethylates the nonesterified phosphate
oxygens. The extent of modification should be adjusted so that any one fragment
has no more than one such modification. This can be assessed separately in test
reactions and monitored on DNA sequencing gels.

2. Ethanol precipitate the modified DNA, wash twice with 70% (v/v) ethanol and
then dry briefly under vacuum. Resuspend in 200 µL FB. Remove 20 µL as a
control sample. Add 20 µL of the appropriate protein concentration to form a
complex and allow equilibrium to be reached. Filter as usual but with a siliconized
glass test tube positioned to collect the filtrate. (The Millipore manifold has an
insert for just this purpose.) Do not over dry the filter.

3. Place the filter in an Eppendorf tube containing 250 µL FB, 250 µL H2O, and
0.5% (w/v) SDS. Transfer the filtrate into a similar tube and then add SDS
and H2O to make the final volume and concentration the same as the filter-
retained sample. Add an equal volume of buffer-saturated phenol to each tube,
vortex, and centrifuge to separate the phases. Remove the aqueous top layers,
re-extract with chloroform:phenol (1:1), and then ethanol precipitate. A Geiger
counter can be used to monitor efficient elution of radioactivity from the filter,
which can be re-extracted if necessary.
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4. Recover all three DNA samples (control, filter-retained, and filtrate) after etha-
nol precipitation and, if necessary, process the modification to completion (e.g.,
piperidine for DMS modification, NaOH for ENU, and so on). Ethanol precipi-
tate the DNA, dry briefly under vacuum, and then redissolve the pellets in 4 µL
formamide/dyes denaturing loading buffer. At this stage, it is often advisable to
quantitate the radioactivity in each sample by liquid scintillation counting of
1-µL aliquots. Samples for sequencing gels should be adjusted to contain roughly
equal numbers of counts in all three samples.

5. Heat the samples to 90°C for 2 min and load onto a 12% w/v polyacrylamide
sequencing gel alongside Maxam–Gilbert sequencing reaction markers (12).
Electrophorese at a voltage that will warm the plates to around 50°C. After elec-
trophoresis, fix the gel in 1 L 10% v/v acetic acid for 15 min. Transfer the gel to
3MM paper and dry under vacuum at 80°C for 60 min. Autoradiograph the gel at
–70°C with an intensifying screen.

6. Compare lanes corresponding to bound, free, and control DNAs for differences
in intensity of bands at each position (see Note 3). A dark band in the “free frac-
tion” (and a corresponding reduction in the intensity of the band in the “bound
fraction”) indicates a site where prior modification interferes with complex for-
mation. This is interpreted as meaning that this residue is contacted by the pro-
tein or a portion of the protein comes close to the DNA at this point. (See Chapters
14–16 for more extensive discussions of interference experiments.)

3.3. Results and Discussion

Figure 1 shows a typical filter-binding curve for the E. coli methionine
repressor binding to its idealized operator site of (dAGACGTCT)2 cloned into
a pUC-polylinker. In the presence of saturating amounts of cofactor (SAM), a
sigmoidal binding curve is produced, whereas in the absence of SAM, the bind-
ing curve does not saturate in the protein concentration range tested. Similar
binding curves have been analyzed to produce Scatchard and Hill plots (9) in
order to examine the cooperativity with respect to protein concentration (6).
However, such multiple binding events should also be studied by gel retardation
assays which yield data about the individual complex species (see Chapter 2).

Table 1 shows the results obtained for binding to a series of variant operator
sites and illustrates the apparent sensitivity of the technique. However, in order
to make such comparisons, it is essential to determine the binding curves accu-
rately and with the same batches of protein and filters to minimize minor dif-
ferences between experiments. Table 1 lists the affinities of a number of variant
met operator sites cloned into pUC-polylinkers as determined by filter binding
in the presence of saturating levels of corepressor, SAM. The repressor binds
cooperatively to tandem arrays of an 8-bp met-box sequence (dAGACGTCT)
with a stoichiometry of one repressor dimer per met-box. The variant operators
were designed to examine both the tandem binding and the alignment of
repressor dimers with the two distinct dyads in tandem met-box sequences (6).
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Operator variants are as follows:

1. 00045-A single 8-bp met-box or half-site. The binding curve does not saturate
because singly bound repressor dimers dissociate very rapidly.

2. 00048-Two perfect met-boxes representing the idealized minimum operator
sequence. Repressors bind cooperatively with high affinity.

3. 00184-Two met-boxes with the central T–A step reversed. The crystal structure
of the repressor–operator complex shows that the central T–A step is not con-
tacted directly by the repressors, rather the pyrimidine–purine step promotes a
sequence-dependent DNA distortion that results in protein–DNA contacts else-
where in the operator fragment. The A–T step has less tendency to undergo this
conformational change and this is reflected in its lowered affinity.

4. 00299-A “shifted” two met-box operator used to define the alignment between
the repressor twofold axis and the operator dyads. The low affinity of this con-
struct compared to 00048 confirms that each repressor dimer is centered on the
middle of a met-box.

3.3.1. In Vitro Selection Experiments

In recent years, in vitro selection experiments have been used to identify the
range of preferred DNA target sequences by DNA-binding proteins (13,14),
(see also Chapter 42). The technique depends on the separation of protein-
bound DNA sequences from unbound, nonspecific, or low-affinity sites. Filter
binding is an attractive option for this selection step because of the speed with
which filtration and recovery of the bound fraction can be achieved. However,
it is important to be aware that some minor DNA variants can be retained spe-
cifically by the filters, thus biasing the selected sequences. One way to avoid
this and still retain the advantages of filter binding is to alternate rounds of
filter binding with separation by gel retardation (see Chapter 2). A detailed
discussion of the factors involved in such experiments is beyond the scope

Table 1
The Relative Kds of a Number of Variant Met Operator Sites

Variant Operator Sequence Relative Kd

00045 AGACGTCT >12.2
00048 AGACGTCTAGACGTCT 1.0
00184 AGACGTCatGACGTCT 2.8
00299 gtctAGACGTCTagac 4.9

Note: The Kd is the concentration of protein that produces 50% binding of
input DNA. Values are averages of several experiments and are quoted relative
to the two met-box perfect consensus sequences (00048) which, under the con-
ditions used, had an apparent Kd of 82 ± 5 nM MetJ monomer. Sequences in
capitals represent matches to the consensus met box.
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of this chapter and the reader is referred to more detailed descriptions (e.g.,
ref. 15).

4. Notes
1. None of the radioactivity is retained by the filter. This again can be caused by a

variety of factors. Check that the preparation of DNA-binding protein is still func-
tional (if other assays are available) or that the protein is still intact by SDS-
polyacrylamide gel electrophoresis. Check the activity/concentration of the
cofactor if required. A common problem we have encountered arises because of
the different grades of commercially available BSA. It is always advisable to use
a preparation that explicitly claims to be nuclease and protease free.

2. All of the radioactivity is retained by the filter. This is a typical problem when
first characterizing a system by filter binding and can have many causes. Check
that the filters being used “wet” completely in FB and do not dry significantly
before filtration. Make sure that the DNA remains soluble in the buffer being
used by simple centrifugation in a bench-top centrifuge. If the background
remains high, add dimethyl sulfoxide to the filtering solutions. Classically,
5% (v/v) is used but higher concentrations (approx 20% v/v) have been reported
with little, if any, effect on the binding reaction. We have experienced excessive
retention when attempting to analyze the effects of divalent metal ions on com-
plex formation, and, in general, it is best to avoid such buffer conditions.

3. Poor recoveries from the filter-retained samples in interference assays, or other
problems in processing such samples further, can often be alleviated by addition
of 20 µg of tRNA as a carrier during the SDS/phenol extraction step.

Acknowledgment
I am grateful to Yi-Yuan He for providing the data shown in Table 1 and

Fig. 1.

References
1. Nirenberg, M. and Leder, P. (1964) RNA codewords and protein synthesis. The

effect of trinucleotides upon the binding of sRNA to ribosomes. Science 145,
1399–1407.

2. Jones, O. W. and Berg, P. (1966) Studies on the binding of RNA polymerase to
polynucleotides. J. Mol. Biol. 22, 199–209.

3. Riggs, A. D., Bourgeois, S., Newby, R. F., and Cohn, M. (1968) DNA binding of
the lac repressor. J. Mol. Biol. 34, 365–368.

4. Riggs, A. D., Suzuki, H., and Bourgeois, S. (1970) lac repressor-operator interac-
tion. I. Equilibrium studies. J. Mol. Biol. 48, 67–83.

5. Riggs, A. D., Bourgeois, S., and Cohn, M. (1970) The lac repressor-operator
interaction. III. Kinetic studies. J. Mol. Biol. 53, 401–417.

6. Phillips, S. E. V., Manfield, I., Parsons, I., Davidson, B. E., Rafferty, J. B.,
Somers, W. S., et al. (1989) Cooperative tandem binding of Met repressor from
Escherichia coli. Nature 341, 711–715.



Filter-Binding Assays 11

7. Old, I. G., Phillips, S. E. V., Stockley, P. G., and Saint-Girons, I. (1991) Regula-
tion of methionine biosynthesis in the enterobacteriaceae. Prog. Biophys. Mol.
Biol. 56,145–185.

8. Ryan, P. C., Lu, M., and Draper, D. E. (1991) Recognition of the highly con-
served GTPase center of 23S ribosomal RNA by ribosomal protein L11 and the
antibiotic thiostrepton. J. Mol. Biol. 221, 1257–1268.

9. Wyman, J. and Gill, S. J. (1990) In Binding and Linkage: Functional Chemistry of
Biological Macromolecules, chap. 2, University Science Books, Mill Valley, CA.

10. Siebenlist, U. and Gilbert, W. (1980) Contacts between Escherichia coli RNA
polymerase and an early promoter of phage T7. Proc. Natl. Acad. Sci. USA 77,
122–126.

11. Hayes, J. J. and Tullius, T. D. (1989) The missing nucleoside experiment: a new
technique to study recognition of DNA by protein. Biochemistry 28, 9521–9527.

12. Maxam, A. M. and Gilbert, W. K. (1980) Sequencing end-labelled DNA with
base-specific chemical cleavages. Methods Enzymol. 65, 499–560.

13. Tuerk, C. and Gold, L. (1990) Systematic evolution of ligands by exponential
enrichment: RNA ligands to bacterophage T4 DNA polymerase. Science 249,
505–510.

14. Ellington, A. D. and Szostak, J. W. (1990) In vitro selection of RNA molecules
that bind specific ligands. Nature 346, 818–822.

15. Conrad, R. C., Giver, L., Tian, Y. and Ellington, A. D. (1996) In vitro selection of
nucleic acid aptamers that bind proteins. Methods Enzymol. 267, 336–367.



EMSAs for Analysis of DNA–Protein 13

13

From: Methods in Molecular Biology, vol. 148: DNA–Protein Interactions: Principles and Protocols, 2nd ed.
Edited by: T. Moss  © Humana Press Inc., Totowa, NJ

2

Electrophoretic Mobility Shift Assays
for the Analysis of DNA-Protein Interactions

Marc-André Laniel, Alain Béliveau, and Sylvain L. Guérin

1. Introduction
Several nuclear mechanisms involve specific DNA–protein interactions. The

electrophoretic mobility shift assay (EMSA, also known as the gel mobility
shift or gel retardation assay), first described almost two decades ago (1,2),
provides a simple, efficient and widely used method to study such interactions.
Its ease of use, its versatility, and especially its high sensitivity (10–18 mol of
DNA [2]) make it a powerful method that has been successfully used in a vari-
ety of situations not only in gene regulation analyzes but also in studies of
DNA replication, repair, and recombination. Although very useful for qualita-
tive purposes, EMSA has the added advantage of being suitable for quantita-
tive and kinetic analyzes (3). Furthermore, because of its very high sensitivity,
EMSA makes it possible to resolve complexes of different protein or DNA
stoichiometry (4) and even to detect conformational changes.

1.1. Principle of the Method

Electrophoretic mobility shift assay (EMSA) is based on the simple ratio-
nale that proteins of differing size, molecular weight, and charge will have
different electrophoretic mobilities in a nondenaturing gel matrix. In the case
of a DNA–protein complex, the presence of a given DNA-binding protein will
cause the DNA to migrate in a characteristic manner, usually more slowly than
the free DNA, and will thus cause a change or shift in the DNA mobility visible
upon detection.

While the kinetic analysis of EMSA, which has been extensively covered
elsewhere (ref. 5 and references therein), is not the prime focus of this chapter,
it will be useful to understand the basic theory underlying such analyzes. A
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univalent protein, P, binding to a unique site on a DNA molecule, D, will yield
a complex, PD, in equilibrium with the free components:

where ka is the rate of association and kd is the rate of dissociation. In the case
of a strong interaction between protein and DNA, with ka > kd, two distinct
bands are observed, corresponding to the complex PD and to the free DNA.
However, because of the dissociation that inevitably occurs during electro-
phoresis and because the DNA released from a complex during electrophoresis
can never catch up with the free DNA, a faint smear may be seen between the
two major bands. In contrast, a weak DNA–protein interaction, with ka < kd,
should produce a fainter band corresponding to the complex PD and a more
intense smear. However, even weak DNA–protein interactions may lead to
distinct bands in EMSA because of their stabilization in the gel matrix as a
result of the cage effect (6) and/or of molecular sequestration (7). In both cases,
the dissociation of the complex is slower within the gel than it is in free solu-
tion, but in the cage effect, the gel matrix prevents dissociated components P
and D from freely diffusing and thus favors a reformation of the complex PD,
whereas in molecular sequestration, the gel matrix isolates complex PD from
competing molecules that could promote its dissociation.

As for a single DNA molecule bearing multiple binding sites for a given
protein, there will generally be as many mobility shifts formed as there are
binding sites. For example, in the case of two independent binding sites on the
DNA fragment (D):

this would result in three DNA containing bands: the free DNA (D), the com-
plex with both sites occupied by protein (P2D), and the complexes with only
one occupied site (PD1 and PD2, which will generally migrate together).

The kinetics of more complex situations, such as dimerizing protein com-
plexes and multiple DNA–protein interactions, are beyond the scope of this
chapter, but some interesting and insightful articles have been recently pub-
lished (4,8) in which these questions are expressly addressed.

P + D PD

k a

kd

2P  + D PD 1  + P

PD 2  + P P2D
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k d1

k a
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k a k d2 k a k d3
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1.2. Applications of the EMSA

Because EMSA often allows the detection of specific DNA-binding pro-
teins in unpurified protein extracts (see ref. 9 and Fig. 1A), the technique has
been widely used to analyze crude cell or tissue extracts or partially purified

Fig. 1. Panel A. Autoradiograph of an EMSA performed using crude nuclear pro-
teins from both whole rat tissues and established tissue-culture cells. A 33-bp syn-
thetic oligonucleotide bearing the DNA sequence from the initiator site of the rat PARP
gene promoter was 5' end-labeled and used as a probe in EMSA. It was incubated with
crude nuclear proteins (5 µg) obtained either from fresh rat tissues (liver and testis) or
from established tissue-culture cells (HeLa and Ltk–). A number of nuclear proteins
(indicated by asterisks) were found to bind the rPARP promoter with varying efficien-
cies and most were common to both the tissues and the cell lines selected. U: Unbound
fraction of the labeled probe.

Panel B. Monitoring the enrichment of a nuclear protein by EMSA. Crude nuclear
proteins (50 mg) of a rat liver extract were prepared and further purified on a heparin–
Sepharose column. Nuclear proteins were eluted using a 0.1–1.0 M KCl gradient and
fractions individually incubated with a 34-bp double-stranded synthetic oligonucle-
otide bearing the DNA sequence of the rat growth hormone promoter proximal
silencer-1 element as the labeled probe. Both the concentration of KCl required to
elute the proteins contained in each fraction, as well as the fraction number selected
are indicated, along with the position of a major shifted DNA–protein complex corre-
sponding to the rat liver form of the transcription factor NF1 (termed NF1-L). C: con-
trol lane in which the silencer-1 labeled probe was incubated with 5 µg crude nuclear
proteins from rat liver; U: unbound fraction of the labeled probe.



16 Laniel, Béliveau, and Guérin

extracts for the presence of protein factors implicated in transcription (10–13)
and in DNA replication (9,14), recombination (15), and repair (16). The use of
unlabeled competitor DNA fragments further aids in identification of DNA-
binding proteins (see ref. 9, 15, and 17 and Fig. 2A), and their purification can
be easily monitored by EMSA (see ref. 9, and 13 and Fig. 1B). Moreover,
mutation or bases delection on the labeled DNA probe is often an efficient
approach to use when identifying the binding site of the protein of interest
(10,12).

EMSA yields invaluable data when purified or recombinant proteins are to
be analyzed, because quantification and kinetic studies are rapidly achieved
(10,14). Parameters of a DNA–protein interaction, such as association, disso-
ciation, and affinity constants, can be accurately measured (2,3,7,10), and the
effect of salt, divalent metals, protein concentration and the temperature of
incubation on complex formation can be directly observed (see ref. 15, 20, and
21 and Fig. 3A,B). EMSA has also greatly contributed to the elaboration of
models of complex assembly in the areas of transcription (11), DNA replica-
tion (14) and DNA repair (16).

Although EMSA is an informative and versatile method on its own, it
becomes more powerful when used in combination with other techniques.
Methylation (23) and other forms of binding interference studies (see Chapters
14 to 16), where a partially modified DNA probe is used, help to define the
exact position of the DNA binding site of the protein (10,24). Immunological
methods using specific antibodies, as in supershift experiments (see refs. 12
and 13 and Fig. 2B), are also very helpful in identifying the identity of the
protein component of given complexes. However, when analyzing large or
multiprotein complexes, supershifts may not be suitable because the supershifted
complexes may not be distinguished from the shifted ones or may not identify
the different proteins involved. Immunoblotting of EMSA gels (25), “Shift-
Western blotting” (26) and immunodepletion EMSA (27) can be used to resolve
such problems. In addition, determination of the molecular weight of the DNA-
binding protein(s) identified by EMSA can be achieved by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), either directly (28)
or following ultraviolet cross-linking of the DNA–protein complex (29).

1.3. Overview of the Procedure

Several components are required for EMSA and may influence the outcome
of the procedure.

1.3.1. Nuclear Extract

The choice of protein extract is governed by the objective of the study.
Whole-cell or nuclear extracts are very useful in analyzing the regulatory
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Fig. 2. Panel A. Competition in EMSA as a tool to evaluate the specific formation
of DNA–protein complexes. A synthetic double-stranded oligonucleotide bearing the
NF1 binding site from the Fp1 element of the human CRBP1 gene was 5' end labeled
and incubated with 1 µg of a heparin–Sepharose-enriched preparation of rat liver
NF1-L. Increasing concentrations (50-, 200-, and 1000-fold molar excess) of
unlabeled, double-stranded oligonucleotides containing various DNA binding sites
(Fp1, NF1, or Sp1) were added as competitors during the binding assays, and DNA/
protein complex formation was analyzed on native 8% polyacrylamide gels. Control
lanes containing the labeled probe alone (C–) or incubated with proteins in the
absence of any competitor DNA (C+) have also been included. The position of the
specifically retarded DNA/protein complex (NF1-L) and that of the free probe (U) is
also shown. (Modified from ref. 18: reprinted with permission from Mol. Endocrinol.,
Copyright [1994].)

Panel B. The identity of DNA-binding proteins as revealed by supershift analyses
in EMSA. The rGH silencer-1 labeled probe used in Fig. 1B was incubated with (+) or
without (–) 0.2 µg of a heparin–Sepharose-enriched preparation of NF1-L (see
panel A) , in the presence of either nonimmune serum (1 µL) or a polyclonal anti-
body directed against rat liver NF1-L. Formation of DNA/protein complexes was
then monitored by EMSA as in Fig. 1B. The position of the previously character-
ized NF1-L DNA/protein complex is shown (NF1-L) along with that of a
supershifted complex (NF1-L/Ab) resulting from the specific interaction of the
anti-NF1-L antibody with the NF1-L/silencer-1 complex. The position of a nonspe-
cific complex (NS), resulting from the binding of an unknown serum protein to the
labeled probe selected, is indicated, as well as the position of the remaining free probe
(U). (Modified from ref. 19: reprinted with permission from Eur. J. Biochem., Copy-
right [1994].)
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Fig. 3. Panel A. Salt-dependent formation of DNA–protein complexes in EMSA. A
5' end labeled 35-bp synthetic double-stranded oligonucleotide bearing the NF1-L
binding site of the 5'-flanking sequence of the human CRBP1 gene (and designated
Fp5) was incubated in the presence of 1 µg of a heparin–Sepharose-enriched prepara-
tion of NF1-L and increasing concentrations of KCl (5 to 800 mM) using binding
conditions similar to those described in this chapter. Formation of the Fp5/NF1-L
DNA–protein complex was then resolved by electrophoresis on a 4% native poly-
acrylamide gel. Very little free probe (U) is observed in the presence of either 50 or
100 mM KCl, providing evidence that optimal binding of NF1-L to its target site in
Fp5 is obtained at these salt concentrations. (Modified from ref. 20; reprinted with
permission from Biotechniques, Copyright [1992].)
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elements of a DNA fragment such as a gene promoter. Partial protein purifica-
tion allows further characterization of a DNA–protein interaction and can be
achieved by column chromatography on DNA-cellulose or heparin–Sepharose, or
by SDS-polyacrylamide gel fractionation and subsequent protein renaturation (see
ref. 30 and Note 1). Purified or recombinant proteins give valuable information on
protein interactions, competition, dimerization or cooperativity. Whatever pro-
tein extract used, its quality is a key factor in EMSA (see Notes 2 and 3).

1.3.2. DNA Probe

Cloned DNA fragments of 50–400 bp in length or synthetic oligonucleotides
of 20–70 nucleotides work very well in EMSA (see ref. 17 and Note 4) and
although double-stranded DNA is used most often, single-stranded DNA may
also be effective (15). Although larger DNA fragments usually encompass
more extensive regulatory sequences, oligonucleotides will generally contain
fewer protein binding sites and thereby yield more specific information,
the two approaches often complementing one another. The detection of
DNA–protein complexes is usually achieved by labeling of DNA probe (see
Note 5), and this is performed using a [32P]-labeled deoxynucleotide. However,
other, less hazardous methods are available (see Note 5), including labeling
with 33P (31), with digoxygenin (32) or with biotin (33).

1.3.3. Gel Matrix

Acrylamide gels (see Note 6) combine high resolving power with broad
size-separation range and provide the most widely used matrix. Alternatively,

Panel B. DNA-binding properties of nuclear proteins revealed by EDTA chelation
in EMSA. A double-stranded synthetic oligonucleotide bearing the sequence of the rat
PARP US-1 binding site for the transcription activation factor Sp1 was 5' end-labeled
and incubated with 10 µg crude nuclear proteins from HeLa cells in the presence of
increasing concentrations of EDTA (0–100 mM) under binding conditions identical to
those described in this chapter. Formation of DNA/protein complexes was evaluated
by EMSA on a 8% polyacrylamide gel. As little as 10 mM EDTA proved to be sufficient to
chelate zinc ions and to totally prevent binding of Sp1 to the US-1 element. Similarly,
reaction mixtures containing the US-1 labeled probe incubated with 10 µg nuclear
proteins from HeLa cells in the presence of 25 mM final concentration of EDTA were
supplemented with increasing concentrations (0.5–100 mM) of zinc acetate (ZnOAc)
to evaluate the binding recovery for both Sp1 and the nonspecific DNA–protein complex
(NS). A substantial proportion of the DNA-binding capability of both the Sp1 and the NS
proteins could be recovered upon further addition of 25 mM zinc acetate, providing
evidence that both factors probably interact with DNA through the use of a Zn-finger-
containing DNA binding domain, a fact that was already known for Sp1. (Modified
from ref. 22: reprinted with permission from Eur. J. Biochem., Copyright [1993].)
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the use of less toxic, commercially available matrices has been reported (34–36).
Because of their larger pore size, agarose gels are sometimes used, either alone
or in combination with acrylamide, to study larger DNA fragments or
multiprotein complexes (37). Gel concentration is also important in EMSA
(see Note 7), however although lower concentration will generally allow the
resolution of larger complexes, it may affect their stability (7).

1.3.4. Buffer

Different low-ionic-strength buffers can be used in EMSA (see ref. 36 and
Note 8), and can include cofactors such as Mg2+ or cAMP, which may be nec-
essary for some DNA–protein interactions (37).

1.3.5. Nonspecific Competitors

To ensure specificity of the DNA–protein interaction, a variety of nonspe-
cific competitors may be used. This is particularly important when using crude
protein extracts which contain nonspecific DNA-binding proteins. To avoid
nonspecific binding activities interfering with the EMSA, an excess of a non-
specific DNA such as salmon sperm DNA, calf thymus DNA or synthetic
DNAs such as poly(dI:dC) is used (see refs. 37 and 38 and Notes 9 and 10).
The addition of nonionic or zwitterionic detergents (39) or nonspecific pro-
teins (e.g., albumin [40]) may also increase specific DNA–protein interactions.

2. Materials
2.1. Probe Labeling

1. [γ-32P] ATP. Caution: 32P emits high-energy beta radiation. Refer to the rules of
your local control radioactivity agency for handling and proper disposal of radio-
active materials and waste (see Note 5).

2. Approximately 25–50 ng of DNA from a 30-bp double-stranded oligonucleotide. For a
typical 70-bp probe derived from a subcloned promoter fragment, estimate the amount
of the plasmid DNA that is required to end up with about 100–200 ng of the DNA
fragment of interest following its isolation from the polyacrylamide gel (see Note 4).

3. Calf intestinal alkaline phosphatase (CIAP) and 10X CIAP reaction buffer: 0.5 M
Tris–HCl pH 9.0, 10 mM MgCl2, 1 mM ZnCl2, 10 mM spermidine.

4. T4 polynucleotide kinase and 10X kinase buffer: 0.5 M Tris–HCl pH 7.5, 0.1 M
MgCl2, 40 mM DTT, 1 mM spermidine, 1 mM EDTA.

2.2. Probe Isolation

1. Standard electrophoresis apparatus for agarose gel.
2. Stock solution of 10X TBE: 0.89 M Tris, 0.89 M boric acid, and 20 mM EDTA.
3. 1% (w/v) agarose in 1X TBE supplemented with 0.5 µg/mL of ethidium bromide

from a 10-mg/mL solution. Caution: Ethidium bromide is a powerful mutagenic
agent (see Note 11).
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4. Restriction enzyme(s) with corresponding buffer(s).
5. For DNA precipitation, a preparation of 1 mg/mL tRNA, a solution of 3 M NaOAc

(pH 5.2), and a supply of dry ice.
6. Phenol/chloroform: Phenol saturated with 100 mM Tris–HCl pH 8.0.
7. 40% (w/v) 29:1 acrylamide–bisacrylamide: 29:1 (w/w) acrylamide and

N',N'-methylene bis-acrylamide. After complete dissolution of the components,
the solution should be filtered using Whatman No. 1 paper and can be stored at
room temperature. Caution: Acrylamide is a potent neurotoxic agent (see Note 6).

8. Dialysis tubing: molecular weight cutoff of 3500 and flat width of 18 mm.
9. Plastic wrap.

10. Autoradiography cassettes and film: Kodak XOmat AR.

2.3. Electrophoretic Mobility Shift Assay

1. Standard vertical electrophoresis apparatus for polyacrylamide gels, a gel length
of 15 cm is adequate. (See Note 12.)

2. 40% (w/v) 39:1 acrylamide–bisacrylamide: 39:1 (w/w) acrylamide and N',N'-methyl-
ene bis-acrylamide. Caution: Acrylamide is a potent neurotoxic agent (see Note 6).

3. 5X Tris–glycine: 250 mM Tris, 12,5 mM EDTA, and 2 M glycine. (See Note 8.)
4. Extract (crude or enriched) containing cell or tissue nuclear proteins. (See Note 2.)
5. 2X binding buffer: 20 mM HEPES pH 7.9, 20% glycerol, 0.2 mM EDTA, 1 mM

tetrasodium pyrophosphate (see Note 3) and 0.5 mM PMSF.
6. 6X loading buffer: 0.25% bromophenol blue, 0.25% xylene cyanol, and

40% sucrose.
7. Whatman chromatographic paper (3MM) and plastic wrap.
8. Standard gel dryer.
9. Autoradiography cassettes and film: Kodak XOmat AR.

3. Methods

3.1. Probe Labeling

3.1.1. Labeling DNA Fragments Derived from a Subcloned Sequence

1. Select restriction enzymes that produce the shortest DNA fragment containing
the sequence of interest. One of these restriction enzymes should produce a pro-
truding 5' end or blunt end to support labeling with T4 polynucleotide kinase (see
Note 13). Following the manufacturer’s optimal enzymatic conditions, prepare a
digestion mix with one of the restriction enzymes in 50 µL to linearize the vector.
The initial amount of DNA should be calculated to end up with at least 100–200 ng
of DNA after double-restriction enzyme digestion and further isolation of the
DNA fragment from the polyacrylamide gel.

2. Before proceeding with dephosphorylation, make sure that digestion is complete
by loading a sample (50–100 ng) on a 1% (w/v) agarose minigel. Once complete
digestion of the plasmid DNA has been verified, add directly to the digestion
reaction mix 1 U of CIP, 10 µL of 10X CIP buffer, and fill to 100 µL with H2O.
Incubate at 37°C for 90 min.



22 Laniel, Béliveau, and Guérin

3. To totally eliminate and inactivate CIAP, transfer the reaction mix at 70°C for 10 min
and perform a phenol/chloroform followed by a chloroform extraction. Precipi-
tate DNA by adding a 1/10th volume of 3 M NaOAc, pH 5.2 and 2 volumes of
cold 95% ethanol. Allow DNA to precipitate on dry ice for 30 min, then centri-
fuge for 15 min.

4. Resuspend DNA in 33 µL of H2O, add 5 µL of 10X kinase buffer, 10 µL (100 µCi) of
[γ-32P]ATP and 2 µL of T4 polynucleotide kinase. Mix and incubate at 37°C for 2 h.

5. Following the labeling procedure, reprecipitate DNA and resuspend in 30 µL of
H2O. Keep a 2-µL sample and digest the remainder with the second restriction
enzyme, following manufacturer’s conditions.

3.1.2. Labeling Double-Stranded Synthetic Oligonucleotides

1. Mix equal amounts of the complementary strands, heat at 5°C over the specific
melting temperature (TM) of the sequence for 5 min, and let cool to room tem-
perature (RT). When DNA reaches RT, place at 4°C for a few hours prior to use.

2. Use 25–50 ng of the double-stranded oligonucleotide preparation and perform
DNA labeling with T4 polynucleotide kinase as described in step 4 of Subhead-
ing 3.1.1. but using 30 µCi of [γ-32P] ATP.

3.2. Probe Isolation

3.2.1. For a Typical 70-bp Probe Derived
from a Subcloned Promoter Fragment

1. Rigorously clean and dry the polyacrylamide gel apparatus and its accessories
prior to use. Gel plates should be cleaned using any good quality commercial
soap and then rinsed with 95% ethanol. One plate can be treated with a coat of
Sigmacote (chlorinated organopolysiloxane in heptane) to facilitate gel removal
from the plates after running.

2. Prepare a 6% polyacrylamide gel (41) as follows; mix 2.5 mL of 10X TBE, 3.75 mL
of 40% acrylamide (29:1) stock solution, and H2O to 25 mL final volume.
Add 180 µL of 10% ammonium persulfate and 30 µL of TEMED. Carefully
stir and pour the acrylamide solution between the plates. Insert well-forming
comb and allow the gel to set for 30 min., then mount the gel in the electro-
phoresis tank and fill the chamber with 1X TBE .

3. To the double-digested DNA, add 10 µL of 6X loading buffer and load into two
separate wells. For the 2-µL control sample from the single digestion, add 2 µL of
loading buffer and load in a free well. Migration should be stopped when bro-
mophenol blue, which is used as a migration marker, reaches two-thirds of
the gel length.

4. Carefully disassemble the apparatus and discard the running buffer as radio-
active waste. Remove one plate and leave the gel on the remaining plate. Cover
the gel with plastic wrap and, in a dark room, place a film over it. It is very
important to mark the exact position of the gel on the film as a reference. This
can be achieved by using [32P]-labeled black ink. Expose the film for 3 min
and develop.
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5. If the digestion step with restriction enzymes is complete, two labeled bands
resulting from the double digestion should appear on the autoradiogram (pro-
vided that each of the restriction enzymes selected initially cut the probe-bearing
recombinant plasmid only once). Using a razor blade, cut out from the film the
lower band corresponding to the selected probe. Replace the film on the gel
(which is still covered with plastic wrap), aligning the reference marks carefully.
Using the aperture in the film as guide, remove the probe-containing gel frag-
ment using a scalpel blade.

6. Place the acrylamide fragment in a dialysis tubing closed at one end and add
1 mL of 1X TBE. Remove any remaining air bubbles, close the other end, and
place the dialysis tubing in a standard horizontal electrophoresis tank filled with
1X TBE. Run at 100 V for 15 min.

7. Through the action of electrophoretic migration, the labeled probe will pass from
the acrylamide fragment to the TBE solution contained in the dialysis tubing.
DNA will concentrate as a thin line along the dialysis tubing (on the cathode
side) and must be removed by gently rubbing the tubing with a solid object. Using
a Pasteur pipet, transfer the labeled probe-containing TBE from the dialysis
tubing into three separate microcentrifuge tubes (about 300 µL each). Other pro-
cedures may also be selected for extracting the labeled probe from the polyacry-
lamide gel (42).

8. Repeat steps 6 and 7 to make sure that all of the probe has been eluted from the
acrylamide fragment. At the end of the second elution, recover the TBE again
into three other microcentrifuge tubes.

9. Precipitate the probe by adding 1/10th volume of 3 M NaOAc pH 5.2 and two vol-
umes of cold 95% ethanol. Allow labeled DNA to precipitate on dry ice for 30 min.

10. Centrifuge and discard the supernatant and resuspend DNA in 50 µL of sterile H2O.
Pool the samples into one microcentrifuge tube and reprecipitate as in step 9.

11. Estimate the recovery of labeled DNA by counting the Cerenkov radiation emit-
ted by the pellet using a β counter or by resuspending the DNA in a small volume
(100 µL) and counting a 1-µL aliquot in scintillation liquid.

12. Resuspend the labeled DNA in order to obtain 30,000 cpm/µL.

3.2.2. For a Double-Stranded Oligonucleotide Labeled Probe

Proceed as in Subheading 3.2.1. except that steps 1 through 8 should be
omitted and replaced by two sequential precipitations  in the presence of 5 µg
total tRNA as described in step 9. (See Note 14.)

3.3. EMSA

1. Rigorously clean and dry the electrophoresis tank and its accessories prior to use
and treat the glass plates as previously described for probe isolation (step 1; Sub-
heading 3.2.1.).

2. For a typical 70-bp probe, prepare a 6% polyacrylamide gel (see Note 7) by mix-
ing 2.5 mL of 10X Tris–glycine, 3.75 mL of 40% acrylamide (39:1) stock solu-
tion, and H2O to 25 mL. Add 180 µL of 10% ammonium persulfate and 30 µL of
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TEMED. Carefully stir and pour the acrylamide solution between the plates (see
Note 15). Use a comb that has 0.8-cm-width teeth. Allow the gel to set for at least
2 h, then mount gel in the electrophoresis tank and fill the chamber with 1X Tris–
glycine (see Note 8). As soon as the gel is mounted and set, remove the comb and
carefully wash the wells with running buffer.

3. Prerun the gel at 4°C and 120 V (8 V/cm) until the current becomes invariant
(this takes around 30 min). Prerunning ensures that the gel will remain at a con-
stant temperature from the moment of sample loading.

4. When the gel is ready for loading, prepare samples as follows. For each sample,
mix 12 µL of 2X binding buffer, 1 µL of 1 mg/mL poly(dI:dC) (see Notes 9 and
10), and 0.6 µL of 2M KCl (see Note 10); then add 30,000 cpm of labeled probe.
Where possible, to minimize pipeting errors, prepare a single mix of the common
reaction components and distribute equal volumes into the reactions. Finally, add
1–10 µg protein extract and H2O to a final volume of 24 µL. Mix each tube gently
and incubate at RT for 3 min. As a control, prepare a sample without protein extract
and add 1 µL of 6X loading buffer containing bromophenol blue and xylene cyanol.

5. Load samples by changing the pipet tip for each sample.
6. Run at 120 V (8 V/cm) and let samples migrate until the free probe reaches the

bottom of the gel (see Note 16). In the case of a 70-bp probe loaded on 6%
acrylamide gel, this means 5–6 h of migration.

7. After the gel run, disassemble the apparatus and remove one of the glass plates,
place a Whatman paper over the gel, and carefully lift the gel off the remaining
plate. Make sure that the gel is well fixed on the Whatman before lifting the gel to
avoid gel breakage. Place plastic wrap over the gel and dry at 80°C for 30 min.

8. Place an X-ray film over the gel in an autoradiography cassette and expose at
–70°C overnight.

4. Notes
1. Very intense, large or smeary shifted complexes usually result from multiple

comigrating DNA–protein complexes that possess nearly identical electro-
phoretic mobilities in native polyacrylamide gels despite the fact that the pro-
teins they contain usually have distinctive molecular masses on denaturing
SDS-PAGE (43,44). An attractive method that helps to distinguish between the
proteins yielding these multiple, comigrating complexes is the SDS–polyacryla-
mide gel fractionation–renaturation procedure (30). This procedure allows
recovery and enrichment of specific proteins suitable for further analyzes by
EMSA, in addition to providing their approximate molecular masses.

2. When using crude nuclear extracts for detecting DNA–protein complexes in
EMSA, the quality of the extract is very critical. Whenever possible, nuclei puri-
fication procedures using a sucrose cushion or pad (45) is to be preferred in order
to eliminate contamination by cytosolic proteins that most often also contain
substantial amounts of proteases. Purifying nuclei on sucrose pads has generally
yielded high-quality nuclear extract samples. However, such extracts require
large quantities of fresh tissue, rendering the approach inappropriate when
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limiting amounts of small animal tissues such as spleen, pancreas or prostate
are available. In these cases, short microprocedures adapted to prevent pro-
tease actions can also be performed (46). Once the crude extract has been
obtained, its quality must be evaluated. An informative way to test extracts is
to assess the DNA-binding ability of the ubiquitously expressed transcription
factor Sp1. We have found this transcription factor to be particularly sensi-
tive to proteases (47). Little or no Sp1 binding to its high-affinity binding site
(5'-GATCATATCTGCGGGGCGGGGCAGACACAG–3') (48) is usually
indicative of a poor quality nuclear extract. Although such an assay is clearly
invaluable when crude extracts are obtained from established tissue-culture cells,
caution must be observed when extracts are prepared from whole animal tissues
because not all organs express Sp1 at the same level (22,47,49).

3. The analysis of crude extracts prepared from whole animal tissues by EMSA is
somewhat restricted because of the numerous enzymatic activities, such as pro-
teases and deacetylases, these may contain. Degradation of nuclear proteins by
endogenous proteases can be prevented by the addition of protease inhibitors.
Whole animal tissue extracts are also often contaminated with highly active
endogenous phosphatases. Tissues such as liver, kidney, and bone have been
reported to be rich in these enzymes (50), some of which substantially decrease
the sensitivity of the EMSA by removing the [32P]-labeled phosphate from the
DNA probe. Although addition of phosphatase inhibitors, such as tetrasodium
pyrophosphate or sodium fluoride, to the reaction buffer can efficiently prevent
dephosphorylation, we have found that the same can also be achieved by simply
reducing either the temperature at which the binding reaction is normally per-
formed (30 min of incubation at 4°C) or the time allowed for the DNA–protein
interaction to occur (as low as 1 min of incubation at 22°C) (21). Alternatively,
probes labeled by fill-out of unpaired 5' termini using T4 DNA polymerase or the
Klenow fragment of DNA polymerase I and an appropriate [α-32P] dNTP may be
used. (See also Note 13.)

4. When double-stranded oligonucleotides are selected as labeled probes in
EMSA, we recommend their size be in the range 20–70 bp. When working
with subcloned DNA sequences, optimal signal strength and resolution can
be achieved using fragments of 50–250 bp. Although larger fragments may
be used, they require longer migration times in order to efficiently resolve
the potential DNA–protein complexes. Furthermore, larger labeled probes
are likely to bind an increased number of nuclear proteins, which may compli-
cate the interpretation of the results.

5. Handling [γ-32P] ATP requires that special care be taken when labeling the DNA
probes used in EMSA. The reader is referred to the standard procedures and the
guidelines on manipulation of radioactive materials in effect at each research
facility. Alternative procedures for nonradioactive probe labeling have been
reported for EMSA analyzes (32,33).

6. Acrylamide is a potent neurotoxic compound that is easily absorbed through skin.
Wearing gloves and a mask to avoid direct contact with the skin or inhalation is
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therefore required when manipulating dry acrylamide or acrylamide solutions.
Similar care should also be taken with polyacrylamide gels, as they may still
contain low levels of unpolymerized acrylamide. Acrylamide solution is light
sensitive and should be kept away from direct light. It is worth noting that
acrylamide and bis-acrylamide are slowly converted to acrylic and bisacrylic acid,
respectively, upon prolonged storage. To avoid the use of acrylamide, alternative
nontoxic gel matrices are available, whose resolution properties are comparable
to those of polyacrylamide (34,35). The use of agarose gels containing a non-
toxic synergistic gelling and sieving agent (Synergel™) that helps improve the
resolution of DNA–protein complexes has also been reported recently (36).

7. The concentration of the polyacrylamide gel used in EMSA is primarily dictated
by both the size of the labeled probe selected and the resolution of the DNA–
protein complexes obtained. It can vary from 4% with large labeled DNA frag-
ments (of over 150 bp in length) to 12% with synthetic oligonucleotides. Two (or
more) closely migrating DNA–protein complexes that would normally appear as
a single diffuse, smeary complex on a 4% gel can usually be resolved on a 8%
gel. However, although increasing the gel concentration usually improved the
resolution of DNA–protein complexes, other complexes became unstable in high
concentration gels.

8. Although we feel DNA–protein interactions are best revealed using the Tris–
glycine buffer system, some complexes may not be detectable under such condi-
tions. The alternative use of other running buffer systems with varying ionic
strength, such as Tris–acetate, pH 7.5 or TBE, pH 8.0 (23) is advisable in order to
explore a broader range of DNA–protein complexes.

9. Nonspecific DNA–protein interactions are usually prevented by the addition to
the reaction mix of 1–5 µg of a nonspecific competitor DNA. Although this is
clearly very effective when crude nuclear extracts are used, such high concentra-
tions of nonspecific competitor DNA were found to compete even for specific
DNA–protein complexes when enriched preparations of nuclear proteins are used
in EMSA (38). The more enriched the nuclear protein of interest, the lower the
amount of nonspecific competitor required. For example, we routinely use 1–2 µg
poly(dI:dC) with crude nuclear proteins, 250 ng when the nuclear extract is
enriched on a heparin–Sepharose column, and no more than 25–50 ng with puri-
fied or recombinant proteins.

10. The signal strength of a shifted DNA–protein complex can be substantially
increased by procedures which favor the interaction between the protein of interest
and its target sequence. This can easily be achieved with enriched preparations of
nuclear proteins either by increasing the amount of the labeled probe used or by
decreasing the concentration of poly(dI:dC), or both. Furthermore, the DNA-bind-
ing ability of some nuclear proteins proved to be highly dependent on the salt con-
centration (usually KCl) of the reaction mix. Transcription factors such as NF1-L
and Sp1 interact best with their respective target sequence in the presence of
100 mM and 150 mM KCl, respectively (20). It is therefore useful to evaluate the
optimum KCl concentration for complex formation on any given DNA probe.
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11. Ethidium bromide is a powerful carcinogen that also possesses a moderate toxic-
ity. Wearing gloves is essential when manipulating solutions that contain this
DNA dye. Decontamination of ethidium bromide-containing solutions can be
achieved using either hypophosphorous acid or potassium permanganate (see
ref. 41 for an overview and detailed protocols).

12. Nearly all vertical electrophoresis apparatus can be used to perform EMSA ana-
lyzes. Although gel electrophoresis is performed at room temperature in some
EMSA protocols, we recommend 4°C. With some apparatus this can be easily
achieved using a specially designed cooling unit. However, for apparatus not
equipped with a cooling unit, simply run the gel in a cold room.

13. Although 5' end-labeling of the selected DNA fragment is best done using poly-
nucleotide kinase, very efficient labeling can also be accomplished using alterna-
tive procedures, such as filling 5' protruding ends using the Klenow fragment of
E. coli DNA polymerase I (41), a particularly attractive alternative when crude
nuclear extracts rich in various phosphatases are used (in the event that no phos-
phatase inhibitors are used in the binding buffer). Larger DNA segments can also
be efficiently labeled by PCR.

14. Chemical synthesis of olignonucleotides yields a substantial proportion of interme-
diate products of progressively decreasing length. This is particularly true for larger
oligonucleotides, because the efficiency of each nucleotide addition normally
ranges between 98.5% and 99%. For a 40-mer oligonucleotide, this means that
60% of the synthesized products are of the correct length and that the remaining
40% range in size between 1 and 39 nucleotides. Further purification by high-
performance liquid chromatography, OPC column, or gel electrophoresis is rec-
ommended before annealing oligonucleotides. The loss of even a few bases at the
ends of the synthetic duplex may be sufficient to prevent protein binding and
therefore reduce the ability to detect the DNA–protein complex in EMSA.

15. We have found that the thickness of the native polyacrylamide gel strongly affects
the resolution of shifted DNA–protein complexes; the thinner the gel, the better
the resolution. We currently use 0.75-mm-thick gels.

16. Formation of DNA–protein complexes is highly dependent on the voltage
selected for their migration into the polyacrylamide gel (7). We have found that
reducing the migration time by running the EMSA at voltage higher than 120 V
or 8 V/cm (usually corresponding to 10 mA for a single gel) renders most DNA–
protein complexes unstable, preventing their detection.
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DNase I Footprinting

Benoît Leblanc and Tom Moss

1. Introduction
DNase I footprinting was developed by Galas and Schmitz in 1978 as a

method to study the sequence-specific binding of proteins to DNA (1). In the
technique, a suitable uniquely end-labeled DNA fragment is allowed to inter-
act with a given DNA-binding protein and then the complex partially digested
with DNase I. The bound protein protects the region of the DNA with which it
interacts from attack by the DNase. Subsequent molecular-weight analysis of
the degraded DNA by electrophoresis and autoradiography identifies the region
of protection as a gap in the otherwise continuous background of digestion
products; for examples see Fig. 1. The technique can be used to determine the
site of interaction of most sequence-specific DNA-binding proteins but has
been most extensively applied to the study of transcription factors. Because the
DNase I molecule is relatively large as compared to other footprinting agents
(see Chapters 5 and 6 on the use of hydroxy radicals and diethylpyrocarbonate),
its attack on the DNA is relatively easily sterically hindered. Thus, DNase I
footprinting is the most likely of all the footprinting techniques to detect a
specific DNA–protein interaction. This is clearly demonstrated by our studies
on the transcription factor xUBF (see Fig. 1B). The xUBF interaction with the
Xenopus ribosomal DNA enhancer can be easily detected by DNase I foot-
printing but has still not been detected by other footprinting techniques.

DNase I footprinting can not only be used to study the DNA interactions of
purified proteins but also as an assay to identify proteins of interest within a
crude cellular or nuclear extract (e.g., see ref. 2). Thus, it can serve much the
same function as a gel shift analysis (EMSA, Chapter 2) in following a specific
DNA-binding activity through a series of purification steps. Because DNase I
footprinting can often be used for proteins that do not “gel shift” (UBF,
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Fig. 1B), it has more general applicability. However, because of the need for a
protein excess and the visualization of the footprint by a partial DNA digestion
ladder, the technique requires considerably more material than would a gel
shift and cannot of itself distinguish individual components of heterogeneous
DNA–protein complexes.

DNase I (E.C. 3.1.4.5) is a protein approx 40 Å in diameter. It binds in the
minor groove of the DNA and cuts the phosphodiester backbone of both strands

Fig. 1. Examples of DNase I footprints. (A) Footprint (open box) of a chicken eryth-
rocyte DNA binding factor on the promoter of the H5 gene (2) (figure kindly donated
by A. Ruiz-Carrillo). (B) Interaction of the RNA polymerase I transcription xUBF
with the tandemly repeated 60 and 81b.p. Xenopus ribosomal gene enhancers. Both
(A) and (B) used 5' end-labeled fragments. Minus and plus refer to naked and
complexed DNA fragments, respectively, and G+A to the chemical sequence ladder.
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independently (3). Its bulk helps to prevent it from cutting the DNA under and
around a bound protein. However, a bound protein will also usually have other
effects on the normal cleavage by DNase I, resulting in some sites becoming
hypersensitive to DNase I (see Figs. 1 and 2). It is also not so uncommon to
observe a change in the pattern of DNase cleavage without any obvious
extended protection (e.g., see Fig. 2).

Unfortunately, DNase I does not cleave the DNA indiscriminately, some
sequences being very rapidly attacked while others remain unscathed even after

Fig. 2. Course of digestion with increasing amounts of DNase I. Here xUBF was
footprinted on the Xenopus ribosomal promoter using a 5' end-labeled fragment. The
numbers above the tracks refer to the DNase I dilution (in units/µL) employed and
minus and plus to the naked and complexed DNAs, respectively. The predominant
footprints are indicated by open boxes.
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extensive digestion (4). This results in a rather uneven “ladder” of digestion
products after electrophoresis, something which limits the resolution of the
technique, see naked DNA tracks in Figs. 1 and 2. However, when the protein-
protected and naked DNA ladders are run alongside each other, the footprints
are normally quite apparent. To localize the position of the footprints, G+A
and/or C+T chemical sequencing ladders of the same end-labeled DNA probe
(5) should accompany the naked and protected tracks (see Note 1). As a single
end-labeled fragment allows one to visualize interactions on one strand only of
the DNA, it is usual to repeat the experiment with the same fragment labeled
on the other strand. DNA fragments can be conveniently 5' labeled with T4
polynucleotide kinase and 3' labeled using the Klenow or the T4 DNA poly-
merases (fill out) or terminal transferase (e.g., see ref. 6). A combination of 5'
and 3' end labeling allows both DNA strands to be analyzed side by side from
the same end of the DNA duplex.

DNase I footprinting requires an excess of DNA-binding activity over DNA
fragment used. The higher the percent occupancy of a site on the DNA, the
clearer a footprint will be observed. It is therefore important not to titrate the
available proteins with too much DNA. This limitation can, in part, be over-
come when a protein also generates a gel shift. It is then feasible to fractionate
the partially DNase-digested protein–DNA complex by nondenaturing gel
electrophoresis and to excise the shifted band (which is then a homogeneous
protein–DNA complex) before analyzing the DNA by denaturing gel electro-
phoresis as in the standard footprint analysis (see Chapters 2, 4, 5, and 7 for
analogous procedures).

Footprinting crude or impure protein fractions usually requires that an excess
of a nonspecific competitor DNA be added. The competitor binds nonspecific
DNA-binding proteins as effectively as the specific labeled target DNA frag-
ment and hence, when present in sufficient excess, leaves the main part of the
labeled DNA available for the sequence specific protein. Homogeneous and
highly enriched protein fractions usually do not require the presence of a non-
specific competitor during footprinting. When planning a footprinting experi-
ment, it is a prerequisite to start by determining the optimal concentration of
DNase I to be used. This will be a linear function of the amount of nonspecific
DNA competitor but more importantly and less reproducibly, will be a func-
tion of the amount and purity of the protein fraction added. As a general rule,
more DNase is required if more protein is present in the binding reaction,
whether or not this protein binds specifically. Thus, very different DNase con-
centrations may be required to produce the required degree of digestion on
naked and protein-bound DNA. A careful titration of the DNase concentration
is therefore essential to optimize the detection of a footprint and can even make
the difference between the detection or lack of detection of a given interaction.
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The following protocol was developed to study the footprinting of the Xeno-
pus ribosomal transcription factor xUBF, which is a rather weak DNA-binding
protein with a rather broad sequence specificity. The protocol is not original,
being derived from several articles (e.g., refs. 1 and 7). It does however repre-
sent a very practical approach which can be broadly applied. We recommend
that the reader also refer to (6) for more information on the quantitative analy-
sis of protein–DNA interactions by footprinting.

2. Materials
1. Binding buffer (2X): 20% glycerol, 0.2 mM EDTA, 1 mM dithiothreitol (DTT)

20 mM HEPES pH 7.9 and 4% poly(vinyl alcohol) (see Note 2).
2. poly dAdT–poly dAdT (Pharmacia LKB): 1 mg/mL solution in TE. Keep at –20°C

(see Note 3).
3. End-labeled DNA fragment of high-specific activity (see Note 1).
4. Cofactor solution: 10 mM MgCl2 and 5 mM CaCl2.
5. DNase I stock solution: A standardized vial of DNase I (Sigma, D4263) is dis-

solved in 50% glycerol, 135 mM NaCl, 15 mM CH3COONa pH 6.5 at 10 Kunitz
units/µL. This stock solution can be kept at –20°C for many months (see Note 4).

6. 1 M KCl
7. Reaction Stop buffer: 1% sodium dodecyl sulfate (SDS), 200 mM NaCl, 20 mM

EDTA pH 8.0, and 40 µg/mL tRNA (see Note 5).
8. 10X TBE buffer: 900 mM Tris-borate pH 8.3, 20 mM EDTA
9. Loading buffer: 7 M urea, 0.1X TBE, 0.05% of xylene cyanol and of bromophe-

nol blue.
10. 6% acrylamide, 7 M urea, and 1X TBE sequencing gel.
11. Phenol–chloroform (1:1) saturated with 0.3 M TNE.

3. Methods

The footprinting reaction is done in three stages: binding of the protein to
the DNA, partial digestion of the protein–DNA complex with DNase I, and
separation of the digestion fragments on a DNA sequencing gel.

1. The binding reaction is performed in a total volume of 50 µL containing 25 µL of
2X binding buffer, 0.5 µL of 1 mg/mL poly dAdT. poly dAdT, 2–3 ng of end-
labeled DNA fragment (approx 15,000 CPM), (see Note 6), the protein fraction
and 1 M KCl to bring the final KCl concentration to 60 mM. The maximum vol-
ume of the protein fraction that can be used will depend on the salt concentration
of this solution. The reaction is performed in a 1.5-mL Eppendorf tube.

2. Incubate on ice for 20 min.
3. During the binding reaction, dilute the DNase I stock solution in water at 0°C.

We suggest working concentrations of about 0.0005 to 0.1 Kunitz units/µL,
depending on the level of protein present (see Note 7 and step 5). A good range
is 0.0005; 0.001; 0.002; 0.005; 0.02; 0.08 U/µL.
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4. After the incubation, transfer the reaction tubes in batches of eight to a rack at
room temperature (RT) and add 50 µL of the cofactor solution to each.

5. Add 5 µL of the appropriate DNase I dilution to a tube every 15 s. (0.0005–0.005
for naked DNA; 0.002–0.08 for DNA + proteins).

6. After 2 min digestion, each reaction is stopped by the addition of 100 µL of the
stop solution (RT), see Note 8.

7. After all the reactions have been processed, phenol–chloroform extract each
reaction once.

8. Add two volumes (400 µL) of ethanol (–20°C) and allow nucleic acids to precipi-
tate at –80°C for 20 min.

9. Microcentrifuge for 15 min, at approx 10,000g and remove the supernatant with
a Pasteur pipet. Check for the presence of a radioactive pellet before discarding
the ethanol.

10. Add 200 µL of 80% ethanol (–20°C) and microcentrifuge again. After removing
supernatant, dry the pellets in a vacuum desiccator.

11. Resuspend each pellet in 4.5 µL loading buffer, vortex, and centrifuge briefly.
12. A G+A ladder and a molecular-weight marker should be run in parallel with the

samples on the sequencing gel (step 13) (see Note 9). The G+A ladder can be
prepared as follows (5): approx 200,000 cpm of end-labeled DNA are diluted
into 30 µL H2O (no EDTA). 2 µL of 1 M piperidine formate, pH 2.0, are added
and the solution incubated at 37°C for 15 min; 150 µL of 1 M piperidine are
added directly and the solution incubated at 90°C for 30 min in a well-sealed tube
(we use a 500-µL microtube in a thermal cycler). Add 20 µL of 3 M CH3COONa
and 500 µL of ethanol and precipitate at –80°C for 10–20 min. Micro-
centrifuge (10,000g, 10 min) and repeat precipitation. Finally, redissolve in 200 µL
of H2O and lyophilize. Resuspend in gel loading buffer and apply about 5000 cpm
per track.

13. Prerun a standard 6% acrylamide sequencing gel for 30 min before loading each
of the aliquots. Wash the wells thoroughly with a syringe, denature the DNA for
2 min at 90°C, and load with thin-ended micropipet tips. Run the gel hot to keep
the DNA denatured (see Note 10). After the run, wrap the gel in plastic wrap and
expose it O/N at –70°C with an intensifying screen (see Note 11). Several differ-
ent exposures will probably be required to obtain suitable band densities.

4. Notes
1. Single-stranded breaks in the end-labeled DNA fragment must be avoided as they

give false signals indistinguishable from genuine DNase I cleavage and hence
can mask an otherwise good footprint. It is therefore advisable to check the
fragment on a denaturing gel before use. Always use a freshly labeled fragment
(3–4 d at the most), as radiochemical nicking will degrade it.

2. This binding buffer has been shown to work well for the transcription factor NF-1
(6) and in our lab for both the hUBF and xUBF factors and thus should work for
many factors. Glycerol and poly(vinyl alcohol) (an agent used to reduce the avail-
able water volume and hence concentrate the binding activity) are not manda-
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tory. The original footprinting conditions of Galas and Schmitz (1) for the bind-
ing of the lac repressor on the lac operator were 10 mM cacodylate buffer pH 8.0,
10 mM MgCl2, 5 mM CaCl2 and 0.1 mM DTT. Particular conditions of pH,
cofactors and ionic strength may need to be determined for an optimal binding of
different factors to DNA.

3. Because poly dIdC, another nonspecific general competitor, has been shown to
compete quite efficiently with G–C-rich DNA sequences, poly dAdT is preferred
here. The choice of an appropriate nonspecific competitor (be it synthetic as in
this case or natural, for example, pBR322 or calf thymus DNA) may have to be
determined empirically for the protein studied. When working with a pure or
highly enriched protein, no competitor is usually needed. The DNase I concen-
tration must then be reduced accordingly (to about naked DNA values).

4. These standardized vials allow for very reproducible results. Glycerol will keep
the enzyme from freezing, as repeated freeze–thaw cycles will greatly reduce
its activity.

5. Do not be tempted to use too much RNA, as it causes a very annoying fuzziness
of the gel bands, preventing resolution of the individual bands. The RNA carrier
can be completely omitted if care is taken at the precipitation step.

6. The use of 5' end labeling with polynucleotide kinase in the presence of crude
protein extracts can sometimes lead to a severe loss of signal because of the pres-
ence of phosphatases. In these cases 3' end labeling by “fill out” with Klenow or
T4 DNA polymerases is to be preferred.

7. For naked DNA and very low amounts of protein, dilutions of 0.0005 to 0.005
give a good range of digestion.

8. It is convenient to work with groups of eight sample during the DNase I digestion.
The cofactor solution is added to eight samples at a time and then the DNase I
digestions are begun at 15-s intervals. Fifteen seconds after adding DNase to the
eighth sample, the stop solution is added to sample 1 and then to the other samples
at 15-s intervals.

9. In comparing a chemical sequencing ladder with the products of DNase I diges-
tion, one must bear in mind that because the chemical modification and cleavage
destroys the target base, each band in the sequencing ladder corresponds to a
fragment ending in the base preceding the one read. For example, if a DNase I gel
band corresponds in mobility to the sequence ladder band read as G in the
sequence ACGT, then the DNase I cleavage occurred between the bases C and G.
DNase I cleaves the phosphodiester bond, leaving a 3'-OH, whereas the G+A and
C+T sequencing reactions leave a 3'-PO4, causing a mobility shift between the
two types of cleavage ladders. This is a further potential source of error. How-
ever, in our experience, the shift is less than a half a base and, hence, cannot lead
to an error in the deduced cleavage site.

10. Sequencing gels are not denaturing unless run hot (7 M urea produces only a
small reduction in the Tm of the DNA). A double-stranded form of the DNA
fragment is therefore often seen on the autoradiogram, especially at low levels of
DNase I digestion and can sometimes be misinterpreted as a hypersensitive cleav-
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age. By running a small quantity of undigested DNA fragment in parallel with
the footprint, this error can be avoided.

11. For detection of 32P-labeled DNA in sequencing gels we have used either Cronex
Lightning Plus (Dupont) or Kyokko Special (Fuji) intensifying screens, the latter
being, in practice, 30% less sensitive but often much less expensive. Fuji-RX or
similar films are, in practice, 30% slower than Kodak X-omat AR film, but in
North America, at the time of writing, they are five to six times less expensive.
Hence, the combinations of screens and films Kyokko/RX:Cronex/RX: Kyokko/
AR:Cronex/AR give relative sensitivities of about; 1:1.5:1.5:2. Should the newer
slightly higher sensitivity films be used (e.g., Kodak BioMax), it is essential that
the appropriate intensifying screens be employed. These newer films are usually
most sensitive to green light and do not work well with the Cronex Lightning
Plus/Kyokko Special type screens, which emit a blue light.
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Footprinting with Exonuclease III

Willi Metzger and Hermann Heumann

1. Introduction
Within the last few years footprinting techniques have become increasingly

important in the study of protein–nucleic acid interactions. This is partly the
result of a fast-growing number of known nucleic acid-binding proteins but
also because of an increase in the available probes that can be chosen in order
to tackle a specific problem. There are two major groups of probes—the chemi-
cal probes and the enzymatic probes. The enzymatic probes, such as DNase I
or exonuclease III, have the advantage of acting specifically on the DNA.
Chemical probes are often less specific and may also react with the protein,
possibly disturbing the correct interaction of protein with DNA. For the study
of very fragile protein–DNA complexes, enzymatic probes are therefore often
preferable.

The exploitation of a specific enzymatic function can also be a reason for
choosing an enzymatic probe. The exonuclease activity and processivity of
exonuclease III makes this enzyme a suitable probe when information about
the position of a sequence-specific bound protein is required. A prerequisite
for the successful use of exonuclease III as a footprinting probe is, however,
that the half-life of the protein–DNA complex should be long compared with
the time required for the exonuclease III reaction.

1.1. Enzymatic Activities of Exonuclease III

Exonuclease III (Exo III) is a monomeric enzyme with a molecular weight
of 28,000 kDa. It contains several distinct activities: a 3'–5' exonuclease activ-
ity, a DNA 3' phosphatase activity, an AP endonuclease activity, and an RNase
H activity (1).
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1.2. Principle of the Procedure

Footprinting with Exo III makes use of the 3'–5' exonuclease activity of
this enzyme (2). After a protein has been specifically bound to a DNA frag-
ment containing its recognition site, Exo III is used to remove mononucle-
otides from both DNA strands in a processive way, beginning from the 3'
termini. The specifically bound protein blocks the action of Exo III and
leaves double-stranded DNA only in the region bound by the protein (Fig. 1).
(Any free DNA is fully digested, an advantage of Exo III over other
footprinting probes, as there are no background problems caused by the
presence of free DNA.) The lengths of the two resultant protected single-
strand DNA fragments are determined by electrophoresis on a denaturing
sequencing gel using appropriate DNA length standards, the fragments
being detected by autoradiography via a 5' radioactive end label. If both
termini of the initial DNA duplex are labeled, a decisive association of the
protected fragments with the upper and lower strands may be difficult. This
problem is overcome by removal of one end-label (e.g., by a restriction
enzyme cleavage before Exo III digestion). Figure 1A shows the procedure
schematically and Fig. 1B shows the expected radioactive products (bands)
after denaturing gel electrophoresis.

1.3. Interpretation of Results

The region of a DNA duplex protected by a bound protein can be deter-
mined from the length of the two single-strand DNA fragments remaining after
Exo III treatment. If the initial DNA duplex has a length of k base pairs and the
single-strand products have lengths of m and n bases, respectively, the size of
the protected region x is given by;

x = m + n – k

Correct interpretation of the footprinting data, however, requires a critical
assessment of the action of the Exo III on the protein–DNA complex. The
interpretation is straightforward if the protein is strongly bound to DNA. In
this case, because the protein acts as a steric hindrance for Exo III, the protected
region gives an upper limit of the size of the DNA segment interacting with the
protein. Interpretation of the data is more complicated if the strength of
interaction between protein and DNA varies within the interacting domain.
Because of the processivity of Exo III, this enzyme may “nibble” into a pro-
tein–bound DNA segment for which the binding protein has lower affinity,
resulting in an underestimation of the extent of protein–DNA contact. In order
to decide if such a process occurs, it is essential to study a time-course of the
Exo III digestion.
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1.4. Examples of the Application of Exo III
as a Footprinting Probe

Exonuclease III has been used to follow the movement of E. coli RNA poly-
merase during RNA synthesis (3,4). RNA synthesis was arrested at specific
positions and the arrested complexes were subjected to Exo III digestion. A set
of single–strand products marking the boundaries of RNA polymerase on the
DNA at each step of RNA synthesis was observed. Exo III also offers the pos-
sibility of detecting specific DNA–protein interactions in crude extracts,
because those proteins whose half-lives are greater than the reaction time act
as a block for Exo III (5–7).

Fig. 1. (A) Schematic representation of the Exo III footprinting procedure. (B) Exo
III footprint of the complex shown in (A). Lane 1: Size markers; lane 2: labeled DNA
fragment; lane 3: labeled DNA fragment, after Exo III treatment; lane 4: DNA from
DNA–protein complex, after Exo III treatment, both 5' ends of duplex labeled; lane 5:
DNA from DNA–protein complex, after Exo III treatment, DNA duplex singly end-
labeled label was removed beforehand by cutting with a restriction enzyme as indi-
cated in (A).
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2. Materials
2.1. Exonuclease III

Exonuclease III is available from BRL (Gaithersburg, MD) or Boehringer
Mannheim (Indianapolis, IN). It can be stored for many months at –20°C.

2.2. Sequencing Gel

1. Acrylamide solution: 40% acrylamide, and 0.66% bis-acrylamide in H2O.
2. 10X TBE: 1 M Tris-HCl, pH 8.6, 840 mM boric acid; and 10 mM EDTA.
3. 10% Ammonium persulfate (freshly prepare before use).
4. N,N,N'N'-tetramethylethylene diame (TEMED).
5. Preparation of an 8% acrylamide gel: Weigh 21 g of urea, and add 5 mL of 10X

TBE solution and 10 mL of acrylamide solution. Dissolve under mild heating.
Add double-distilled water to a final volume of 50 mL. Filter and degas the solu-
tion (filter pore size 0.2 µm). Add 500 µL of 10% ammonium persulfate solution
and 30 µL of TEMED. Pour gel immediately.

6. Formamide loading buffer for the sequencing gel: 100 mL deionized formamide,
30 mg xylenecyanol FF, 30 mg bromophenol blue, and 750 mg EDTA.

7. Electrophoresis buffer: 1X TBE.

2.3. Nondenaturing Gel for the Band-Shift Assay

1. Acrylamide solution: 30% acrylamide and 0.8% bis-acrylamide in H2O.
2. 1 M Tris-HCl, pH 7.9.
3. 10% Ammonium persulfate (freshly prepare before use).
4. 5% TEMED (diluted in water).
5. Preparation of nondenaturing gel: Mix 240 µL of 1 M Tris-HCl, pH 7.9, 2.75 mL

acrylamide solution, and 25.7 mL of H2O and degas. Add 300 µL of 10% ammo-
nium persulfate and 70 µL of 5% TEMED. Pour gel.

6. Loading buffer for the nondenaturing gel (10X solution): 40% sucrose and 0.1%
bromophenol blue.

7. 5% Dichloro-dimethylsilane solution (in chloroform).
8. 0.3% g-Methacryl-oxypropyl-trimethoxy-silane and 0.3% acetic acid dissolved

in ethanol.
9. Electrophoresis buffer: 8 mM Tris-HCl, pH 7.9.

Store the solutions protected from light at 4°C. Dilute buffers with
bidistilled water.

2.4. Other Items

1. Sequencing gel apparatus (Pharmacia, Piscataway, NJ).
2. Filters for drop dialysis VS, 0.025 µm (Millipore, Bedford, MA).
3. Peristaltic pump.
4. SpeedVac concentrator.
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3. Methods
3.1. Establishing Conditions for Optimum Yield
of Specific Protein–DNA Complexes

A very elegant method for establishing the optimum conditions for the
formation of a specific protein–DNA complex is acrylamide gel electrophore-
sis under nondenaturing conditions. This electrophoretic mobility shift assay
(EMSA) or “band shift assay” allows one to differentiate between complexed
and uncomplexed DNA (8,9) and thus to determine the stoichiometry of given
complexes and the optimum salt conditions for their formation (see Chapter 2).
This method can even be applied to high-molecular-weight protein DNA
complexes, given the acrylamide concentration is low enough to enable the
complex to enter the gel matrix. The gel composition given in Subheading
2.3. is optimal for the study of high-molecular-weight complexes (see Note 6).

To facilitate the handling of low-concentration polyacrylamide gels, the
glass gel plates are subjected to a special treatment ensuring the gel will remain
bound to only one of the two plates after electrophoresis:

1. Wash the glass plates (20 × 20 cm) with ethanol.
2. Treat one plate with g-methacryl-oxypropyl-trimethoxysilane solution, then wash

this plate carefully four times with ethanol.
3. Treat the second plate with dichloro-dimethylsilane solution.
4. Form the protein–DNA complex in a volume of about 15 µL under the desired

conditions.
5. Dialyze the complex, if necessary, against the electrophoresis buffer by drop

dialysis as follows:
a. Pour the dialysis buffer into a Petri dish.
b. Place a VS filter (Millipore, see Subheading 2.4.) with the glossy side upward

onto the buffer so that it can float freely.
c. Place the sample as a drop on the filter. Remove the drop after 1 h when

dialysis is complete.
6. Add 1/10 volume of the 10X loading buffer to the dialyzed complex and apply

the sample to the nondenaturing polyacrylamide gel.
7. Run the gel at 20 V/cm for approx 2 h. Pump the buffer from the anode to the cathode

chambers and back again to avoid pH decrease in the anode chamber (see Note 1).

3.2. Establishing the Conditions for the Digestion of the DNA

1. Label the DNA at the 5'-ends using T4 polynucleotide kinase and [γ-32P] ATP.
Take an aliquot of end-labeled DNA and remove one 5'-label by asymmetric
cleavage with an appropriate restriction enzyme. Use the cleaved and uncleaved
labeled DNA in separate analyses as described the following steps.

2. Ensure that the total amount of DNA in an assay of 20 µL is not below 100 ng.
The total amount of radioactivity in one assay should be approx 20,000 cpm. Use
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the optimal salt conditions optimal for complex. Add 6 mM Mg2+, if this is not
already present.

3. Add Exo III and incubate at 37oC. In order to establish the optimum conditions,
perform a series of experiments using concentrations Exo III between 1 and
200 U per reaction (20 µL) and incubation times varying between 1 and 45 min.
Exo III seems to be rather stable over a wide range of ionic strengths, and no
large changes in activity were observed in the range between 0 and 100 mM NaCl
(or KCl) in the incubation mixture (see Note 2).

4. Add EDTA to a final concentration of 20 mM in order to stop the reaction at the
appropriate time.

5. Add sodium acetate to a final concentration of 0.3 M followed by 2.5 volumes of
ice-cold 100% ethanol to precipitate the digested DNA. Keep the solution at –70°C
for 20 min.

6. Spin down the solution in a microcentrifuge for 15 min. Wash the pellet with
ice-cold 75% ethanol, dry under vacuum, and dissolve in formamide load-
ing buffer.

7. Heat sample at 100oC for 2 min and apply onto a 6–10% sequencing gel. (For the
analysis of fragments in the range of 50–150 bases, 8% polyacrylamide is
adequate, as described in Subheading 2.2.). Use as a length standard a Maxam–
Gilbert sequencing reaction of the 5'-end-labeled DNA fragment.

8. Run the gel at 50 W and a temperature of 60°C for 2 h.
9. After electrophoresis, expose the gel overnight at –70°C to X-ray film using an

intensifying screen.
10. Ensure that the free DNA is fully digested (usually much shorter single-strand

DNA fragments than the predicted half-full-length [2] are obtained).

3.3. Exo III Digestion of the Protein–DNA Complex

1. Form the complex using the conditions established under  Subheading 3.1.
2. Subject the complex to Exo III digestion using the conditions established under

Subheading 3.2. (see Notes 1 and 3–6).
3. Add 20 mM EDTA, 1% sodium dodecyl fulfate (SDS) (final concentration) to

stop the reaction. SDS is necessary in order to destroy the protein–DNA complex.
4. Proceed as described in  Subheading 3.2. (steps 5–9) for recovery and gel elec-

trophoretic analysis of the DNA. For recovery of the DNA, a phenol extraction
before the ethanol precipitation is advisable if a crude protein extract has been
used for complex formation.

3.4. Modifications of the Procedure

Depending on the kind of protein–DNA complexes being investigated, sev-
eral modifications of the procedure described in the previous section may be
useful or necessary. If the protein–DNA complexes are not homogeneous (e.g.,
more than one type of protein complex can form or the DNA contains multiple
binding sites for a given protein), the desired complex can be purified on a
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nondenaturing acrylamide gel, as described in Subheading 3.1., provided the
complexes show different gel mobilities and have half-lives long enough to
survive the electrophoresis. Such a purification step requires the use of 10 times
more radioactively labeled DNA.

The procedure is as follows:

1. Form the complex.
2. Subject the complex to digestion with Exo III according to Subheading 3.3.,

step 2.
3. Dialyze the complex by drop dialysis against a low salt buffer (e.g., 10 mM

Tris-HCl, pH 7.9) in order to avoid salt effects during electrophoresis (Subhead-
ing 3.1., step 5).

4. Apply the complex to a nondenaturing gel as described in Subheading 3.1., steps
6 and 7. The half-life of the complex is in most cases not changed by the Exo III
digestion of the DNA.

5. Expose the gel at –70°C to X-ray film using an intensifying screen. A 1-h expo-
sure should be enough to recognize the complexed bands. If not, the recovered
DNA will be insufficient for the subsequent sequencing gel analysis.

6. Before removing the film for development mark exactly its position on the gel.
7. Excise the complex bands of interest with a spatula. The band representing the

free DNA will be visible as a smear after Exo III digestion.
8. To elute the complexed DNA, put the excised gel slice in 600 µL of bidistilled

water. Heat the complex to 90°C for 3 min and shake overnight at room tempera-
ture. The effectiveness of the elution can be easily monitored by comparing the
radioactivity of the eluate with the radioactivity of the gel slice.

9. Vacuum-dry the eluate in a SpeedVac concentrator.
10. Dissolve the pellet in 10 µL formamide buffer and spin down the gel residue.
11. Transfer the supernatant to a new Eppendorf tube and apply the sample to a

sequencing gel as described in Subheading 3.2., steps 7–9.

4. Notes
1. The gel concentration has to be adjusted according to the molecular weight of the

protein–DNA complex. Here we describe the conditions established for the study
of the E. coli RNA polymerase (MW 455,000) and a DNA fragment of 130 bp
carrying a promoter (9). For some applications, another widely used non-
denaturing gel system may be appropriate: 1X TBE buffer, 4% acrylamide, and
0.1% bis-acrylamide. Recirculation of the buffer is not necessary here.

2. It has been observed that many batches of commercially available Exo III contain an
activity that removes the 5' label. A 5'-phosphatase or a 5'–3' exonuclease activ-
ity could account for this phenomenon. Filling in the 5' protruding ends using α-
thio-dNTPs as described by some authors (10,11) may eliminate the problem.
Addition of E. coli tRNA can reduce the effect, but will not completely avoid it.
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3. Investigation of the complexes of specific binding of proteins and DNA in crude
extracts using Exo III requires additional precautions in order to avoid problems
caused by endogenous nuclease activities during Exo III exposure. To avoid this
problem, sodium-phosphate, tRNA, deoxyoligonucleotides and fragmented
phage DNA (e.g., 2 mM sodium phosphate, 1 µg of FX 174 DNA cut with HaeIII,
10 µg of yeast tRNA, and 1 µg mixed p[dN]5) should be added to the assay (5).
We find this suppresses nuclease and possibly phosphatase activities contained
in the crude extracts (see also Note 2).

4. Testing different concentrations of Exo III and different incubation periods can pro-
vide additional information about the nature of the protein–DNA complex under
study. If Exo III is able to “nibble” into a protected area with increasing exposure
time, this indicates differences in the strength of protein–DNA interaction (10).

5. Different binding sites for one or more proteins may be detected as distinct stop
points for Exo III, as shown in refs. 12–14. This applies as much when working
with crude extracts as when using purified factors. It is necessary, however, that
the ratio of DNA to binding proteins be >1.

6. Heparin, which is often used as a DNA competitor for E. coli RNA–polymerase
and other DNA-binding proteins, also interacts with Exo III and reduces its activ-
ity markedly.
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Hydroxyl Radical Footprinting

Evgeny Zaychikov, Peter Schickor, Ludmilla Denissova,
and Hermann Heumann

1. Introduction
The basic principle of the DNA footprinting technique is the measurement

of accessibility of the DNA using a probe. The probe can be any enzyme or a
chemical reagent that is able to cut the DNA backbone. When the target DNA
is a fragment containing a signal sequence for a sequence-specific binding
protein, sites on the DNA that interact with the protein are inaccessible to the
probe. After electrophoretic separation based on molecular weight, these inac-
cessible sites appear as blanks in an otherwise regular DNA cleavage pattern,
thus revealing the characteristic interaction footprint for the binding protein.

Although the footprinting pattern is a characteristic of the protein–DNA
interaction, it is also greatly affected by the type of probe used. Hydroxyl radi-
cals provide DNA footprinting probes, which are very convenient to handle
and are distinguished by a number of distinct advantages:

1. Hydroxyl radicals cut the DNA with almost no sequence dependence.
2. Because the probe is very small, the resolution of the footprint is very high (1 bp).
3. The cleavage reaction is effective over a wide range of buffer compositions, salt

concentrations, pHs, and temperatures. Only glycerol, a radical scavenger, inter-
feres with the cutting when present at concentrations higher than 0.5%.

4. All chemicals needed are easily available and uncomplicated in their handling.

1.1. Generation and Action of Hydroxyl Radicals

Hydroxyl radicals are generated according to the Fenton reaction by reduc-
tion of iron(II) with hydrogen peroxide as follows:

 ascorbate or
 diothiothreited

Fe2+(EDTA4–) + H2O2   →   Fe3+(EDTA4–) + OH·
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The resulting iron(III) is reduced by ascorbate or dithiothreitol back to
iron(II), which can start a new cycle. The use of a negatively charged
[Fe(EDTA)]2– complex prevents the iron from interacting electrostatically with
DNA, so the only reactant interacting with DNA is the hydroxyl radical gener-
ated in solution (1).

An alternative source of hydroxyl radicals is potassium peroxonitrite (2).
The radicals are generated via its conjugate acid (ONOOH) when adding a
stable alkaline solution of ONOOK in samples buffered at neutral pH:

ONOOH → NO2· + OH·
2NO2· → N2O4

N2O4 + H2O → NO3
– + NO2

– + 2H+

The exact manner in which hydroxyl radicals act on DNA is still not known.
The radicals are thought to abstract an H-atom from the sugar moiety of the
DNA backbone, and secondary reactions of the resulting sugar radical cause
the backbone to break, leaving a gap in one strand of the double helix with
the phosphate groups on either side (3).

1.2. Principle of the Procedure

After formation of the complex of a sequence-specific binding protein and a
DNA fragment carrying the binding sequence (see Fig. 1), the complex is sub-

Fig. 1. A putative DNA-binding protein interacts with the DNA over three helical
turns. The major portion of the protein interacts with only one side of the DNA over
two helical turns. A minor portion of the protein wraps fully around the DNA. The
asterisk indicates the position of the radioactive label.
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jected to hydroxyl radical treatment. Hydroxyl radicals introduce single-base
deletions randomly distributed in the DNA. The concentration of the hydroxyl
radicals is adjusted so that the yield of deletions is less than one per DNA such
that approx 10% of the DNA fragments are affected. Cutting of the DNA is
prevented at those sites on the DNA where the protein is bound. This partially
cut DNA is applied to a sequencing gel. If the DNA is detected by a unique
terminal radioactive label, a DNA ladder is produced that is similar to that
obtained by sequence analysis. Blanks within this regular ladder indicate the
sites where the protein is bound. This footprint becomes more evident if a ref-
erence DNA is included that has been subjected to the same procedure but
without previous protein binding. If complex formation is incomplete (i.e., the
assay contains free DNA), the footprint will be masked by apparent cleavage
within the protein-binding site. This can be avoided by separating the hydroxyl-
radical-treated protein DNA complex from free DNA by nondenaturing gel
electrophoresis (Fig. 2) or by nitrocellulose filter binding before application to
a sequencing gel. Figure 3 shows schematically the footprinting pattern of the
protein DNA complex depicted in Fig. 1.

1.3. Interpretation of the Footprinting Pattern

Figure 3 shows that a footprinting analysis of both DNA strands includes
six DNA ladders (i.e., two DNA sequencing reaction length standards, two
free DNAs as reference, and two complexed DNAs). Blanks in the DNA lad-
der indicate exclusion of radical attack of the DNA because of the presence of
the bound protein. These blanks can be assigned to specific sequence positions
via the length standards.

Fig. 2. Protein-DNA complexes are separated from free DNA by nondenaturing gel
electrophoresis. The two lanes represent the same complex with a single label at one
end of the DNA, at the 3' end, or at the 5' end. Hydroxyl radicals create gaps in the
DNA, which cause a significant retardation of the modified fragments within the gel.
This effect is visible only in the free DNA and is indicated by the shaded shoulder on
the lower band.
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The following information can be extracted from the hydroxyl radical
footprinting pattern:

1. The total size of the DNA sequence interacting with the protein can be deter-
mined from the extent of the uncleaved or blank positions.

2. A variation of the intensity of the bands within the interacting sequence reflects
differences in the modes of interaction. By a comparison of the footprints on both
strands, the modes of interaction can often be interpreted:
a. If both strands show a blank at the same region, it indicates that the protein

wraps around the DNA.
b. A blank on only one strand indicates single-strand formation, with one strand

protected by interaction with the protein.

Fig. 3. The bands of the nondenaturing gel in Fig. 2 containing the complex and the
free DNA are eluted and applied (under denaturing conditions) to a sequencing gel.
Lanes 1 and 4 show the free DNA labeled respectively at the 3' and the 5' ends. Lanes
2 and 3 show the DNA recovered from the complex. The complex depicted schemati-
cally in Fig. 1 would result in the footprint displayed in lanes 2 and 3. Lanes G contain
the length standards obtained by a G-specific Maxam–Gilbert sequencing reaction.
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c. Modulation of the intensity of the bands with a regular phasing according to
the helix repeat (e.g., 10.3 bp for B-DNA) indicates binding of the protein to
one side of the DNA. This interpretation is supported if the complementary
strand shows the same pattern but with an offset of two or three bases. This
offset is a consequence of the double-helical nature of the DNA, as shown
schematically in Fig. 1.

1.4. Examples of the Application
of Hydroxyl Radicals as Footprinting Probes

1.4.1. Protein DNA Complexes

Numerous Fe2+-dependent hydroxyl radical footprinting studies were per-
formed on protein–DNA complexes. Most useful were those studies of protein–
DNA contacts within the transcription machinery.

1. Hydroxyl radicals were used to follow the formation of the transcriptionally
active complex between the DNA-dependent RNA polymerase of E. coli and
T7A1 promoter (4). Temperature-dependent footprinting studies showed that the
transcription initiation complex undergoes three different conformations charac-
terized by a specific “footprint” until a transcription competent complex is
formed. These conformations could be attributed to the so-called closed,
intermediate, and open complex. A bent conformation of DNA in complex with
DNA was concluded from the OH radical probing of the lambda PR promoter
complex (5).

2. Site-specific cleavage of the DNA of a RNA polymerase binary complex by both
free and EDTA-chelated Fe2+ was detected in absence of Mg2+ ions (6,7). A phe-
nomenon in FeEDTA-dependent OH radical footprints is hypercleavage of DNA
which can be observed in footprints of Mg2+-dependent proteins such as E. coli
RNA polymerase (6) or HIV reverse transcriptase (8). The E. coli RNA poly-
merase footprint contains a hyperreactive cleavage spot within the protected
region. This spot could be attributed to a site-specific OH radical cleavage mecha-
nism. This view was supported by footprinting studies using peroxonitrite as an
alternative reagent for generating OH radicals. Using this latter reagent, no
hyperreactive spot was visible in the OH radical footprint of E. coli RNA poly-
merase, indicating that specifically bound FeEDTA probe was responsible for
the hyperreactive cleavage. Free Fe2+ ion can replace the catalytically active Mg2+

at the polymerization site of RNA polymerase, being chelated with aspartates of
the active site (7). The chelated Fe2+ generates OH radicals probably according
to a mechanism that is analogous to the Fenton reaction and causes a strong local
cleavage of both DNA and protein. This hyperreactivity was also observed in
Fe2+-dependent OH radical footprints of reverse transcriptase (RT) of the human
immunodeficiency virus (HIV-RT). The catalytically active Mg2+ of the RNaseH
active site of HIV-RT was replaced by Fe2+, leading to site-specific OH radical
cleavage of the DNA. It is interesting to note that no hyperreactive cleavage was
observed at the other Mg2+-carrying active site of HIV-RT (i.e., at the polymer-



54 Zaychikov et al.

ization site). These different effects of Mg2+/Fe2+ substitution in the polymeriza-
tion sites of HIV-RT and E. coli RNA polymerase probably reflect a variation of
the redox potentials of the two sites.

3. The movement of E. coli RNA polymerase during mRNA synthesis was followed by prob-
ing a series of specifically arrested transcribing complexes with hydroxyl radicals (9–11).

1.4.2. Antibiotic DNA Complexes

Mithramycin, a small antitumor antibiotic drug, was shown to bind to the
minor groove of GC-rich DNA sequences, thereby protecting only three bases
from hydroxyl radical attack (12).

1.4.3. DNA Structures

The accessibility of bent DNA was studied using hydroxyl radicals. The
bend was induced by A tracts repeated in phase with the helical repeat (13).
Hydroxyl radicals can also be used to measure the number of base pairs per
helical turn along any DNA molecule. The DNA is adsorbed onto crystalline
calcium phosphate before being subjected to radical treatment. From the varia-
tion of the intensity of the bands, the helical periodicity of the DNA can be
directly obtained (14).

1.4.4. RNA Protein Complexes

Splicing-specific ribonucleoprotein complexes were analyzed by hydroxyl
radical treatment. These studies revealed that several regions of the 3'-splice
site of mRNA precursors are not accessible for hydroxyl radicals, for example,
the 3'-intron/exon junction, the polypyrimidine tract, and the site of branch
formation were found to be all inaccessible (15).

1.4.5. RNA Structures

By using hydroxyl radicals, Celander and Cech (16) demonstrated that at least
three magnesium ions are necessary for formation of a catalytically active ribozyme
RNA molecule. By using both FeEDTA and ONOOK-generated hydroxyl radi-
cals, information on higher-order structures of tRNA was obtained (2).

2. Materials
2.1. The Cutting Reaction

Prepare the following solutions separately (see Note 1):

1. 0.1 M dithiotreitol (DTT).
2. 1% Hydrogen peroxide.
3. Iron(II)–EDTA mix: Mix equal volumes of 2 mM ammonium iron(II) sulfate

hexahydrate ((NH4)2Fe(SO4)2·6H2O) and 4 mM EDTA.
4. Stop mix: 4% glycerol, 0.6 M sodium acetate, 0.1 mg/mL carrier DNA.
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2.2. The Sequencing Gel

1. Urea (ultra pure).
2. 20X TBE: 1 M Tris-base, 1 M boric acid, and 20 mM EDTA.
3. Acrylamide solution: 40% acrylamide and 0.66% bis-acrylamide (see Note 2).
4. 10% Sodium persulfate (see Note 3).
5. 10% N,N,N',N'-tetramethylethylene diame (TEMED).
6. Sequencing gel (8%): 21 g urea, 2.5 mL of 20X TBE, and 10 mL of the 40% acrylamide

solution are made up to 50 mL with bidistilled H2O and stirred under mild heating until
urea is dissolved. The solution is filtered (filter pore size: 0.2 µm) and degassed for
5 min. Immediately before pouring the solution between the glass plates, add 0.3 mL
of 10% sodium persulfate and 0.3 mL of 10% TEMED.

7. Loading buffer for the sequencing gel (stock solution): 100 mL forma-
mide (deionized), 30 mg xylenecyanol FF, 30 mg bromophenol blue, and
750 mg EDTA.

8. Electrophoresis buffer: 1X TBE.

2.3. The Nondenaturing Gel for DNA Isolation
and Electrophoretic Mobility Shift Assay

1. 20X TBE.
2. Acrylamide solution: 30% acrylamide, and 0.8% bis-acrylamide (see Note 2).
3. 10% Sodium persulfate (see Note 3)
4. 10% TEMED (aqueous solution).
5. 3% Nondenaturing gel: 1.5 mL of 20X TBE, 3 mL of the acrylamide solution,

and 25.5 mL of bidistilled water are mixed and degassed for 5 min. Before pour-
ing the solution between the glass plates add 300 µL of 10% ammonium persulfate
and 300 mL of 10% TEMED.

6. Loading buffer for the nondenaturing gel (stock solution): 50% glycerol and 0.1%
bromophenol blue.

7. Electrophoresis buffer: 1X TBE.

2.4. Other Items

1. Sequencing gel apparatus.
2. Apparatus for nondenaturing gel electrophoresis.
3. Filters for drop dialysis, VS 0.025 µm (Millipore, Bedford, MA).
4. Filtration device (optional).
5. Nitrocellulose filters (BA85, Schleicher & Schüll) (optional).
6. Peristaltic pump (optional).

3. Method
3.1. Establishing the Conditions for Obtaining Optimum Yield
of Specific Protein–DNA Complexes

The method of establishing the conditions for complex formation using the
band-shift assay is described in Chapter 4, see also Chapter 2.
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3.2. Establishing the Conditions for Cutting the DNA
by Hydroxyl Radicals

1. End label an aliquot of the DNA fragment of interest under standard conditions
(17) at the 5'-position, using T4 polynucleotide kinase and [γ-32P] ATP and end
label a second aliquot at the 3'-position, using the Klenow fragment of DNA
polymerase I and the appropriate [α-32P] dNTP. In each case, remove one label
end by asymmetric cleavage of the DNA fragment with an appropriate restriction
endonuclease. Purify your uniquely end-labeled DNA fragment by a non-
denaturing gel electrophoresis (see Subheading 2.3.). The total amount of radio-
activity in one assay should be approx 10,000–15,000 cpm. The total amount of
DNA in an assay of 20 µL should not be below 100 ng. The optimum length of
the DNA fragment is between 100 and 200 base pairs (bp) (see Note 4).

2. For the cutting reaction, use the buffer conditions and temperature that are opti-
mum for formation of the protein–DNA complex, (see Note 5). Add to the 20 µL
incubation assay 2 µL of each of the previously prepared solutions of DTT,
hydrogen peroxide, and the iron(II)–EDTA and mix rapidly. This can be done by
placing the individual 2-µL drops separated on the inner wall of the tube and then
rapidly mixing them before combining them with the sample using a micropipet.

3. Incubate for variable times (1–5 min is recommended) at the appropriate
temperature.

4. Add 25 µL stop mix and 150 µL of ice-cold 100% ethanol to precipitate the DNA.
Keep the solution at –70°C for 30 min.

5. Spin down the precipitate in a microcentrifuge for 30 min. Wash the pellet with
ice-cold 80% ethanol, dry under vacuum and dissolve the pellet in formamide
buffer. Adjust the amount of radioactivity and volume of each sample to approx
5000–6000 cpm in 4–5 µL.

6. Heat the sample for not longer than 2 min at 90°C and place on ice (see Note 6).
Apply the sample onto a 6–10% sequencing gel (for the analysis of fragments in
the range of 50–150 bases, a gel consisting of 8% acrylamide is adequate). Use as
length standards a Maxam–Gilbert sequencing reaction of the 5'- or 3'-labeled
DNA fragment.

7. Run the gel at 50 W at a temperature of 60°C for 1.5–2 h. The gel is ready when
the xylenecyanol dye marker is about 3–5 cm above the bottom of the gel.

8. After electrophoresis, expose the gel to an X-ray film using an intensifying screen
at –70°C overnight. For subsequent experiments, choose the time of hydroxy
radical cleavage that provides an even distribution of bands and leaves around
90% of the DNA uncleaved.

3.3. Footprinting of Protein-DNA Complexes

3.3.1 Preparation of Complexes
and Performing Footprinting Reaction

1. Prepare two 15-µL samples of the complexes, one with the DNA labeled at the 3'
end and another with the label at the 5' end. Use the conditions established for
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optimal complex formation from Subheading 3.1. The total amount of radioac-
tivity in one assay should be approx 60,000–80,000 cpm.

2. Pour 30–40 mL of the dialysis buffer containing 8 mM Tris–HCl, pH 7.9, into a
Petri dish (see Note 5). Place a Millipore filter (VS 0.025 µm) on the surface of
the buffer, shiny side (hydrophobic side) up. Put the samples containing the com-
plexes onto the filter for 1 h in order to remove glycerol and salt (see Note 7).
Remove the samples from the filter using a micropipet and transfer them to a
fresh 1.5-mL Eppendorf tube.

3. Subject the two samples to hydroxyl radical treatment as described in Subhead-
ing 3.2., steps 2 and 3 only.

3.3.2. Separation of the Complex and the Free DNA
by Nondenaturing Acrylamide Gel Electrophoresis

The conditions for studying a high-molecular-weight complex are described
below (see Note 8). Use the conditions for preparing the nondenaturing gel as
described in Subheading 2.3. These low-concentration gels are difficult to
handle, therefore, the glass plates must be subjected to a special treatment by which
the gel is bound to one of the plates. Wash the glass plates (20 × 20 cm) with
ethanol. Treat one plate with γ-methacryl-oxypropyl-trimethoxy-silane.
Wash this plate carefully four times with ethanol to avoid sticking of the
other plate to the gel. Treat the second plate with dichlorodimethylsilane.
Use spacers 1–1.5 mm thick. Use combs that allow you to apply amounts of
the 50-µL sample.

1. Add loading buffer to the sample (1/10 of the sample volume). Apply the sample onto
the nondenaturing acrylamide gel (20 × 20 cm). Run the gel at 20 V/cm for about
2 h. The gel is ready when the dye marker is approx 3–5 cm above the end of the gel.

2. Remove one of the plates by lifting it carefully with a spatula and cover the gel
(which sticks to the other glass plate) with plastic wrap. Place an X-ray film on
the gel. Put the gel and the film into a cassette and expose for 1–2 h at 4°C. Mark
the bands containing the complex and, if visible, the free DNA. This is possible
by replacing the film after developing on the gel in exactly the same position.
The use of fluorescent marker tapes (e.g., from Stratagene) during exposure of
the gel may be very helpful for exact repositioning of the film.

3. Remove the plastic wrap from the gel, cut out the marked bands with a scalpel or
spatula, and cut them into small pieces. Put the slices into a eppendorf tube along
with 300 µL of elution buffer (0.5% SDS, 1 mM EDTA, 0.1 mg/mL carrier DNA)
and shake for several hours at room temperature.

4. Spin the tube for a few seconds in a microcentrifuge and transfer the liquid to a
new tube. Avoid transferring gel pieces to the new tube. Add 200 µL of water-
saturated neutralized phenol, shake 1 min, and centrifuge for 5 min at room tem-
perature. Remove aqueous layer (upper), transfer it to a fresh Eppendorf tube,
and add 30 µL of 3 M sodium acetate and 1 mL of ice-cold 100% ethanol. Shake
the tube for a few seconds and put into –70°C for at least 30 min.



58 Zaychikov et al.

5. Spin the sample in a microcentrifuge for 30 min and remove the supernatant.
Wash once with 1 mL of ice-cold 80% ethanol. Dry the sample under vacuum.
Dissolve the pellet in a small volume of formamide buffer (usually 5–10 µL,
depending on the amount of radioactivity).

3.3.3. Separation of the Complex
and the Free DNA Filtration Through Nitrocellulose Filter
(Alternative to Subheading 3.3.2., see Note 9)

The reader may also find it useful to refer to Chapter 1, which discusses the
uses of the filter binding assay, and to Subheading 3.2.3. of that chapter, which
deals with the recovery of DNA from filter-retained complexes.

1. Stop the hydroxyl radical reaction by dilution (at least twofold) with binding
buffer containing 2% glycerol. (Alternatively, the sample may be poured
directly into the filtration device after completion of the reaction and immedi-
ately washed).

2. Mount a nitrocellulose filter (BA85, Schleicher & Schüll) into the filtration
device and connect it to a peristaltic pump. (See Note 10.)

3. Pore the solution containing the complex treated with radicals onto the filter.
Switch on the pump and filter off the solution at the speed of 1–2 mL/min. Wash
the filter twice with binding buffer at the same speed. Switch off the pump.

4. Disassemble the filtration device, take off the filter and cut it into small pieces.
Place the pieces into an Eppendorf tube.

5. Add 300 µL of solution containing 1% SDS, 0.3 M sodium acetate, and 10 µg/mL
carrier DNA to the tube and shake for 15 min at room temperature.

6. Carefully transfer the liquid into fresh tube (avoid transferring the nitrocellulose)
and add 1 mL of ethanol. Shake the tube for a few seconds and put into –70°C for
at least 30 min.

7. Spin the sample in a microcentrifuge for 20 min and remove the supernatant.
Wash once with 1 mL of ice-cold 80% ethanol. Dry the sample under vacuum.
Dissolve the pellet in a small volume of formamide buffer (usually 5–10 µL,
depending on the amount of radioactivity).

3.3.4. Analysis of DNA by Denaturing Gel Electrophoresis

Heat the samples at 90°C for 1–2 min. Proceed as described for free DNA in
Subheading 3.2., steps 7–10. For both 3' and 5' end-labeled DNA, load the
following samples on the gel: the DNA recovered from the complex, the free
DNA (either recovered from the gel and/or prepared separately as in Subhead-
ing 3.2.) and the Maxam–Gilbert reaction ladders as length standard.

4. Notes
1. The iron(II), iron–EDTA mix, and the H2O2 solutions should be freshly made

before use. The solutions of DTT (0.1 M), EDTA (4 mM), H2O2 (as a 30% stock
solution), and the stop mix are stable for months stored at –20°C.
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2. The acrylamide solutions are stable for months if protected from light and
kept at 4°C.

3. Sodium persulfate has an advantage over routinely used ammonium persulfate of
being much more stable in aqueous solution. The 10% sodium persulfate solution
may be kept at least 1 mo at +4°C without loss of activity.

4. It is strongly recommended to check the quality of the labeled DNA before use
on a sequencing gel. Nicks in the double strand, which could be derived from
DNase activities during preparation, will appear as additional bands in the
sequencing gel. This admixture of bands will spoil the whole footprint, even when
present in only small amounts. Furthermore, it is recommended not to store the
pure, labeled DNA longer than 2 wk at –70°C, because the radiation of the label
also creates nicks in the DNA.

6. Longer heating or boiling creates additional cuts in the DNA.
5. The buffer conditions can be varied (e.g., the pH), but the ionic strength should

not be too high (maximum 50 mM NaCl) in order to obtain sharp bands during
the nondenaturing electrophoresis to separate complexed and uncomplexed DNA.
Many protein–DNA complexes are very stable at low ionic strength (e.g., com-
plexes between RNA polymerase and promoters [18]). Therefore, in most cases
the stability of the pH in the following electrophoresis is the only limitation to
lowering the ionic strength.

7. The purpose of the dialysis is twofold: Removal of glycerol which interferes
with the cutting reaction and removal of salt which lowers the quality of the
electrophoresis pattern. As a rough approximation, one can remove up to
80–90% of the glycerol and salt present in the sample within 1 h using drop
dialysis as described.

8. The gel concentration should be adjusted according to the molecular weight
of the protein–DNA complex. Here we have described the conditions established
for the study of the E. coli RNA polymerase (molecular weight 490,000) and a
DNA fragment of 130 bp carrying a promoter (3).

9. Filtration via nitrocellulose is a simpler and faster way to remove unbound
DNA, but it does not resolve complexes having different stoichiometries of
protein and DNA.

10. A variety of filtration devices may be used allowing handling of relatively small
volumes (below 1 mL). Mild vacuum may be used instead of a peristaltic pump.
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The Use of Diethyl Pyrocarbonate and Potassium
Permanganate as Probes for Strand Separation
and Structural Distortions in DNA

Brenda F. Kahl and Marvin R. Paule

1. Introduction
In the search for methods to explore the interaction between proteins and

DNA, a plethora of footprinting techniques have been developed, many of
which are discussed elsewhere in the present work. Most footprinting tech-
niques are based on the simple premise of specific DNA regions being pro-
tected from the reagent by the bound protein or molecule of interest. However,
a number of studies over the past decade have revealed remarkable distortion
of the DNA molecule, including bending and strand separation, in response to
the bound protein. These distortions are often within the classical footprint but
are rarely detected by these classical techniques. Thus, their detection requires
alternative approaches. Unlike enzymatic methods, the chemical probes diethyl
pyrocarbonate (DEPC) and potassium permanganate can access and react with
the entire sequence of the DNA, distinguishing DNA distortions “under the
foot” of a typical footprinting experiment. Combining the information obtained
from these chemical probing techniques with the spatial information afforded
by traditional footprinting gives an in-depth account of the various ways pro-
teins and other molecules interact with DNA.

Diethyl pyrocarbonate and potassium permanganate are useful probes
because of their preferential reactivity with single-stranded vs double-stranded
DNA. In addition, unlike typical footprinting techniques where near saturation
of the DNA with protein is necessary to observe a clean footprint, potassium
permanganate and DEPC probing does not require most of the DNA to be in
complex with the protein or molecule of interest. Because of the sensitivity of
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these chemical probes, it is possible to observe reactive bases even when the
population of single-stranded DNA is very small.

The mechanism by which DEPC modifies bases has been investigated, but it
is still not clearly understood (1–3). DEPC predominantly reacts with purine
residues, but it may react weakly with cytosine residues as well. DEPC modi-
fies DNA by an out-of-plane attack on several of the nucleophilic centers in
purines, leading to the scission of the glycosidic bond. Double-stranded B-form
DNA does not undergo modification by DEPC because the close stacking of
neighboring bases occludes access to the out-of-plane surfaces. However, under
conditions in which the conformation deviates from B form (such as strand
separation or bending), purines in the sequence become more accessible to
modification by DEPC. Carbethoxylation of the imidazole ring N-7 produces
strand scission under alkaline conditions. Thus, DEPC is commonly used to
detect purines that are present in melted or distorted DNA sequences. Although
DEPC can react with both purines, it shows a marked preference for adenines
vs guanines in most instances.

Potassium permanganate reacts with double bonds, oxidizing them to vici-
nal diols. In nucleic acids, the base thymine is oxidized most vigorously,
whereas reaction with C, G, and A is minimal. The mechanism behind this
preferential reactivity is believed to arise from an out-of-plane attack on the
5,6 double bond of the thymine ring (4–9). Although the ring is still intact, the
loss of aromaticity resulting from insertion of hydroxyl groups on the 5 and 6
carbons leads to a reduction in hypochromicity. Treatment of the vicinal diol
with strong base leads to ring opening and cleavage of the phosphodiester back-
bone. As with DEPC, stereochemical hindrance from base stacking prohibits
reactivity of double-stranded B-form DNA. In DNA, which is denatured or is
altered from the B form, the thymine ring becomes susceptible to modification
by potassium permanganate. Because of their base preferences, the combined
use of DEPC and potassium permanganate allows complete analysis of both
GC– and AT–containing sequences in DNA.

Diethyl pyrocarbonate and potassium permanganate modification have been
used to detect a number of distorted DNA structures in both prokaryotic and
eukaryotic cells, including open complex formation during transcription (10–14a),
steps in promoter clearance (14a–17), elongation (17–19), and termination
(20,21), RNA–DNA hybrid structures in transcription elongation complexes
(22,23), drug binding to DNA (24–26), chromatin positioning (27,28), recom-
bination events (29–31), and single-stranded binding protein binding domains
(32–34). On DNA alone, these reagents can reveal sequence-dependent distor-
tions (35–37), negatively supercoiled DNA (38–40), cruciform DNA structures
(41,42), DNA hairpins such as those found in triplet expansion diseases like
fragile X-syndrome (43,44), and Z-DNA, H-DNA, or triplex DNA (45–48).
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Figures 1 and 2 give examples of the data which can be obtained. Figure 1
shows one of the more common uses of potassium permanganate, the analysis
of open promoter complex formation. Figure 2 shows results for both DEPC
and potassium permanganate acting on a stalled transcription elongation
complex, showing both the melted transcription bubble and the unreactive
RNA–DNA hybrid.

Virtually any sequence that deviates from B-form DNA is a candidate for
probing with DEPC and potassium permanganate. Because DEPC and
potassium permanganate only modify the susceptible bases without cleaving
the phosphodiester backbone, further steps need to be taken to visualize the
positions of the modified bases. There are three different methods commonly
used: The first, which can only be used for experiments performed in vitro,
utilizes 5' or 3' end-labeled DNA fragments. After treatment with DEPC or
potassium permanganate, the DNA is treated with piperidine to cleave the

Fig. 1. Potassium permanganate sensitive sites when an open promoter complex is
formed on the coding strand by RNA polymerase I from Acanthamoeba castellanii.
Lane M contains a G + A Maxam–Gilbert sequencing ladder, lane 1 contains DNA
exposed to KMnO4 treatment in the absence of any proteins; lane 3 contains DNA
with the addition of proteins necessary for melting of DNA. Numerical designa-
tions refer to the transcription start site. Hypersensitive sites in bold denote regions of
strand separation.
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phosphate backbone on the 3' side of the modified nucleotide. This procedure
is useful when comparing the results from multiple footprinting techniques,
because the same fragment of labeled DNA may be utilized with each type of
experiment. This method also works well when examining short tracts of DNA
or DNA that does not amplify well in a thermocycler. The other two methods,
primer extension and thermocycle amplification, are used when working in
vivo (potassium permanganate only) or with circular pieces of DNA in vitro.
Thermocycle amplification is particularly beneficial when working with
limited amounts of DNA (in the low nanogram range) or when the ratio of
protein–DNA complex to DNA is low. The following materials and methods

Fig. 2. Potassium permanganate and DEPC probing of stalled transcription complex.
(A) Potassium permanganate probing of the coding strand when RNA polymerase I is
paused at +31 from the transcription start site. Lane M contains G + A Maxam-Gilbert
sequencing ladder, lane 1 contains DNA alone with KMnO4 treatment; lane 2 displays
the permanganate sensitive sites when RNA polymerase from Acanthamoeba
castellanii is paused at +31 from the transcription start site. The hypersensitive sites in
bold at positions +21, +22, and +32, +33 define the transcription bubble on the coding
strand. Hyposensitive thymidines in the transcription bubble depict protection due to
the formation of an RNA-DNA hybrid. (B) DEPC probing on the noncoding strand
when RNA polymerase I is paused at +31 from the transcription start site. Lanes are the
same as in (A). DEPC-sensitive sites in bold define the leading edge of the transcription
bubble on the noncoding strand. Unreactive As in the region may be the result of
protein interference or the slightly less reactive nature of DEPC compared to KMnO4.
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sections are general guidelines for probing with DEPC and potassium perman-
ganate. Care and attention to detail is necessary for all of these methods, as
footprinting with these reagents is generally somewhat more difficult than with
many other footprinting reagents. There is usually a need to optimize condi-
tions for each particular application; guidelines for this can be found in the
Notes section.

2. Materials
1. Potassium permanganate, DEPC, piperidine, and 2-mercaptoethanol can be pur-

chased from Sigma (St. Louis, MO). DEPC, piperidine, and 2-mercaptoethanol
should be stored at 4°C and used with caution in a fume hood. Other reagents
listed below should be of the highest quality. Low-adhesion microcentrifuge tubes
(siliconized) can be obtained from USA Scientific (Ocala, FL).

2. The following stock solutions can be made, filter sterilized, divided into aliquots
and stored at –20°C until ready for use:

1 M HEPES pH 7.9
1 M MgCl2

0.5 M dithiothreitol (DTT)
2 M KCl
10 mg/mL bovine serum albumin (BSA), DNase free
0.5 M EDTA pH 8.0
3 M Sodium acetate pH 5.2
5 mg/mL linear polyacrylamide (acrylamide polymerized without N,N'-methylene

bisacrylamide)
10 mg/mL Proteinase K
10% sodium dodecyl sulfate (SDS)
DEPC stop buffer: 0.2% SDS and 0.6 M sodium acetate pH 5.2
TE: 10 mM Tris–HCl pH 8.0 and 1 mM EDTA
Electrophoresis loading buffer: 0.1% bromophenol blue, 0.1% xylene cyanol,

10 mM EDTA, and 80% deionized formamide
3. A 300 mM stock solution of KMnO4 can be made by heating 2.73 g of KMnO4 in

50 mL of deionized water. The solution can be stored at room temperature in a
brown bottle for 1 mo.

4. 10X reaction buffer, for example: 200 mM HEPES pH 7.9, 100 mM MgCl2, 1 mM
DTT, 1 mg/mL BSA, and 100 mM KCl. The choice of this buffer will depend on
the conditions needed to form the complex under study.

5. Protein dilution buffer, for example: 20 mM HEPES pH 7.9, 1 mM EDTA, and
10% glycerol. Choice will depend on protein used.

6. 1 M piperidine: 10% v/v in water, freshly made.
7. 0.6 M sodium acetate.
8. 0.6 M sodium acetate, 20 mM EDTA
9. 10X neutralization buffer: 0.5 M HEPES pH 7.9, 0.1 M MgSO4, and 2 mM DTT.

10. dNTP mix: 5 mM of each dNTP.
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3. Methods
Experiments using DEPC or potassium permanganate follow similar proto-

cols. The only exceptions are the addition of 2-mercaptoethanol to quench
reactions using potassium permanganate, the duration of the DNA modifica-
tion reactions, and the necessity to purify the modified DNA away from DEPC
before the cleavage step.

3.1. In Vitro Experiments on Linear DNA Fragments

1. End-labeled DNA (5' or 3') should be separated from excess radiolabeled precur-
sor either by agarose gel electrophoresis or size-exclusion column chromatogra-
phy, and stored in TE.

2. In a 1.5-mL siliconized microcentrifuge tube, add 4 µL 10X reaction buffer,
40,000 cpm of DNA, and sterile deionized water to a volume of 20 µL. Proteins,
diluted in an appropriate buffer, are added to the reaction to give a final volume
of 40 µL (see Note 1). Incubate for the desired amount of time to form DNA–
protein complexes.

3. Modifying the susceptible bases (see Notes 2–4):
KMnO4 treatment: Add freshly diluted potassium permanganate to give the

appropriate concentration and incubate for desired time period. For
example, adding 2 µL of 100 mM KMnO4 (approximately 9 mM final con-
centration) for 2 min seems to work well for detecting melted DNA in
transcription initiation complexes.

Diethyl procarbonate treatment: Add 1 µL of DEPC to each tube. Mix by
briefly vortexing and repeat vortexing every 5 min for 15 min. Vortexing
is necessary because DEPC is sparingly soluble in aqueous solutions, so
all reactions are run at essentially saturating DEPC and the concentration
cannot be altered significantly.

4. Stopping the reactions:
KMnO4 treatment: Quench the reaction by adding 3 µL of 2-mercaptoethanol,

vortex and place on ice. Add 45 µL of 0.2% SDS and 2 mg/mL proteinase
K and incubate at 50°C for 1 h. Add 90 µL of 0.6 M sodium acetate,
300 µg/mL linear polyacrylamide, and 2.5 volumes 95% ethanol. Mix and
centrifuge 30 min at 14,000 rpm in a microfuge. Remove supernatant and
wash with 150 µL of 70% ethanol. Centrifuge 5 min, as above. Remove
supernatant and dry pellet on medium heat for 5 min in a Speed Vac.

Diethyl procarbonate treatment: Stop the reaction by adding an equal volume
of DEPC stop buffer and phenol–CHCl3 extract. Add 5 µL of 5 mg/mL
linear acrylamide, and precipitate with 2.5 volumes of ethanol as above.
After centrifugation, rinse with 70% ethanol and centrifuge again. Remove
supernatant and dry pellet on medium heat for 5 min in a Speed Vac.

5. Alkaline cleavage: Suspend the pellet in 50 µL of 1 M piperidine (10% v/v) and
incubate at 90°C for 30 min. Place a lead weight on top of the tubes or use tube
locks to prevent the lids from opening.
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6. Place tubes on ice to cool and centrifuge briefly. Add 50 µL of 0.6 M sodium
acetate, 300 µg/mL linearized polyacrylamide, and 250 µL 95% ethanol. Mix
and centrifuge 30 min as above. Wash pellet with 150 µL of 70% ethanol. Spin
samples for 5 min. Remove supernatant.

7. To remove residual piperidine, add 30 µL sterile deionized water to each sample
and dry on medium heat in a Speed Vac (see Note 5).

8. Add 5 µL electrophoresis loading buffer, vortex samples for 30 s, and heat
samples at 95°C for 3 min. Place samples on ice.

9. Load samples on sequencing gel and analyze by standard methods (see Notes 6 and 7).

3.2. Treatment of DNA In Vivo with KMnO4 and Purification

Potassium permanganate has been used to modify DNA in vivo, followed
by analysis of modifications by primer extension or polymerase chain reaction
(PCR). DEPC cannot be used for in vivo experiments because of its low solu-
bility. The procedure for in vivo modification is fairly straightforward, how-
ever, certain nutrient-rich media can quench permanganate. To avoid this
problem, use minimal medium or increase the permanganate concentration so
that the reaction mixture does not turn brown in less than 1 min. For some
experiments, one can dilute the culture in minimal medium just prior to treat-
ment with potassium permanganate. In vivo modification of mammalian cell
cultures usually requires the removal of the growth medium just prior to treatment.

1. To 10 mL of diluted bacterial or yeast culture, add the appropriate amount of
KMnO4 (typically in the low millimolar range, depending on the medium, approx
10–20 mM for most media) for the desired amount of time (10 s to 5 min) in a
shaking water bath. To quench treatment, remove samples from the water bath
and pour immediately into prechilled Corex tubes and add 2-mercaptoethanol
until the purple color disappears. Centrifuge to pellet cells in a cold Sorvall SS34
rotor for 5 min at 3015g. Discard the supernatant.

2. For mammalian cells grown to subconfluence on plastic growth dishes, remove
growth medium and wash twice with phosphate-buffered saline or minimal
growth medium. Add the desired concentration of potassium permanganate (usu-
ally 2–20 mM) for the necessary period of time (10 s to 5 min). Stop the perman-
ganate reaction by washing cell monolayers twice with phosphate-buffered saline
containing 2% 2-mercaptoethanol and once with phosphate-buffered saline. Cells
are then harvested with a rubber policeman or cell scraper.

3. Plasmid and genomic DNA can be isolated by a variety of standard methods
(49–51). Purified modified DNA should be adjusted to a final concentration of
approx 15 ng/µL and be free of contaminants that interfere with extension reac-
tions. Extractions involving phenol should be repeated three to four times or until
there is no contaminating interphase. Modifications to the DNA can then be visu-
alized by PCR amplification, as detailed in Subheading 3.4. An alternative
method for identifying modified genomic DNA is the use of ligation mediated
PCR (LMPCR) (52,53).
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3.3. Primer Extension Analysis of DNA Treated In Vitro or In Vivo

Because DNA modified in vivo or when in circular form is not end labeled,
primer extension is the method of choice to analyze the sites of modification.
Modified bases result in extension stop sites because they block the elongating
DNA polymerase. For in vitro studies, follow steps 2–4 of Subheading 3.1.,
substituting 20–500 ng of purified DNA in place of radiolabeled DNA. For in
vivo studies, follow the steps of Subheading 3.2.

1. To the isolated, modified DNA (20–500 ng for in vitro and 500 ng for in vivo
studies), add (0.3–0.5) × 106 cpm of 5' end-labeled primer and dilute to 36 µL
with distilled water.

2. Add 4 µL of 0.01 M NaOH to each reaction and mix well.
3. Denature DNA by heating to 95°C for 2 min.
4. Add 5 µL of 10X neutralization buffer and mix.
5. Hybridize primer to DNA by heating sample for 3 min at or just under the calcu-

lated Tm of the primer.
6. Add 5 µL of a solution containing all four dNTPs at a concentration of 5 mM

each.
7. Add 0.5–1.0 unit of the Klenow fragment of DNA polymerase I and mix gently.

Incubate tube for exactly 10 min at 50°C.
8. Quench by adding an equal volume (~50 µL) of 0.6 M sodium acetate, and 20 mM

EDTA and place on ice.
9. Precipitate DNA by adding 300 µL of 95% ethanol, mix and centrifuge 30 min.

Wash the pellet with 150 µL of 70% ethanol. Centrifuge for 5 min, remove super-
natant, and dry pellet.

10. Suspend pellet in 5 µL electrophoresis loading buffer and run on a normal
sequencing gel. Analyze by standard techniques (see Notes 8 and 9).

3.4. PCR Amplification of DNA Treated In Vivo or In Vitro

1. In a 0.65-mL microcentrifuge tube, add the following:
5 µL 10X reaction buffer supplied with the thermostable polymerase
2 µL dNTP mix
0.5 × 106 cpm end-labeled primer
Distilled water to a final volume of 49.5 µL

2. Program thermocycler. For example:
1 Round:

2 min at 95°C , pause and add 0.5 µL of thermostable polymerase
(2.5 units/µL)

30 s at Tm of primer
30 s at 72°C

15–20 Rounds:
1 m at 95°C
30 s at Tm of primer
30 s at 72°C
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1 Round:
5 min at 72°C

3. Precipitate DNA by adding 50 µL of 0.6M sodium acetate, 300 mg/mL linear
polyacrylamide, and 250 µL 95% ethanol. Mix and centrifuge 30 min at
14,000 rpm in a microfuge. Wash pellet with 150 µL of 70% ethanol and
centrifuge for 5 min. Remove supernatant and dry pellet on medium heat for
5 min in a Speed Vac.

4. Suspend pellet in 5 µL loading buffer and run on sequencing gel. Analyze by
standard techniques (see Notes 8 and 9).

4. Notes
1. False positive results can occur from the presence of nucleases in any of the

proteins being tested. A necessary control is to incubate each protein with the
DNA in the absence of further treatment with the modifying reagent. The DNA
isolated from these reactions is run through the remainder of the analysis proce-
dure to reveal any digestion of the DNA by contaminating nucleases.

2. Certain sequences of DNA are sensitive to DEPC and potassium permanganate
treatment even in the absence of proteins. It is important to run a control lane of
DNA to obtain a background level of sensitive sites.

3. To optimize reaction conditions, a titration of potassium permanganate for vary-
ing amounts of time may be necessary. Too little potassium permanganate results
in no signal, and too much potassium permanganate can result in a high back-
ground. Two to five millimolars of potassium permanganate is typical for in vitro
experiments, but for in vivo experiments, where the medium may quench the
reagent, concentrations up to 200 mM can be used. Times of reaction have been
varied from 10 s up to 5 min, but in our hands, there is much less difference in the
results obtained with different reaction times than with different potassium per-
manganate concentrations. Thus, one can set up the experiment for a convenient
period of time.

4. Potassium permanganate and DEPC react with proteins as well as DNA, which
can impair their function. Thus, negative experiments may result from protein
denaturation rather than a lack of DNA modification by the protein.

5. It is important to remove all the piperidine from the DNA following cleavage. If
smeared bands are found on the gel, try doing more than one round of drying in
the Speed Vac by redissolving the pellet in 30 µL of deionized water and drying
as described in step 7 of Subheading 3.1.

6. To obtain the maximum amount of information from the DNA of interest, perform
separate experiments with either the template or the RNA-like strand radiolabeled.

7. A Maxam and Gilbert sequencing ladder of the DNA being analyzed run adja-
cent to the probing reactions is useful to identify specific modified sites.

8. For primer extension and PCR amplification reactions, several factors can affect
the observed signal. A loss of signal can be the result of the following:
a. Improper primer sequence
b. Annealing temperature higher than Tm
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c. Contaminants present in reaction
d. High concentration of magnesium ion

9. Extra bands or smearing can occur if the annealing temperature is suboptimal and
allows mispriming. Nonspecific hybridization can also occur if the radiolabled
primer has undergone extensive decay. Freshly labeled primer reduces the risk of
mispriming events. Supercoiled DNA can cause sequence-induced stopping of
the DNA polymerase. Linearizing the plasmid before fill-in or amplification can
reduce improper extension.
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Footprinting DNA–Protein Interactions
in Native Polyacrylamide Gels by Chemical
Nucleolytic Activity of 1,10-Phenanthroline-Copper

Athanasios G. Papavassiliou

1. Introduction
 The existence of cell-type specific promoter and enhancer elements has

been known for several years. However, the mechanisms responsible for the
remarkable specificity of such elements, in comparison to the ubiquitously
active promoters and enhancers of “housekeeping” genes and DNA tumor
viruses, have remained elusive until recently. Although transfection and
mutagenesis experiments have taught us a great deal about the structure of
cell-type-specific cis-acting elements, the breakthrough in understanding the
molecular basis for the differential activity of these elements has come from
the analysis of their recognition by specific DNA-binding proteins.

Several techniques have been developed for the detection of cell-type-spe-
cific DNA-binding activities and the identification of sequence-specific con-
tacts (“footprints”) of a protein on DNA. Many of these techniques involve
forming DNA–protein complexes (by incubating an asymmetrically labeled
double-stranded DNA fragment containing the region of interest with a crude
or partly purified protein extract), exposing the complex to enzymatic or to
chemical reagents that can cleave or modify the DNA, and determining which
bases are protected from attack when the protein(s) is bound. The most widely
used reagents are deoxyribonuclease I (DNase I, an endonuclease) and dim-
ethyl sulfate (DMS). Footprinting experiments with DNase I are performed
using parallel reactions with free DNA and with DNA–protein complexes, and
the nuclease is allowed to digest DNA only to a limited extent (1). The DNA is
then purified and denatured, and the single-stranded end-labeled DNA frag-
ments are resolved on a sequencing gel and autoradiographed. Comparing the
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digestion pattern of the DNA–protein complexes revealed on the autoradio-
graph with that of free DNA shows a band-free region (footprint) where the
bound protein(s) has prevented access of the enzyme to DNA (see Chapter 3).
In a similar analysis, the DNA is allowed to react mildly with DMS, which
methylates primarily deoxyguanosine residues and renders their phosphodiester
linkages labile under conditions of Maxam–Gilbert chemistry (see Chapter 14).
The binding of a protein(s) to a specific DNA region will result in a protection
of the corresponding bases from chemical modification (2).

The suitability of the above assays in determining the binding sequences of
proteins on DNA is hindered by several disadvantages. First, the clarity of the
footprint is highly dependent on the extent of occupancy of the binding site(s)
(i.e., a “clear” footprint is observed only if all DNA molecules are involved in
complexes). Unfortunately, this is not always easy to achieve, especially when
the concentration and/or purity of the specific binding protein(s) is not satis-
factory. Second, DNA–protein complexes formed in crude extracts may often
be heterogeneous in terms of both binding specificity and kinetic stability.
Therefore, direct footprinting in solution will not correspond to a single spe-
cies, but, instead, reflect an “integral” of the multiple equilibria operating over
the entire region of interest (i.e., the protection pattern will actually represent a
composite of more than one complex, with complexes having a very low disso-
ciation rate dominating the footprint). Finally, two different proteins that
recognize the same sequence within the probe are most likely to yield indistin-
guishable footprints. These drawbacks may be overcome by coupling treat-
ment with a footprinting reagent in solution with the electrophoretic mobility
shift assay (EMSA; also known as gel retardation assay, see Chapter 2) (3–5).
In this approach, the protein and DNA molecules are incubated together, and
the equilibrated reaction mixture is exposed to DNase I or DMS, as before. The
DNA–protein complexes are subsequently isolated from the free probe by elec-
trophoresis in a nondenaturing polyacrylamide gel. Although the negatively
charged free DNA migrates rapidly toward the anode, once it is bound by a
specific protein its mobility decreases (3,4). Following the separation of the
free and bound DNA species, the corresponding bands are cut out of the gel,
and the DNA eluted and analyzed on a sequencing gel. The region(s) of protec-
tion evident in the DNA derived from the complexed fraction, indicates the
binding site (5). Because the complexes are separated from contaminating
unbound DNA fragments, their footprints will be free of background cutting,
and thus considerably more evident. Similar considerations apply when more
than one complex can be formed on the fragment. As long as the DNA-binding
proteins differ in their molecular masses and charges, they will cause altered
electrophoretic mobilities of the corresponding complexes and, hence, differ-
ent migration in the native polyacrylamide gel. These complexes can be iso-
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lated and run in individual lanes on the sequencing gel. Thus, the exposure of
the binding reaction to footprinting reagents, in combination with the fraction-
ation offered by mobility shift gels, permits identification of the regions of
DNA bound by protein in different complexes, even if a low percentage of the
initial DNA molecules has been complexed.

Although one can substantially increase the sensitivity of DNase I or DMS
footprinting experiments in solution by employing the EMSA, several addi-
tional problems have still to be faced:

1. DNase I is a relatively bulky molecule (molecular weight [MW] 30,400) that
cannot cleave the DNA in the immediate vicinity of a bound protein because of
steric hindrance. As a result, the region(s) protected from cutting extends beyond
the actual protein-binding site.

2. The nonrandom nature of DNA cleavage by DNase I makes it impossible to assess
the involvement in protein binding of nucleotides that lie in an area of the frag-
ment resistant to the endonucleolytic activity of this enzyme (e.g., tracts of A and
T residues, or TpA [as opposed to ApT] dinucleotide islands scattered within or
adjacent to the binding site), so that binding sites or parts of binding sites may not
be detected.

3. The primary site of reaction of DMS with B-DNA is the N-7 atoms of guanine
bases, which are located in the major groove. Thus, those guanines in close prox-
imity with the protein will be protected from methylation. However, if a protein
primarily makes contacts with a DNA sequence in the minor groove, or if there
are no guanine residues in a major groove-binding site, DMS will not reveal
these interactions.

4. In many instances, particularly when a complex has a relatively high “off” rate,
the bound protein can dissociate from the protected DNA fragment and reassoci-
ate to other DNA fragments that have already been nicked by DNase I or modi-
fied by DMS. In this case, the DNA-cleavage pattern derived from the complexed
fraction will closely resemble that of the uncomplexed DNA, rendering it diffi-
cult to observe a footprint. The limitations imposed by the size and the sequence
or base specificity of the aforementioned footprinting reagents, as well as the
problem of protein exchange from the binding site(s) during treatment, are cir-
cumvented by merging the advantages inherent in the EMSA, with the subse-
quent exposure of the gel (hence of the resolved complexes while embedded in
the polyacrylamide matrix) to a chemical DNA-scission reagent namely the 1,10-
phenanthroline–copper ion (OP–Cu) (6).

1.1. OP–Cu as a Footprinting Agent

1.1.1. Chemistry of DNA Cleavage

1,10 Phenanthroline–copper (Fig. 1) is an efficient chemical nuclease that
cleaves the phosphodiester backbone of nucleic acids at physiological pH and
temperature by oxidation of the deoxyribose (DNA) or ribose (RNA) moiety
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(7). The kinetic scheme of the reaction is summarized in Fig. 2. The first step is
the formation of the 1,10-phenanthroline-cupric ion coordination complex,
under conditions that favor the 2:1 stoichiometry ([OP]2Cu2+). The DNA-
scission process is initiated by adding a reducing agent, usually 3-mercapto-
propionic acid (a thiol), to the aerobic reaction mixture containing the target
DNA. Under these conditions, the 2:1 cupric complex is reduced to the 2:1
cuprous complex ([OP]2Cu+) that is, in turn, oxidized by molecular oxygen to
generate hydrogen peroxide. Hydrogen peroxide is an essential coreactant for
the chemical nuclease activity and can be generated as described above or
added exogenously (8). The tetrahedral cuprous complex, present at the steady-
state concentration defined by the experimental conditions (note the feedback
mechanism in Fig. 2), then binds reversibly to the minor groove of DNA to
form a central intermediate through which the reaction is funneled (9). The
DNA-bound cuprous complex undergoes in situ a one-electron oxidation by
hydrogen peroxide to form a short-lived, highly reactive DNA-bound copper-
oxo species that can be written either as a hydroxyl radical coordinated to the
cupric ion or as a copper-oxene structure (Fig. 2). This species then attacks the
H1'-deoxyribose protons of nucleotides, which are accessible in the minor
groove; this reaction initiates a series of reactions culminating in cleavage of
the phosphodiester backbone (9). Reaction rates at any given sequence posi-
tion depend on the stability of the intermediate formed between DNA and
(OP)2Cu+ and on the orientation and proximity of the copper-oxo species rela-
tive to the C1'-deoxyribose hydrogen in the minor groove. Because both crite-
ria are met satisfactorily in B-DNA sequences, the tetrahedral cuprous complex
prefers B-DNA as its substrate. Such stereoelectronic interactions are less effi-
cient in the broad minor groove of A-DNA and not possible in Z-DNA, which

Fig. 1. Structure of 1,10-phenanthroline complexed with copper(I) ion (OP–Cu).
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Fig. 2. Schematic representation of the kinetic mechanism for the nuclease activity of 1,10-phenanthroline–copper ion.
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has practically no minor groove; as a result, A-DNA is cleaved at 25–33% of
the rate with which B-DNA is cleaved and Z-DNA is not cleaved at all (9).
The products of the strand-scission event include the free base, DNA frag-
ments bearing 5'- and 3'-phosphorylated termini, and the deoxyribose oxida-
tion product 5-methylene-2-furanone (10). The DNA-chain cleavage
reaction can be efficiently quenched by adding to the mixture 2,9-dimethyl-
1,10-phenanthroline (2,9-dimethyl–OP). This phenanthroline derivative can
also chelate copper ions to form a minor groove-associated cuprous complex
(thus competing with [OP]2Cu+), but the reduction potential of the Cu2+/Cu+

couple is too positive to allow significant nuclease activity under normal assay
conditions (11).

1.1.2. OP–Cu Footprinting Following EMSAs

In as much as the structural and functional properties of DNA are not altered
by entrapment in a polyacrylamide gel matrix (6), the small size and the ready
diffusibility of all reaction components in solid supports permit the coupling of
OP–Cu footprinting with the EMSA to study DNA–protein interactions
(12,13). In this method, the DNA-binding reaction is performed as usual, elec-
trophoresed under established, nondenaturing conditions, and the entire mobil-
ity shift gel is immersed in a footprinting reaction mixture containing
1,10-phenanthroline, cupric ion, and 3-mercaptopropionic acid. Following the
reaction quench with 2,9-dimethyl–OP, footprints are obtained after elution of
the radioactive free and protein-bound DNA cleavage products from the
mobility shift gel and analysis on a sequencing gel (Fig. 3). Because the
nuclease activity of (OP)2Cu+ produces 3'-phosphorylated and 5'-phosphory-
lated ends as cleavage products, sequencing gels can be accurately calibrated
with the Maxam–Gilbert sequencing reactions.

1.2. Advantages of OP–Cu over Other Footprinting Agents

1.2.1. General Considerations

The nuclease activity of (OP)2Cu+ bears several advantages as a footprinting
reagent relative to protection analyses using DNase I or DMS as a probe. First,
the (OP)2Cu+ chelate is a small molecule (compared to DNase I) that permits
cleavage closer to the edge of the DNA sequence protected by protein binding
and, therefore, a more precise definition of it. Second, because the scission
chemistry involves attack on the deoxyribose moiety, (OP)2Cu+ is able to cut at
all sequence positions regardless of base. However, the intensity of cutting
(rate of cleavage) does depend on local sequence, with attack at adenines of
TAT triplets being most preferred (14; see also legend to Fig. 3). Interestingly,
a preference for C-3',5'-G steps, rather than T-3',5'-A steps, is observed at a
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phenanthroline to copper ratio of 1:1, which strongly favors formation of the
OPCu+ complex (15). Nevertheless, the cutting patterns obtained with
(OP)2Cu+ are usually sufficiently well-defined to identify protected regions,
even though this endonucleolytic agent exhibits some degree of sequence speci-
ficity in its rate of cleavage of naked DNA. Third, because (OP)2Cu+ binds to
the minor groove of DNA, it will reveal minor-groove interactions. Because
the binding of the coordination complex should be restricted to three base
pairs, the complex is more sensitive to local, protein-induced conformational
changes than DNase I, which by possessing an extended minor groove-bind-
ing site, may be unable to sense. In this context, the complex will also detect
binding in the major groove when its approach to its minor groove-binding site
is sterically blocked or if the interaction of the protein in the major groove
alters the minor groove geometry so that the tetrahedral coordination complex
binds poorly (both being frequent features of DNA–protein interactions). Fur-
thermore, because of the difference in their respective mechanisms of cleav-
age, DNase I and (OP)2Cu+ probe different aspects of the structure of a
DNA–protein complex. DNase I cleavage relies on the accessibility of a par-
ticular phosphodiester bond, and thus protection is indicative of an interaction
on the outer face of the DNA helix. In contrast, protection from (OP)2Cu+-
mediated cleavage is most likely caused by the inhibition of its binding to the
minor groove and implies that a portion of the protein occupies at least the
minor groove. Finally, in contrast to other chemical nucleases such as ferrous
EDTA (introduces single-stranded nicks in DNA through the generation of
diffusible hydroxyl radicals; see Chapter 5), the nucleolytic activity of OP–Cu
is not inhibited by glycerol, a free radical scavenger, which is present in most
protein storage buffers.

1.2.2. Benefits of OP–Cu Footprinting Within Mobility Shift Gels

The major advantage of the combined OP–Cu footprinting procedure arises
from the topography of treatment: Preformed DNA–protein complexes are
exposed to the chemical nuclease within the gel (i.e., not prior but subsequent
to an electrophoretic mobility shift experiment). This characteristic of the tech-
nique makes it ideal for protection analysis of kinetically labile complexes (16).
At least three factors account for the latter. The first is that the background
cleavage is greatly reduced by the separation of unbound DNA from the DNA–
protein complex(es) pool. The second factor is the so-called “caging effect”
(3,4). The gel matrix forms “cagelike” compartments that prevent a dissoci-
ated protein from diffusing away from the DNA, so that by enhancing
reassociation, the apparent affinity constant will be higher than the true value.
The protein could also interact with the gel matrix, thereby orienting its diffu-
sion toward reassociation. Whatever the mechanism(s), the increase in stabil-
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ity of the complex contributed by the gel leads to a more efficient blockage of
the access of the (OP)2Cu+ chelate to the protein-binding DNA segment.
The third factor comes from the nature and site of action of the cupryl
intermediate through which the reaction is funneled, and it acts synergisti-
cally with the previous one. Because this highly reactive oxidative species is
generated near the surface of the DNA (in situ), diffusible radicals, if formed at
all, will have a short or restricted diffusive path and, therefore, will be unable
to achieve a fast equilibrium distribution along the DNA polymer. Conse-
quently, protein-binding sites exposed during multiple dissociation events will
escape the nucleolytic attack most of the time and hence remain intact.

In addition to the fact that discrete complexes with defined stoichiometries
and a wide range of kinetic stabilities can be mapped simultaneously, the in
situ OP–Cu footprinting procedure is superior to oligonucleotide-binding com-
petition assays in the analysis of multiple complexes frequently obtained in
electrophoretic mobility shift experiments employing unfractionated extract
preparations. For example, multiple retarded bands can arise from protein–
protein interactions between a non-DNA-binding transcription factor(s) and a
specific DNA-binding protein, or from two proteins binding to distinct DNA
sequences in a cooperative manner (12). Although both complexes would be

Fig. 3. (previous page) Outline of the combined electrophoretic mobility-shift/in
gel OP–Cu footprinting assay. (A) DNA restriction fragments containing a protein-
binding site(s) are labeled with 32P at a unique end and incubated with a crude or
partially purified extract containing the DNA-binding protein(s) of interest, under
optimized binding conditions. (B) After equilibration of the DNA-binding reaction,
the free and bound DNA fragment populations are separated by electrophoresis through
a nondenaturing polyacrylamide gel; the gel is then transferred into a buffer-contain-
ing Pyrex dish, and the retarded and unretarded DNA species are exposed in situ to the
nuclease activity of (OP)2Cu+. The two DNA fractions are subsequently located by
autoradiography of the wet gel, excised and eluted from the gel matrix, precipitated,
and recovered in formamide buffer. (C) Samples are heat-denatured and equal amounts
of radioactivity from the two fractions are electrophoresed on a denaturing polyacryla-
mide gel (DNA sequencing gel) and autoradiographed. In the sample prepared from
the free-DNA band, bands will appear in the gel corresponding to positions of protein
binding. For the sample(s) prepared from the protein–DNA band(s), bands will appear
at all positions except those bound by the protein(s) (protected region). The particular
example depicts the OP–Cu mapping of a DNA–protein complex formed between bac-
terially expressed LFB1 (a liver-specific transcription factor) and an oligonucleotide
bearing its binding site within the –95 to –54 region of the α1-antitrypsin promoter.
Arrowheads connected by line demarcate the footprinted site. The enhanced cleavage
observed within the protein-binding site in the free-DNA sample is the result of the
presence of repeated TA elements in this sequence (see Subheading 1.2.1.).
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abolished by competition with oligonucleotides, these possibilities can be
readily distinguished by direct footprinting within the gel.

1.3. Additional Applications and Outlook

The nucleolytic activity of (OP)2Cu+ in a polyacrylamide matrix has been
also demonstrated to be a viable means of gaining insight into the interactions
of RNA-binding proteins with their recognition sequences (17,18). Applica-
tion of OP–Cu in this context may be invaluable toward defining structural
perturbations in RNA on protein binding and mapping the binding domains of
various proteins. Because of the preferential nucleolytic activity of (OP)2Cu+

toward single-stranded bulge and loop RNA regions (double-stranded stem
regions can be cut at elevated concentrations of the chemical nuclease), hyper-
sensitive sites may be obtained on footprinting an RNA–protein complex
following a gel retardation assay. Such sites would imply an unwinding of a
helical structure on protein binding or perturbations in the minor groove acces-
sibility of the bound RNA molecule.

The in gel OP–Cu footprinting methodology has already expanded the
“tool box” available to investigators wishing to explore the structure and
function relationships of nucleic acid–protein complexes, and emerging
improvements in the chemical mechanism (e.g., DNA-strand scission by the
coordination complex of OP with a non-redox-active metal) as well as future
modifications will likely make this technology even more efficient and
broadly useful.

2. Materials
2.1. Analytical and Preparative EMSA

2.1.1. Solutions

1. A variety of binding and gel buffers are commonly employed in EMSA (see Chap-
ter 2). A suitable binding buffer is 10 mM HEPES pH 7.9, 10% glycerol,
0.1 mM EDTA, 0.5 mM tetrasodium pyrophosphate, and 0.5 mM PMSF. The
most common gel buffers are Tris-glycine: 50 mM Tris, 2.5 mM EDTA, and 0.4 M
glycine; 0.5X TBE: 45 mM Tris, 45 mM boric acid, and 1 mM EDTA; Tris–acetate:
6.7 mM Tris-HCl, pH 7.5, 3.3 mM sodium acetate, and 1 mM EDTA.

2. Ammonium persulfate (10%; w/v): Weigh out 1 g of ammonium persulfate and
put it in a sterile plastic tube containing 10 mL of distilled, deionized water.
Vortex vigorously until the salt is completely dissolved. Filter through a 0.22-µm
membrane filter. This solution may be stable for a period of a few days at 4°C,
but it is recommended that you prepare it freshly for each new gel. Ammonium
persulfate is extremely destructive to tissue of the mucous membranes and upper
respiratory tract, eyes, and skin. Inhalation may be fatal. Exposure can cause
gastrointestinal disturbances and dermatitis. Wear gloves, safety glasses, respira-
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tor, and other protective clothing and work in a chemical fume hood. Wash thor-
oughly after handling.

3. Dye-containing binding buffer: 0.05% (w/v) bromophenol blue in 1X optimized
binding buffer (store at 4°C after filtering).

2.1.2. Reagents/Special Equipment

1. Highly purified duplex DNA fragment labeled exclusively at one of its four ends
(5' or 3'); use standard procedures for unique labeling (19). All necessary precau-
tions should be observed to minimize exposure to ionizing radiation during label-
ing and isolation of the probe. Consult the institutional environmental health and
safety office for further guidance in the appropriate use of radioactive materials.

2. Reagents employed in the optimized binding reaction.
3. (16–18) × (16–18)-cm front and back glass gel electrophoresis plates: The plates

must be absolutely clean before use. Wash them with warm soapy water; then,
holding them by the edges, rinse several times first in tap water and then in deion-
ized water. Finally, rinse with ethanol and let them air-dry. Using a pad of
Kimwipes, siliconize the inner side of the back plate with a 2% dimethyl-
dichlorosilane solution in 1,1,1-trichloroethane in a chemical fume hood (this
product is particularly toxic; gloves, safety glasses, respirator, and other protec-
tive clothing should be worn when handling it.

4. 0.3-cm spacers.
5. Electroresistant plastic tape (e.g., 3M yellow electrical tape).
6. 0.22 and 0.45-µm filters (Millipore, Bedford, MA).
7. N,N,N',N'-Tetramethylethylenediamine (TEMED; Bio-Rad, Richmond, CA).

TEMED is extremely destructive to tissue of the mucous membranes and upper
respiratory tract, eyes, and skin. Inhalation may be fatal. Prolonged contact can
cause severe irritation or burns. Wear gloves, safety glasses, respirator, and other
protective clothing and work in a chemical fume hood (TEMED is also flammable!).
Wash thoroughly after handling.

8. 3-mm gel comb with 10-mm-wide teeth.
9. 10-mL syringe and 18-gage needle.

10. 100- to 200-µL Hamilton syringe.
11. Additional reagents and equipment: Powdered acrylamide and N,N'-methylene–

bis-acrylamide (Bio-Rad); plenty of binder clamps (fold-back spring clips); razor
blades; polyacrylamide gel electrophoresis apparatus; constant current power
supply; peristaltic pump for recirculating electrophoresis buffer (if required);
siliconized 1.5-mL Eppendorf microcentrifuge tubes; spatula. Acrylamide and
N,N '-methylene–bis-acrylamide are potent neurotoxins and are absorbed
through the skin. Their effects are cumulative. Wear gloves and a face mask
when weighing these substances and when handling solutions containing them.
Although polyacrylamide is considered to be nontoxic, it should be handled
with care because of the possibility that it might contain small quantities of
unpolymerized acrylamide.
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2.2. DNA Chemical Cleavage (Footprinting) Reactions within the Gel

2.2.1. Solutions

1. 10 mM Tris-HCl, pH 8.0 (store at room temperature after autoclaving).
2. MPA solution (58 mM 3-mercaptopropionic acid): Add 100 µL of neat 3-mercapto-

propionic acid (Aldrich, Milwaukee, WI) to a sterile 50-mL conical tube contain-
ing 19.9 mL of distilled, deionized water. Mix by vortexing. 3-Mercaptopropionic
acid is toxic and causes burns in contact with skin and eyes; wear gloves and
handle accordingly. Store the liquid reagent in a place protected from light. Dilute
immediately prior to use.

3. OP solution (40 mM 1,10-phenanthroline): Weigh out 80 mg of 1,10-
phenanthroline monohydrate (Aldrich or G. F. Smith) and dissolve (by vortexing
and shaking vigorously for 2 min) in 10 mL of absolute ethanol in a sterile 50-mL
conical tube. Wear gloves and dust mask when weighing this reagent. Store the
powdered reagent in a place protected from light. Prepare just prior to use.

4. Cu2+ solution (9 mM CuSO4): Weigh out 72 mg of anhydrous copper(II) sulfate
(Aldrich or Mallinckrodt, Chesterfield, MO) and dissolve (by vortexing for 1 min)
in 50 mL of distilled, deionized water in a sterile 50-mL conical tube. Powdered
copper(II) sulfate is irritating to eyes, respiratory system, and skin; wear gloves
and eye/face protection when weighing this chemical. Store the powdered chemi-
cal sealed in a dry place. Prepare just prior to use.

5. (OP)2Cu+-STOP solution (28 mM 2,9-dimethyl–OP): Weigh out 127 mg of 2,9-
dimethyl–1,10-phenanthroline (Neocuproine) monohydrate (Aldrich or G. F.
Smith) and dissolve (by vortexing vigorously for 2 min) in 20 mL of absolute
ethanol in a sterile 50-mL conical tube. Wear gloves and dust mask when weigh-
ing this reagent. Store the powdered reagent in a place protected from light. Pre-
pare just prior to use.

2.2.2. Reagents/Special Equipment

1. 20 × 20-cm Pyrex dish (available in most supermarkets); wash the dish with
detergent, water, and then ethanol. Rinse with deionized water and dry with tissues.

2. Sterile 50-mL conical tubes.
3. Additional equipment: protective gloves, glass or plastic beaker, 20-mL glass

pipet, and vacuum aspirator.

2.3. Isolation of Free and Complexed DNA Fractions

2.3.1. Direct Elution from the Polyacrylamide Gel Matrix

2.3.1.1. SOLUTIONS

1. Gel elution buffer: 0.5 M ammonium acetate, pH 7.5 (promotes diffusion of the
DNA out of the gel matrix and is readily soluble in ethanol in the subsequent
precipitation step), 1 mM EDTA, and 0.1% sodium dodecyl sulfate (SDS; w/v;
effectively denatures any contaminating DNAase activity). For improved recov-
ery of DNA fragments smaller than 60 bp, the buffer should also include 10 mM
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magnesium chloride. This stock solution can be stored at room temperature pro-
tected from light for several months.

2. Phenol/chloroform/isoamyl alcohol (25:24:1; v/v): Mix 25 vol of phenol (redis-
tilled under nitrogen and equilibrated with 100 mM Tris-HCl, pH 8.0, and 1 mM
EDTA in the presence of 0.1% [w/v] 8-hydroxyquinoline) with 24 vol of
chloroform and 1 vol of isoamyl alcohol. Phenol can be stored at 4°C in dark
(brown) bottles for up to 2 mo. It is highly corrosive and can cause severe burns.
Any areas of skin that come in contact with phenol should be rinsed with a large
volume of water or PEG 400 and washed with soap and water (do not use etha-
nol!). Chloroform is irritating to the skin, eyes, mucous membranes, and
respiratory tract. It is also a carcinogen and may damage the liver and kidneys.
Wear gloves, protective clothing, safety glasses, and respirator when handling
these substances and carry out all manipulations in a chemical fume hood.

3. Chloroform/isoamyl alcohol (24:1; v/v): Mix (in a chemical fume hood and wear-
ing gloves, safety glasses, and respirator) 24 vol of chloroform with 1 vol of
isoamyl alcohol. This organic mixture can be stored at room temperature in dark
(brown) bottles indefinitely.

4. 70% and 90% (v/v) ethanol.
5. Sequencing-gel loading buffer: 90% (v/v) deionized formamide, 1X TBE

(see Subheading 2.3.2.), 0.025% (w/v) xylene cyanol, and 0.025% (w/v)
bromophenol blue. Store at –20°C after filtering. (Preparation of deionized
formamide: Combine 200 mL of formamide with 5 g of AG501-X8 [D] [Bio-
Rad] in a 250-mL Erlenmeyer flask. Cover the mouth of the flask with Parafilm
and gently stir the mixture at room temperature for 30 min. Avoid aeration
of the formamide when stirring the mixture. Filter the solution through a
coarse-sintered-glass funnel, and store the deionized formamide at –20°C.
Formamide is a teratogen; take all safety precautions to avoid contact dur-
ing the above manipulations.)

2.3.1.2. REAGENTS/SPECIAL EQUIPMENT

1. Plastic wrap, such as Saran Wrap® or cling film.
2. Old X-ray film covered with plastic wrap.
3. Glass stirring rod.
4. Small adhesive labels (or Scotch Tape®).
5. Radioactive ink: Mix a small amount of 32P with waterproof black drawing ink,

to a concentration of approx 200 cps (on a Geiger counter) per microliter.
6. Fiber-tip pen.
7. Kodak X-Omat AR film.
8. Lightproof cardboard film holder.
9. Aluminum foil.

10. Lab marking pen.
11. Sharp scalpel.
12. Fine-tip waterproof marking pen.
13. Single-edged disposable razor blades.
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14. 18-gage syringe needles or sterile forceps.
15. Sterile 3-mL syringes attached to a shortened 18-gage needle (broken with pliers).
16. Siliconized 1.5-mL Eppendorf microcentrifuge tubes.
17. 22-gage syringe needle.
18. Siliconized capless 0.5-mL Eppendorf microcentrifuge tubes.
19. Conformable self-sealing tape (e.g., Parafilm).
20. 1-mL sterile syringes (Becton Dickinson, Heidelberg, Germany).
21. 0.22-µm syringe filters (Millipore).
22. Ice-cold absolute ethanol.
23. Glycogen (from Boehringer, Indianapolis, IN, or Sigma, St. Louis, MO).
24. Drawn-out Pasteur pipets.
25. Elutip™-d mini-columns (Schleicher & Schuell, Dassel, Germany) and low- and

high-salt solutions as recommended by manufacturer.
26. Additional equipment: Geiger counter, all equipment for autoradiography, low-

speed centrifuge (Beckman J6B or Sorvall RC3), microcentrifuge (Eppendorf or
equivalent), 37–42°C shaking incubator, vacuum centrifuge (e.g., SpeedVac,
Savant, Hicksville, NY); scintillation counter or Bioscan Quick Count for 32P,
and water bath at 68°C.

2.3.2. Electrotransfer of the Entire Gel and Elution
from NA-45 Membrane

2.3.2.1. SOLUTIONS

1. 10 mM EDTA, pH 7.6 (store at room temperature after autoclaving).
2. 0.5 M NaOH.
3. 1X TBE buffer: 89 mM Tris base, 89 mM borate, and 2.5 mM EDTA. To prepare

5 L of 5X TBE buffer, dissolve (stirring for at least 1 h) 272.5 g of ultrapure Tris
base, 139.1 g of boric acid, and 23.3 g of disodium EDTA dihydrate in 4.5 L of
distilled, deionized water, and make up to a final volume of 5 L. It is not neces-
sary to adjust the pH of the resulting solution, which should be about 8.3. Store at
room temperature; this stock solution is stable for many months, but it is susceptible
to the formation of a precipitate and should occasionally be inspected visually.

4. 20 mM Tris-HCl, pH 8.0, and 0.1 mM EDTA (store at room temperature
after autoclaving).

5. NA-45 membrane elution buffer: 1.0 M NaCl, 20 mM Tris-HCl, pH 8.0, 0.1 mM
EDTA (store at room temperature after autoclaving).

6. Solutions 2–5 of Subheading 2.3.1.1.

2.3.2.2. REAGENTS/SPECIAL EQUIPMENT

1. NA-45 membrane sheets (0.45-µm pore size; Schleicher & Schuell).
2. Filter paper (Whatman [Clifton, NJ] 3 MM or equivalent).
3. Clean glass plate.
4. Items 1, 2, and 4–7 in Subheading 2.3.1.2.
5. Metal cassette.
6. Items 10–14, 16, and 22–24 in Subheading 2.3.1.2.
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7. Additional equipment: protective gloves, electrotransfer unit (high-current
[2–3 A] power supply, e.g., Bio-Rad or Hoefer, San Francisco, CA),
Kimwipes, Geiger counter, all equipment for autoradiography, microcentrifuge
(Eppendorf or equivalent), 55°C water bath with agitation; vacuum centri-
fuge (e.g., SpeedVac, Savant), scintillation counter or Bioscan Quick Count
for 32P, and water bath at 68°C.

2.4. Preparation of the G + A Sequencing Ladder

2.4.1. Solutions

1. Carrier DNA stock solution: salmon sperm DNA extracted sequentially with phe-
nol/chloroform/isoamyl alcohol (25:24:1; v/v) and chloroform/isoamylalcohol
(24:1; v/v), precipitated with ethanol, resuspended in distilled, deionized water at
1 mg/mL, and sonicated to an average chain length of 200 bp.

2. 1.0 M aqueous piperidine: Add 100 µL of concentrated piperidine (reagent grade;
BDH, London, England) into 0.9 mL of distilled, deionized water. Piperidine is
somewhat hard to pipet; when diluting rinse the micropipet tip thoroughly by
repeated pipeting and then mix the solution well by vortexing. Make dilution in a
chemical fume hood just prior to use.

3. 1% sodium dodecyl sulfate (SDS): Prepare a 10% (w/v) solution of SDS in dis-
tilled, deionized water (wear dust mask when weighing powdered SDS); heat at
68°C to assist dissolution (do not autoclave). Dilute 1:10 with distilled, deion-
ized water. Store at room temperature.

4. Solution 5 in Subheading 2.3.1.1.

2.4.2. Reagents/Special Equipment

1. Siliconized 1.5-mL Eppendorf microcentrifuge tubes.
2. 20,000 cpm of the end-labeled DNA fragment used in the preparative EMSA.
3. 88% aqueous formic acid.
4. Conformable self-sealing tape (e.g., Parafilm).
5. 1-butanol (n-butylalcohol).
6. Drawn-out Pasteur pipet.
7. Additional equipment: wet ice, 37°C water bath with agitation, thermostatted

heating block at 90°C, lead weight, microcentrifuge (Eppendorf or equivalent),
vacuum centrifuge (e.g., SpeedVac, Savant); water bath at 68°C.

2.5. Analysis of the Chemical Cleavage Products
on a DNA Sequencing Gel

2.5.1. Solutions

1. 40% (w/v; 19:1) acrylamide:N,N'-methylene–bis-acrylamide solution.
2. Solution 3 in Subheading 2.3.2.1.
3. Solution 2 in Subheading 2.1.1.
4. Fixing solution: 10% (v/v) acetic acid, and 10% (v/v) methanol.
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2.5.2. Reagents/Special Equipment

1. Urea (enzyme grade).
2. 34 × 40-cm front and back glass plates; treat the plates as described in Subhead-

ing 2.1.2.3.
3. 0.04-cm spacers.
4. 0.4-mm custom-ordered sample comb with 5-mm lanes spaced on 10-mm centers.
5. 10-mL syringe with a 22-gage needle.
6. Calibrated glass capillaries with finely drawn tips or disposable flat-capillary

pipet tips (National Scientific Supply Company, Inc., San Rafael, CA).
7.  30-mL syringe with a bent 20-gage needle.
8. Backing paper (Whatman No. 1 or equivalent).
9. Plastic wrap, such as Saran Wrap® or cling film.

10. Filter paper (Whatman 3MM or equivalent).
11. Kodak X-Omat AR film.
12. Large metal autoradiography cassette.
13. Intensifying screen (DuPont [Wilmington, DE] Cronex Lightning Plus).
14. Additional reagents and equipment: TEMED, plenty of binder clamps (fold-back

spring clips), sequencing gel electrophoresis apparatus; power supply delivering
high voltage (2500–3000 V) (e.g., Bio-Rad, LKB-Pharmacia, Piscataway, NJ);
dry-block heater at 90°C, wet ice, aluminum plate of an appropriate size, razor
blade, plastic tank at gel dimensions, 10-mL glass pipet, Kimwipes, gel dryer, all
equipment for autoradiography.

3. Methods
3.1. Analytical EMSA

1. Perform a preliminary EMSA (see Chapter 2 and Note 1) to identify condi-
tions for the formation of the complex(es) to be footprinted. Because no uni-
versal binding and/or gel system is likely to be found for the study of all
DNA–protein interactions, it may be necessary to optimize conditions for for-
mation and adequate resolution of the DNA–protein complex(es) of interest
(see Note 1).

2. If crude or partly fractionated extracts are employed, ascertain the DNA-binding
specificity of the resolved complex(es) by performing an analytical competition
binding assay (see Chapter 2 and Note 2).

3. It is advisable, prior to proceeding to the more laborious preparative gel retarda-
tion/in situ footprinting assay, to perform an additional analytical experiment
and obtain a qualitative estimation of the dissociation rates of preequilibrated
protein–DNA complexes of interest (see Note 3). Although the (OP)2Cu+-medi-
ated cleavage reactions in the gel are relatively insensitive to the kinetic stability
of the DNA–protein complex(es) under investigation (see Subheading 1.2.2.),
this information can be used in adjusting the exposure time to the chemical
nuclease (see step 6 in Subheading 3.3. and Note 4), thereby enhancing the clar-
ity of the expected footprint.
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3.2. Preparative EMSA

1. Assemble (16–18) × (16–18)-cm front and back glass plates and 0.3-cm spacers
for casting a preparative mobility shift polyacrylamide gel (3-mm-thick poly-
acrylamide gels are preferable, because they are easier to load and give sharper
bands than 1.5-mm-thick gels). The plates must be scrupulously clean and free of
grease spots to avoid trapping air bubbles while pouring the gel; it is highly rec-
ommended to use one glass plate (preferably the back) that has been siliconized
on the inner side for ease of removal after electrophoresis is completed. Taking
particular care (to prevent leakage), seal the entire length of the two sides and the
bottom of the plates with electrician’s plastic tape.

2. Prepare, filter (through a 0.45-µm filter), and degas (by applying vacuum) 100 mL
of the acrylamide gel solution found during optimization of the analytical assay
(Subheading 3.1, step 1). Because of the ready permeability of the gel matrix to
all reagent and quenching solutions used for the subsequent chemical treatment
and the lack of diffusible radicals mediating the DNA-scission reaction, the
(OP)2Cu+ in situ footprinting technique is compatible with a broad spectrum of
gel porosities (ranging from 3.5% to 6% [w/v], with an acrylamide to N,N'-meth-
ylene–bis-acrylamide molar ratio of 19:1 to 80:1) and gel/running-buffer
compositions (from glycerol-containing/low-ionic-strength [pH 7.5–7.9] to high-
ionic-strength TBE [pH 8.3] or Tris–glycine [pH 8.5] buffer systems).

3. Add to the solution 0.8 mL of 10% ammonium persulfate and 75 µL of TEMED
and swirl the mixture gently.

4. Slowly pour the acrylamide gel mix between the glass plates and quickly insert a
3-mm comb bearing 10-mm-wide teeth. Allow the gel to polymerize (lying flat
or nearly flat, to avoid undesirable hydrostatic pressure on the bottom) at room
temperature for about 45 min.

5. After polymerization is complete, remove the electrical tape from the bottom of
the gel (by cutting with a razor blade) and clamp the gel into place on the electro-
phoresis apparatus. Fill both chambers of the electrophoresis tank with the buffer
used for preparation of the acrylamide gel mix (step 2), carefully remove the
comb, and immediately rinse the sample wells with reservoir buffer using a 10-mL
syringe with an 18-gage needle.

6. Prior to assembling the preparative binding reaction, pre-electrophorese the gel
for 60 min at 20 mA, with or without buffer recirculation between the two com-
partments, depending on the nature of the gel/running-buffer system used (low or
high ionic strength). This removes any excess persulfate and unpolymerized
acrylamide. Prerunning of the gel should be done at the temperature at which the
binding reaction will be performed (known from step 1 in Subheading 3.1.).

7. In a siliconized 1.5-mL Eppendorf tube, scale up the optimized analytical reac-
tion 5- to 10-fold, depending on the relative proportion of the DNA–protein
complex(es) obtained. If the detected specific DNA-binding activity(ies) (Sub-
heading 3.1., step 1) represents <1% of the total label input, the amount of radio-
active probe in the scaled reaction should be at least 250,000 cpm (see also Note 5).

8. Turn off the electric power. Using a 100- to 200-µL Hamilton syringe, load the
preparative binding reaction onto one or two wells (depending on the total vol-
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ume of the sample) in the middle of the gel. Raise the tip of the needle as the
sample is loaded into the well. Do not attempt to expel all of the sample from the
syringe because this almost always produces air bubbles that blow the sample out
of the well. If the glycerol concentration in the binding buffer is low (<5%), it is
important to load the well gently to prevent dilution (see also Note 6). Avoid
adding bromophenol blue to the binding reaction prior to loading because this
dye can rapidly disrupt some DNA–protein complexes. Instead, you may load
just dye-containing binding buffer in one of the adjacent lanes to monitor the
progress of electrophoresis.

9. Run the gel at 25–35 mA (it may be necessary to adjust the voltage occasionally
if a constant power supply is not available) for a time sufficient to allow migra-
tion of the free DNA probe to approx 2 cm from the bottom of the gel. Provided
the same plate size has been used in establishing the optimal electrophoresis con-
ditions, this can be monitored by the migration of the tracking dye, in correlation
with the position of the free probe on the autoradiogram obtained from the opti-
mized analytical assay (step 1 in Subheading 3.1.). If electrophoresis is performed
at room temperature, the glass plates should be allowed to become only slightly
warm, because excess heating may perturb the equilibrated complexes, or even
cause protein denaturation; decrease the current if the plates become any hotter.

10. Following electrophoresis, detach the glass plates from the gel apparatus, and
using a spatula, carefully remove the spacers and pry the glass plates apart, tak-
ing extreme care not to distort or tear the gel, which should remain attached to
only one of the plates (the nonsiliconized front plate).

3.3. DNA Chemical Cleavage (Footprinting) Reactions
within the Gel

1. Wear protective gloves and wash your fingers thoroughly in a beaker contain-
ing deionized water to remove the talc powder. Immerse the whole gel, still
attached to the lower plate (with the gel facing up), in a 20 × 20 cm scrupulously
clean Pyrex dish (never use a plastic tray!), containing 200 mL of 10 mM
Tris-HCl, pH 8.0. Loosen it on its supporting glass plate (omit this step if using
Tris–glycine-containing or low-percentage/low-ionic-strength polyacrylamide
gels [e.g., a 3.5–4% gel], which are very sticky and extremely difficult to
manipulate without fracturing).

2. Prepare the MPA, OP, and Cu2+ solutions (see Note 7).
3. In a sterile 50-mL conical tube, transfer 1 mL of the freshly made OP solution.

To this, add 1 mL of the freshly prepared Cu2+ solution, and wait 1 min while
pipeting up and down (the mixture should turn light blue, indicating efficient
formation of the [OP]2Cu2+ chelate). Add 18 mL of distilled, deionized water and
vortex the tube. This is the OP/Cu2+ solution (1,10-phenanthroline to copper ratio
of approx 4.5:1).

4. Add the OP/Cu2+ solution (20 mL) to the gel equilibrating in the 200-mL buffer,
and shake the Pyrex dish while laying it on an even horizontal surface to distrib-
ute evenly.
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5. Initiate the chemical nuclease reaction by adding the MPA solution (20 mL);
distribute evenly by quickly shaking the Pyrex dish, as earlier. The gel will turn
brownish. The appearance of a dark brown precipitate indicates the presence of
impurities in the original CuSO4 solution, which will interfere with the cascade
leading to DNA-strand scission. It is, therefore, crucial for the assay to use
copper(II) sulfate of the best available analytical grade.

6. Incubate for a period of 8–30 min without shaking (do not disturb the equili-
brated complexes; the small size and the ready diffusibility of all reaction com-
ponents within the gel matrix are sufficient for a productive attack on the target
DNAs). To obtain an intelligible and homogeneous cleavage pattern of all DNA
species in the gel, the exact time of chemical treatment has to be adjusted for
each particular case, based on the considerations discussed in Note 4.

7. During the last 5 min of the incubation period, prepare the (OP)2Cu+-STOP solution.
8. Quench the reaction by adding the (OP)2Cu+ stop solution (20 mL), and wait

2 min while shaking the Pyrex dish (see Note 8). The gel will turn yellowish,
which is diagnostic for the quality of 2,9-dimethyl–OP, and hence for efficient
termination of the chemical nuclease action.

9. Using a 20-mL glass pipet, aspirate (staying away from the corners of the gel) all
the liquid from the Pyrex dish and carefully rinse the gel (still on the glass plate)
with four changes of deionized water. Remove the plate with the gel on it from
the Pyrex dish. It is not necessary to take any specific precautions in dispensing
the original mixture and the washing material, because all reaction components
are oxidatively destroyed. Immerse the Pyrex dish in household bleach for 1 h at
room temperature, followed by extensive washing down the drain with tap water.

3.4. Isolation of Free and Complexed DNA Fractions

3.4.1. Direct Elution from the Polyacrylamide Gel Matrix

1. Smoothly wrap the gel and plate with plastic wrap or, preferably, peel off the gel
onto a suitable backing material (old X-ray film covered with plastic wrap is
best) and wrap it with plastic wrap. Using a glass stirring rod as a rolling pin,
remove any air bubbles trapped under the plastic wrap, being careful not to dis-
turb the shape of the gel.

2. To aid accurate subsequent alignment of gel and film, trace three corners of the
plastic wrap covering the gel with small adhesive labels (or pieces of Scotch
Tape), marked with radioactive ink spots; use an almost equal amount of radio-
activity in each ink dot to that in the protein-bound DNA fraction(s) (this can
be monitored by a Geiger counter). Use a fiber-tip pen to apply ink of the
desired activity to the sticky labels; let the ink dots dry completely before expos-
ing to X-ray film.

3. In the darkroom, tape the sealed gel to a piece of Kodak X-Omat AR film. Enclose
the assembly in a lightproof cardboard film holder, exerting an even gentle pres-
sure on the “sandwich”, and wrap the entire packet with aluminum foil to ensure
a lighttight environment.
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4. Expose the film at 4°C for 1–3 h (the length of exposure time depends on the
relative abundance of the specific complex[es]) to assess the position of the
retarded (bound) and unretarded (free) DNA fragments. The energy of the β par-
ticles produced by the 32P decay is sufficient to penetrate several millimeters
thickness of hydrated gels, without significant absorption (quenching by the gel
is <40%), thus allowing the direct autoradiographic detection of [32P]-labeled
DNA embedded in the gel matrix.

5. Develop the film and, using a lab marking pen, encircle the position of the
complex(es) to be mapped as well as that of the unretarded probe. Any DNA
released by dissociation during the run will trail just above the free DNA band as
a smear; do not include this region in your marking.

6. Using a sharp scalpel, cut out the marked rectangles containing the autoradio-
graphic images of the free and bound probe from the X-ray film.

7. Line up the radioactive ink spots on the film with the corresponding markings at
the three corners of the plastic wrap. With a fine-tip waterproof marking pen,
mark the position of the free and bound probe on the plastic wrap, using the
periphery of the rectangular holes on the film as a template.

8. Remove the film and cut through the marks on the plastic wrap with a disposable
razor blade for each species. Separate the polyacrylamide slices from the rest of the
gel (and from the plastic wrap), using either 18-gage single-use syringe needles or
sterile forceps, and transfer them onto a piece of plastic wrap. It is desirable to
keep the size of the polyacrylamide strips to a minimum (see Note 5).

9. Crush the gel slices by extruding them from a sterile 3-mL syringe barrel through a
shortened 18-gage needle (broken with pliers) into a siliconized 1.5-mL Eppendorf
tube by low-speed centrifugation (5 min at 2500g) in a swinging bucket rotor.
Alternatively, punch a small hole by forcing a 22-gage sterile needle through the
bottom of a siliconized capless 0.5-mL Eppendorf tube, place this tube into another
siliconized capped 1.5-mL Eppendorf tube, put the gel slice in the upper tube, and
spin at 12,000g in a microcentrifuge (minus rotor cover) for 1 min. The gel will
be crushed through the hole into the lower tube.

10. To each tube, add enough gel elution buffer to cover the gel paste and mix well
by vortexing. The volume of the buffer added depends on the size of gel slice,
but, as a guide, 0.5-0.6 mL is used for a slice 10 × 3.5 × 3 mm.

11. Seal each tube with conformable self-sealing tape and allow the DNA fragments
to diffuse out by incubating at 37–42°C for 10–16 h in a shaking incubator.

12. Vortex the tubes vigorously and pellet the gel paste by centrifuging at room tem-
perature for 1 min in a microcentrifuge (12,000g).

13. Using a micropipet, pipet off the supernatant solution, taking care to avoid poly-
acrylamide pieces, and transfer it to a 1-mL sterile syringe.

14. Remove any remaining tiny pieces of polyacrylamide by slowly passing the
supernatant through a 0.22-µm syringe filter into a fresh siliconized Eppendorf
tube (do not use polystyrene tubes to collect the filtrate, as they cannot withstand
the subsequent organic extractions). The eluted yield of DNA fragments should
be >90%.
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15. Extract the filtered supernatant sequentially with an equal volume of phenol/
chloroform/isoamyl alcohol (25:24:1; v/v) and chloroform/isoamyl alcohol
(24:1; v/v), to eliminate contaminating proteins that might distort DNA fragment
migration during subsequent electrophoresis. In both steps, mix the contents of
the tube thoroughly by vortexing for 30 s and centrifuge at 12,000g (micro-
centrifuge) for 5 min at room temperature to separate the organic and aqueous
phases (see Note 9).

16. With a micropipet, transfer the aqueous phase (no more than 0.55 mL) to a fresh
siliconized Eppendorf tube. Add approx 2 volumes of ice-cold absolute ethanol
(no additional salt is required!), vortex well, and precipitate the radioactive DNA
fragments by chilling the tube at –20°C for a minimum of 60 min. Although it is
generally not necessary to add carrier to aid precipitation (the small acrylamide
polymers released from the crushed gel slice will suffice), it is recommended to
precipitate the DNA in the presence of glycogen (10 µg/sample, added prior to
ethanol) to improve the recovery of DNA even further.

17. Recover DNA by centrifugation at 12,000g for 30 min in a microcentrifuge (4°C).
Carefully aspirate off the ethanol supernatant with a drawn out Pasteur pipet,
taking care not to disturb the faintly visible radioactive pellet (its presence can be
monitored by a Geiger counter, and its location identified from the position of the
tube in the rotor). (See also Note 10.)

18. Remove traces of salt trapped in the precipitate (which interfere with subsequent
electrophoresis) by rinsing the pellet twice with 1 mL of 70% and 90% (v/v)
ethanol, respectively, centrifuging each time at 12,000g (microcentrifuge) for 2 min
at 4°C. For both washes, invert the tube gently several times; do not vortex.

19. Dry the pellet for 5 min in a vacuum centrifuge.
20. Measure each pellet by Cerenkov counting to determine radioactivity (1500–2000

cpm is sufficient for an overnight exposure with intensifying screen).
21. Resuspend the pellets (by heating at 68°C for 2 min, vortexing vigorously, and

repeatedly pipeting) in sequencing-gel loading buffer, so that 5 µL will contain
equal Cerenkov cpm from the free and bound DNA fractions. It is important to
equalize the number of cpm/µL in the two fractions in order to compare their
cleavage patterns accurately. If the sequencing gel is not to be run immediately,
the DNA samples can be stored at –70°C.

3.4.2. Electrotransfer of the Entire Gel
and Elution from NA-45 Membrane

If the EMSA was performed using Tris–glycine-containing or low-percent-
age/low-ionic-strength polyacrylamide gels, which behave like poorly set
“Jello” and are, therefore, extremely difficult both to manipulate for auto-
radiography and to handle as polyacrylamide strips in the subsequent DNA
elution steps, it is highly recommended to transfer the entire gel electrophoreti-
cally onto a sheet of NA-45 membrane (DEAE cellulose in membrane form).
Following electroblotting, the NA-45 membrane is exposed to X-ray film, the
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bands corresponding to free and bound species are cut out, and DNA is eluted.
The remaining steps in the procedure, beginning with organic extractions of
the eluates, are identical to those described in Subheading 3.4.1., steps 15–21.

1. Cut a piece of NA-45 membrane and four pieces of filter paper to the exact size
of the gel; cut the membrane between liner sheets wearing gloves.

2. To increase binding capacity, wash the membrane for 10 min in 10 mM EDTA,
pH 7.6, and for 5 min in 0.5 M NaOH, followed by several rapid washes in dis-
tilled, deionized water; let the membrane soak in 1X TBE buffer.

3. Remove the plate with gel from the Pyrex dish and place it on a flat surface.
Carefully lay two pieces of prewet (in 1X TBE buffer) filter paper onto the sur-
face of the gel, making sure no air bubbles are trapped between the filter paper
and gel.

4. Slowly and with extreme care, lift the gel (adhered to the filter paper) and place it
(with the gel facing up) on a clean glass plate. Wet the gel with a thin layer of 1X
TBE buffer.

5. Wearing gloves, lay the wet membrane sheet over the gel, again being careful not
to trap air bubbles beneath the membrane.

6. Complete the “sandwich” by placing the two remaining pieces of prewet (in 1X
TBE buffer) filter paper on top of the membrane.

7. Insert the “sandwich” of filter paper/gel/membrane/filter paper into a gel-holder
cassette, and load the assembly into one of the center slots in a (wet) transfer
apparatus (any of the commercially available electroblot units are suitable), with
the NA-45 membrane positioned between the gel and the anode (positive electrode).

8. Fill the transfer apparatus with 1X TBE buffer (precooled at 4°C) and transfer the
chemically cleaved double-stranded DNA fragments electrophoretically from
the gel to the NA-45 membrane. Electroblotting is performed at 4°C for 3 h, at either
20 V (approx 1 V/cm) if small DNA fragments (40–90 bp) are being transferred or at
35 V (approx 2 V/cm) if fragments >100 bp have been employed in the EMSA.

9. When transfer is completed, turn off the power, remove the gel “sandwich,” lift
the membrane sheet away from gel while wearing gloves, and rinse it in 20 mM
Tris–HCl, pH 8.0, and 0.1 mM EDTA to remove residual polyacrylamide. Do not
let the membrane dry!

10. Place the wet membrane (with transferred DNA face up) on the surface of a used
piece of X-ray film wrapped in plastic wrap and cover it with a tightly drawn
layer of plastic wrap. With a pad of Kimwipes, push out any trapped air bubbles
under the plastic wrap. Efficient transfer can be monitored by checking with a
Geiger counter.

11. Follow steps 2 and 3 in Subheading 3.4.1.; use a metal cassette instead of a
cardboard film holder to expose the membrane to X-ray film.

12. Autoradiograph the membrane at 4°C for 15–45 min (about one-fourth the time
required for the wet gel).

13. Follow steps 5–8 in Subheading 3.4.1. Using sterile forceps, transfer the wet
NA-45 membrane strips into siliconized 1.5-mL Eppendorf tubes.
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14. Add to each NA-45 membrane strip 0.6 mL of NA-45 membrane elution buffer
and spin for a few seconds in a microcentrifuge to submerge the whole strip.

15. Incubate at 55°C for 2–3 h in a water bath with agitation.
16. Vortex the tubes vigorously and pellet the NA-45 membrane strips by centrifug-

ing at room temperature for 10 s in a microcentrifuge.
17. Remove the buffer, and place it in a fresh siliconized 1.5-mL Eppendorf tube.

Monitor paper for loss of radioactivity; typically, approx 90% of the membrane-
bound DNA is released with this technique.

18. Follow steps 15–21 in Subheading 3.4.1.

3.5. Preparation of the G + A Sequencing Ladder

Provided the sequence of the DNA probe is known, you may perform at this
stage a Maxam–Gilbert guanine- and adenine-specific modification/cleavage
reaction (G + A sequencing ladder) of the end-labeled DNA fragment used in
the gel retardation assay. This reaction will be coelectrophoresed with the DNA
samples eluted from the free and bound fractions, to identify nucleotides pro-
tected from chemical cleavage (protein-contact sites) in the final stage of the
footprinting analysis (Subheading 3.6.). Below is a fast version (requiring only
1 h) of this otherwise time-consuming reaction.

1. In a siliconized 1.5-mL Eppendorf tube mix successively:
• 20,000 cpm of the end-labeled DNA fragment used in the EMSA
• 1.5 µL of carrier DNA stock solution
• Distilled, deionized water to 10 µL

2. Chill the tube on ice and add 1.5 µL of 88% aqueous formic acid.
3. Incubate at 37°C for 14 min in a water bath.
4. Chill again on ice and add 150 µL of freshly prepared 1.0 M aqueous piperidine.

Close the tube and wrap the cap tightly with a conformable self-sealing tape.
5. Heat at 90°C for 30 min in a thermostatted heating block, with the wells filled

with water. It is necessary to put a lead weight on top of the tube to prevent it
from popping open as pressure builds up inside.

6. Cool the tube on ice. Remove the conformable tape and spin for a few seconds in
a microcentrifuge; transfer to a fresh siliconized Eppendorf tube.

7. Add 1 mL of 1-butanol. Vortex vigorously until only one phase is obtained.
8. Mark the position of the tube in the rotor and spin at 12,000g for 2 min in a

microcentrifuge (room temperature).
9. Carefully remove and discard the supernatant using a drawn-out Pasteur pipet,

taking care not to disturb the tiny pellet or the area of the tube where the pellet
should be located.

10. Add 150 µL of 1% SDS and vortex the tube. Add 1 mL of 1-butanol. Mix well
by repeatedly inverting the tube. This step removes remaining traces of pip-
eridine trapped in the precipitate that interfere with the subsequent electro-
phoretic separation.

11. Resediment the precipitate by centrifuging at 12,000g for 2 min in a micro-
centrifuge and remove the supernatant as in step 9.
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12. Spin for a few seconds in a microcentrifuge to collect any traces of liquid at the
bottom of the tube, and carefully remove it using a micropipet.

13. Dry the pelleted DNA for 5 min in a vacuum centrifuge.
14. Resuspend the samples (as in step 21 of Subheading 3.4.1.) in 5 µL of sequencing-

gel loading buffer, and store at –70°C until ready to load onto the sequencing gel.

3.6. Analysis of the Chemical Cleavage Products 
on a DNA Sequencing Gel

Visualization of the length(s) on the DNA affected by protein(s) binding
specifically to it (i.e., the protein-binding site[s], or footprint[s] left by the
protein[s] on the DNA) requires electrophoretic fractionation of the single-
stranded fragments resulting from the chemical nuclease attack in a denaturing
polyacrylamide gel of the type employed in DNA sequencing, followed by
autoradiography. The location of the footprint(s) in the known DNA sequence
is identified by including the sequencing marker G + A track prepared in Sub-
heading 3.5.

1. Assemble and pour a 34 × 40 × 0.04-cm 6–15% (w/v) sequencing polyacryla-
mide gel, containing 1X TBE buffer and 8.3 M urea (20). The percentage of
acrylamide depends on the size of the DNA fragments to be separated as well as
on the size and location (relative to the labeled end) of the suspected protein-
binding site(s). As for the preparative EMSA, you should siliconize the inside
surface of the back glass plate to aid pouring into gel mold and removal at the end
of electrophoresis. To avoid dispersing of radioactivity across lanes (which might
produce significant errors in a subsequent densitometric analysis of the free and
bound DNA chemical cleavage patterns on the autoradiogram; see Note 12), it is
recommended to use a 0.4-mm custom-made sample comb with 5-mm lanes and
5-mm spacing. You may wrap the polymerized gel in plastic wrap and keep it at
room temperature until use (it can be stored as such for up to 36 h).

2. Attach the gel apparatus to the gel electrophoresis tank. Fill both the top and
bottom electrode chambers with 1X TBE buffer and remove the well-forming
comb. Check that wells are free from “tails” of polyacrylamide adhering to sides,
which may lead to uneven loading of samples and consequently band-shape dis-
tortion.

3. Pre-electrophorese the gel for 45–60 min before loading the samples. This
removes persulfate ions and heats the gel. Prerunning of the gel is performed at
constant temperature (approx 55°C), which is most easily achieved by applica-
tion of constant power (approx 50–70 W). If the surface temperature becomes
too high (>65°C), the glass plates will crack.

4. Thaw the DNA samples (if frozen), heat-denature them (including the G + A
sequencing ladder) at 90°C in a dry-block heater for 5 min, and quick-chill in
wet ice.

5. Disconnect the power supply, and immediately prior to applying the samples,
thoroughly rinse out (using a 10-mL syringe with a 22-gage needle) the wells of
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the gel with the upper reservoir TBE buffer; this prevents streaking of the DNA
samples caused by urea that has diffused into the wells.

6. Using calibrated glass capillaries with finely drawn tips or, preferably, dispos-
able flat-capillary pipet tips, load (as quickly as possible) 5 µL of each sample
(plus the G + A sequencing ladder) onto the wells of the sequencing gel, sweep-
ing the sample evenly from side to side. An untreated naked DNA sample (i.e.,
not subjected to the gel retardation assay) should always be diluted in sequenc-
ing-gel loading buffer, heat-denatured, and coelectrophoresed with the treated
samples to verify the integrity of the DNA, as single-strand nicks can mask pro-
tein binding sites or even create artificial ones.

7. Remove all bubbles from the bottom of the gel (they may prevent even migration
of the samples) using a 30-mL syringe with a bent 20-gage needle.

8. Run the gel under pre-electrophoresing conditions (constant power, approx
50–70 W), taking care not to overheat the glass plates. Uneven migration of frag-
ments (“smiling”) caused by an uneven gel temperature can be avoided by clamping
an aluminum plate to the front glass plate. It is customary to electrophorese the
samples until the bromophenol blue marker dye is about 3–5 cm from the bottom of
the gel, but longer electrophoresis times may be required to obtain single-band
resolution in the area of the footprint(s). The location of this region(s) depends on
the distance between the radioactive label and the suspected protein-binding site(s)
as well as on the length of the DNA fragment. Make use of available tables in the
literature (referring to the migration of oligodeoxynucleotides in sequencing gels
in relation to marker dyes) to determine how long to run your gel in order to
achieve the desired electrophoretic resolution in the region of the expected
footprint(s) (19); this will allow you to discern differences between the chemical
cleavage patterns of the free DNA and that derived from the complexed fraction(s).

9. After completion of electrophoresis, remove the gel from the apparatus, and with
the aid of a razor blade, slowly lift the siliconized plate. The thin polyacrylamide
sheet will stick to the unsiliconized plate. Fix the gel for 15–20 min by gently
immersing it (still attached to the lower plate) in a tank containing enough fixing
solution; this removes excess urea that would otherwise crystallize out.

10. Carefully remove the plate, bringing the gel on it from the tank, and lay it on a
flat surface. Place a prewet (in fixing solution) sheet of backing paper (cut slightly
bigger than gel dimensions) over the gel, press it gently down on the gel, roll out
any air pockets (using a 10-mL glass pipet), and peel it off patiently and with
extreme care together with the gel attached.

11. Cover the gel surface (but not the back of the filter paper) with a tightly drawn layer
of plastic wrap. With a Kimwipe, push out any trapped air bubbles under the plastic
wrap that might interfere with good uniform contact among the film, gel, and
screen. Add two sheets of filter paper next to the backing paper as a support pad and
put the “sandwich” into a gel dryer (paper pad closest to vacuum source).

12. Dry the gel under vacuum at 80°C for 45–60 min. Do not release the vacuum
before the gel is completely dried (sequencing gels with acrylamide concentra-
tions >10% are susceptible to fracturing).
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13. In the dark room, place a sheet of Kodak X-Omat AR film against the plastic-
covered face of the gel. It is advisable to preflash the X-ray film, that is, exposing
the film to a 1-ms flash of light prior to placing it in contact with the sample to an
optical density of 0.15 (A540) above the absorbance of the unexposed film. This
increases sensitivity (all of the time of exposure to the radioactivity-generated
light produces blackening) and linearity of the film response (the degree of black-
ening above the background is proportional to the amount of radioactivity), which
are both essential if a densitometric analysis of the chemical cleavage products is
to be performed (see Note 11). Preflashing requires a photographic flash unit
appropriately fitted with filters and adjusted as described (21).

14. Autoradiograph in a metal cassette containing a single calcium tungstate intensi-
fying screen (place the flashed face of film toward intensifying screen) at –70° to
–80°C (to reduce scattering) for 12–16 h. Shorter or longer periods of time may
be also required, as the clarity of the footprint depends on the intensity of the
bands in the autoradiograph.

15. Immediately remove the film from the cassette and develop it, preferably in an
automatic processing machine for X-Omat films. If re-exposing the gel, it is nec-
essary to let the cassette warm up before inserting a second film (cold cassettes
will quickly collect moisture from the air).

16. Compare the chemical cleavage pattern of the naked DNA to that of the DNA–
protein complex(es). The position of a band in the gel corresponds to the distance
between the label and the point at which the DNA has been cleaved by the chemi-
cal reagent. Accordingly, bands at the bottom of the gel represent the smallest
end-labeled DNA fragments, increasing in size as one reads up the gel until the
pattern terminates abruptly in a strongly labeled band, corresponding to the
uncleaved full-length probe (see Fig. 3). The protected region(s) (indicating
sequence-specific protein binding) appears as an area resistant to cleavage (foot-
print), resulting in an almost complete absence of fragments (gap) arising from
within the protein-binding site(s) in the chemical cleavage pattern of the
complexed DNA. The nucleotides exhibiting protection are identified by align-
ing the bands in the cutting pattern of the free DNA with positions (bonds) in the
sequence of the coelectrophoresed Maxam–Gilbert marker G + A track. In this
comparison, it is necessary to note that, regardless of the end of the DNA frag-
ment labeled in the experiment (5' or 3'), the obtained set of products from the
chemical cleavage reaction matches the mobilities of the G + A sequencing frag-
ments exactly. This is a consequence of the identical 3' and 5' ends generated by
both chemistries at the cleavage points (22).

4. Notes
1. Optimization of the analytical EMSA. This is generally achieved by assessing

binding-reaction parameters and gel electrophoresis conditions. Furthermore,
success in interpretation of results from the coupled gel retardation/in situ
OP–Cu footprinting assay depends critically on some properties of the DNA frag-
ment used in the initial binding reaction.



In Gel OP–Cu Footprinting 103

a. Properties of the DNA fragment used in the binding reaction. An EMSA
employing crude extracts works best with short DNA fragments, as these
reduce nonspecific interactions of proteins in the extract with sequences flank-
ing the specific binding site(s) and are able to detect binding of large proteins
more readily. Optimal sizes range between 100 and 150 bp, with the putative
protein-binding site(s) located at approximately the center or at least 20–25 bp
away from the radioactive labeled end. If a 20- to 25-bp synthetic oligonucle-
otide is to be used as a probe, it is advisable to design it in a way that it can be
readily subcloned into the polylinker region of a suitable vector, and then
labeled and released as a 40- to 45-bp restriction fragment, in order to obtain
the desired single-base resolution within and around the expected footprint(s).
Although the DNA fragment may be labeled at all ends for EMSAs, the sub-
sequent footprinting analysis requires the DNA fragment to be radioactively
labeled (to a high specific activity) at the 3' or 5' end of one of the two strands.
Klenow enzyme-labeled probes are preferable to kinased probes because some
protein extracts contain substantial phosphatase activities. Finally, the labeled
probe should be unnicked, because the resulting fragments may obscure the
cleavage pattern obtained after the chemical attack in the footprinting analy-
sis. Therefore, sufficient care should be taken to minimize nuclease activities
during all steps of preparation, labeling, and isolation. To this end, we have
found that purification of singly end-labeled probes from native polyacryla-
mide gels by “crush-and-soak” methods (similar to that described in Sub-
heading 3.4.1.) results in less damage to DNA than electroelution.

b. Binding-reaction parameters. These include binding-buffer composition (pH,
ionic strength, metal ion content, and presence or absence of nonionic deter-
gents and/or stabilizer polycations), amount of crude or partly-fractionated
extract or purified protein, concentration of labeled DNA probe, type and
amount of bulk carrier DNA, and temperature and duration of incubation.
Specifically, the following considerations should be evaluated: The optimal
ratio of protein to DNA for the assay is best determined by titrating a fixed
concentration of the radioactively labeled DNA fragment with increasing
amounts of crude or partly-fractionated extracts, or purified protein. Fre-
quently, as protein concentration increases, binding passes through a
maximum. Note, however, that increasing amounts of protein to a fixed con-
centration of DNA will not necessarily increase the yield of specific
complex(es) seen. This is because of the fact that whereas a given preparation
of any DNA-binding protein(s) tends to be fully active in nonspecific bind-
ing, it is typically only fractionally active in site-specific binding activity (the
apparent fractional activity varying from 5% to 75%, depending on the par-
ticular protein[s] and the individual sample). Therefore, too much protein,
particularly with crude extract preparations, leads to occlusion of the binding
site(s) by proteins interacting with DNA in a sequence-independent manner.
This problem can be minimized by raising simultaneously the concentration
of bulk carrier (competitor) DNA (typically of the order of 250- to 5000-fold
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[w/w] excess over binding-site DNA); this increases the occupancy of the
binding site(s) by sequestering nonspecifically bound proteins, including non-
specific DNA-binding nucleases that may degrade the end-labeled DNA dur-
ing the binding incubation. Bear in mind, however, that although some
proteins are able to locate their target binding site(s) in the presence of vast
excesses of nonspecific natural DNAs (sonicated salmon sperm or calf thy-
mus DNA), other proteins cannot tolerate natural DNA carriers, but bind
readily in the presence of an excess of synthetic polynucleotides, such as poly
d(I-C) · d(I-C) or poly d(A-T) · d(A-T). It is noteworthy in the latter case that
the efficacy of competition for nonspecific binding can vary among different
batches from the same vendor. On the other hand, if too much carrier DNA is
added, it will compete for the specific factor(s) of interest, and the level of
complex(es) will decrease. Finally, provided an adequate resolution of DNA-
bound species is obtained for a fixed concentration of competitor, increasing
the amount of probe increases the fraction of DNA driven into complex(es),
until the limit set by the binding constant(s) is reached.

c. Gel electrophoresis conditions. Gel parameters, such as percentage of
acrylamide, degree of crosslinking, and pH and type of gel/running-buffer
system (high- or low-ionic-strength) dramatically affect the size, aggregation
state, and stability of DNA–protein complexes, hence their abundance and
quality of separation. Accordingly, it may be necessary to try more than one
gel fractionation/buffer system to obtain sufficient formation of the DNA–
protein complex(es) of interest. The electrophoresis time has to be optimized
for the complex(es) studied and the separation required (if more than one
complex has to be mapped). The most promising conditions can then be
applied in the subsequent preparative EMSA.

2. Binding competition analysis. If competitor DNA is identical to and in relatively
large excess over the labeled DNA, >90% of the radioactive signal should be
eliminated from complexes corresponding to protein(s) that interact with the
binding-site DNA in a sequence-specific manner. Complexes unaffected or only
slightly affected by the addition of competitor are thought to arise from nonspe-
cific, low-affinity binding by abundant proteins that are present in excess to bind-
ing-site DNA; DNA derived from these complexes after the in situ chemical
cleavage reactions can serve as a negative control in the footprinting analysis,
because its cutting pattern will closely resemble that of the free (unbound) probe.

3. Assaying relative dissociation rates of DNA–protein complexes. To follow dis-
sociation kinetics, complexes are allowed to form under optimal reaction condi-
tions and, at time zero, exposed to a large excess of an agent that does not
perturb their stability (commonly 100- to 250-fold mass excess of nonspecific
competitor DNA or, preferably, of the same DNA fragment unlabeled). The
“scavenger” molecules sequester the protein(s) as it dissociates from its specific
binding site(s), hence preventing it from rebinding. Analysis by the EMSA of
aliquots at various times (from a few seconds to 2 h) after quenching the reaction
with the sequestering agent shows the amount of free DNA increasing while the
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level of protein-bound label diminishes. The experiment can be designed in a
way that individual reactions can be started and quenched at different times, such
that all reach the point at which they will be applied to the gel more or less simul-
taneously and electrophoresed for the same period of time. Because dissociation
of typical DNA–protein complexes is a first-order process (i.e., independent of
the concentration of complexes), the results of the analytical study are also
applied to the subsequent preparative assay.

4. Optimizing the time of in situ chemical treatment. The length of incubation
period is determined by several factors, among which the following are of par-
ticular importance:
a. Kinetic stability of the complex(es) (step 3 in Subheading 3.1.). In principle,

the higher the dissociation rate of the complex(es), the lower the time of
exposure to the chemical nuclease. However, because of the gel “caging
effect” and the in situ (on the DNA surface) funneling of the reaction (see
Subheading 1.1.1.), this rule of thumb is applicable only for DNA–protein
complexes with half-lives either <<1 min or >>60 min; provided the
complex(es) is relatively abundant (see below), incubation times <8 min and
>30 min, respectively, should be used in these cases.

b. Relative abundance of the complex(es). The aim of the reaction is to generate,
on average, about one chemical cleavage event per DNA strand. Assuming
that the cleavage process is governed by Poisson statistics, the product oligo-
nucleotides will statistically be the result of a single cleavage (“single-hit
kinetics”) when the concentration of the full-length labeled strand is
approx 50–70% of its original value (i.e., approx 50–70% of the DNA frag-
ments should be left uncleaved). Accordingly, when the abundance of the
target complex(es) is very low (i.e., a bound DNA to free DNA ratio of <<1),
early termination of the reactions will be critical for high-“off”-rate com-
plexes, beneficial for intermediate-stability complexes, and safe for extremely
stable complexes.

c. Temperature of incubation. If optimization of the DNA-binding reaction and,
consequently, of the EMSA requires that both be performed at low tempera-
ture (4°C), you should carry out the chemical nuclease treatment at low tem-
perature as well. However, the amount of dissolved air oxygen in the reaction
mixture under these conditions is considerably higher (increases with decreas-
ing temperature); since molecular oxygen catalyzes a rate-limiting step that
generates in situ hydrogen peroxide (an essential coreactant for the chemical
nuclease activity; see Fig. 2), its presence in more than stoichiometric amounts
will shift the subsequent equilibria toward the right side, leading to increased
rates of DNA-strand scission. To compensate for this accelerated cleavage
kinetics, you should decrease the time of exposure to the chemical nuclease.
Inversely, incubation times should be longer than originally established (or
you may add hydrogen peroxide exogenously) for chemical treatments
performed at bench temperature during hot summer days in non-air-condi-
tioned rooms.
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d. Concentration of reagents. Increasing the concentration of OP while holding
the concentrations of copper(II) sulfate and 3-mercaptopropionic acid con-
stant increases the overall rate of DNA-strand scission, without significantly
affecting the sequence preferences of cleavage and the resulting fragment size
distribution (15). On the other hand, substituting 3-mercaptopropionic acid
by the same concentration of ascorbic acid reduces the overall rate of DNA
cleavage both at low (1:1) and high (>4.5:1) 1,10-phenanthroline/copper
molar ratios (15). These observations are of practical significance to estimat-
ing the time of chemical treatment, particularly when extremely labile or
extraordinary stable complexes are being mapped. A higher concentration of
OP and a short incubation time might be used in the former case, whereas
ascorbate (as the reducing agent) and prolonged treatments are recommended
in the latter.

e. Presence of dithiothreitol (DTT). DTT (often employed in EMSAs to main-
tain the activity and/or stability of DNA-binding proteins) slows the DNA
cleavage rate because this chemical sequesters the copper necessary for the
oxidative cleavage to occur. If excessive amounts of DTT (i.e., >1 mM) have
been used either in the preparative binding reaction or for casting the gel in
which the (OP)2Cu+ cleavage reaction is to be performed, longer incubation
times or increased (OP)2Cu+ concentrations should be used to restore the
cleavage efficiency.

5. Trailing of the bands during electrophoresis. Glycerol-containing binding buff-
ers tend to cause significant trailing at the edges of the bands during electro-
phoresis. If you noticed this trailing under the optimized conditions in the
analytical assay, you may substitute glycerol for Ficoll (2.5% [w/v]; Type 400,
Pharmacia) in the preparative binding buffer. The presence of Ficoll (a copolymer
of sucrose and epichlorohydrin), although not interfering with the thermodynamic
and kinetic parameters of the binding reaction, gives rise to straight bands in the
gel (by tending not to spread so much because of surface-tension effects when
loading the sample), thus minimizing the size of the polyacrylamide strips in the
subsequent DNA-elution steps (Subheading 3.4.1.).

6. Loading the preparative polyacrylamide gel. If you have problems with the sample
not sinking to the bottom of the well (which may be caused by substantial
differences between the binding buffer and the electrophoresis buffer, and/or the
large volume of the preparative reaction), you can preload the well(s) of the gel
with binding buffer or, alternatively, load your sample with the power supply running
at 10–15 mA. (Wear dry plastic gloves and use only plastic tips if you do this!)

7. Preparation of the MPA, OP, and Cu2+ solutions:
a. Use the recommended suppliers to obtain the liquid and powdered reagents.

The care given to the preparation of reagents is crucial. In particular, the water
used must be of the highest quality. Our laboratory uses only water purified
with a Milli-Q system (Millipore), which removes virtually all organics, ions,
and bacteria. Such precautions help prevent spurious reactions of impurities
with the reagents.
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b. You may try to footprint the complexes using a 1:1 ratio of 1,10-phenanth-
roline to copper, if your suspected protein-binding site(s) or the adjacent
regions are particularly rich in 5'-CG-3' elements (see Subheading 1.2.1.). In
this case, prepare the following solution: 100 mM of 3-mercaptopropionic
acid, 5 mM OP, and 5 mM CuSO4.

8. 2,9-Dimethyl–OP is a redox inert analog of OP which acts as a Cu+-specific
chelator; it will bind all the metal ion, preventing further oxidative chemistry and
DNA cleavage.

9. Phase inversion during organic extractions of the gel- or membrane-eluted DNA
samples. Because of the high-salt content of the elution buffers, the aqueous phase
(which normally forms the upper layer) may sometimes be dense enough to form
the lower layer. If this is the case, the aqueous phase can be easily identified by
monitoring the eluted radioactivity with a Geiger counter or by following the
strong yellow color of the organic phase (contributed by 8-hydroxyquinoline that
is added to phenol during equilibration as an antioxidant; see Subheading
2.4.1.1.).

10. Excess acrylamide in the gel-eluted DNA samples. If the DNA pellet is highly
contaminated with acrylamide monomers or other impurities from the gel matrix
(a problem sometimes encountered when employing low-percentage mobility-
shift gels and is usually apparent from the formation of an excessive turbidity
during the ethanol-precipitation step), you can further purify it by passing through
a pre-equilibrated Elutip™-d mini-column (an ion-exchange column) according
to the manufacturer’s instructions. Adsorption to and desorption from the col-
umn can be followed with a Geiger counter. Alternatively, you may follow the
experimental strategy developed by Ragnhildstveit et al. (22).

11. Wondering about the footprint: scanning the autoradiogram. If the effects of protein
binding on the cleavage rate of the chemical nuclease are not clearly discernible by
eye, or when partial protection is obtained, you may analyze the ladders quantita-
tively by subtracting the cleavage pattern of the DNA derived from the bound
fraction from that derived from the free fraction. This involves calculating the
probability of cleavage at each bond (which is related to the amount of radioactivity,
or intensity, in the corresponding band in the cutting pattern) and, finally, for each
lane, the average number of cuts in the DNA strand, with the aid of automated laser
densitometers linked to a computer (available from, for instance, Bio-Rad or LKB-
Pharmacia). Because quantification of band intensity is limited within the linear
response of Kodak X-Omat AR films to radioactivity (bands with an optical density
>0.15 and <1.8 absorbance units), it is essential not to use overexposed films for
this type of analysis. Moreover, the film should be free of scratches, fingerprints, or
other blemishes that will appear as optical signals indistinguishable from 32P, thus
interfering with the calculations. A difference probability plot along the entire
length of the binding site(s) and surrounding DNA can be obtained, revealing the
protein-binding site(s) much more clearly and reliably than can be done by
comparison by eye of the chemical cleavage patterns. If still in doubt, however,
you may analyze the footprint on the other DNA strand.
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12. Appearance of the bands on the autoradiogram. If the band sharpness or shape in
the chemical cleavage patterns on the autoradiogram suffers (e.g., narrowing of
the bands toward the smallest end-labeled DNA fragments), the DNA samples
contain residual proteins, salts, or acrylamide contaminants. These faults should
be expected if uneven running and retardation of marker dyes is observed during
electrophoresis, and they can be avoided if careful attention is paid during steps
15–18 in Subheading 3.4.1. If necessary, the number of organic extractions (step
15 in Subheading 3.4.1.) and/or ethanol washes (step 18 in Subheading 3.4.1.)
can be increased; acrylamide contaminants are efficiently removed by the use of
Elutip™-d mini-columns (see Note 10). Note, however, that smeared or fuzzy
bands without apparent electrophoretic problems may also arise from scattering
during autoradiography; use a lighttight metal film cassette with a particularly
effective closure mechanism, capable of firmly fixing filter/gel and film, and
with intensifying screen in place (those produced by Wolf or Picker International
Health Care Products [Highland Heights, OH] are best in that).
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Uranyl Photofootprinting

Peter E. Nielsen

1. Introduction
It has long been known that the uranyl(VI) ion (UO2

2+) forms strong com-
plexes with various inorganic and organic anions, including phosphates, and
that the photochemically excited state of this ion is a very strong oxidant (1).
For instance, uranyl-mediated photooxidation of alcohols has been studied in
detail (2,3). It is also widely recognized that uranyl chemistry and photo-
physics/photochemistry are very complex. Thus monomeric UO2

2+ is only
present at low pH (pH approx 2), whereas polynuclear species and various
“hydroxides,” which often precipitate, form at a higher pH (4).

In spite of this complexity we have found that uranyl-mediated photocleavage
of DNA can be used to probe for accessibility of the phosphates in the DNA
backbone (5–8). Thus, uranyl is a sensitive probe for protein–DNA–phosphate
contacts (5,6) as well as for DNA conformation in terms of DNA minor–groove
width (7–10). Furthermore, binding sites for divalent metal ions in folded DNA
(11) or RNA (12,13,13a,13b) can be studied by uranyl photocleavage.

The systems that have so far been analyzed by uranyl-mediated DNA
photocleavage include the λ-repressor/OR1 operator complex (5), E. coli RNA
polymerase/deoP1 promoter transcription initiation open complex (6), tran-
scription factor IIIA (TFIIIA)/Xenopus 5S internal control region (ICR) com-
plex (14), catabolite regulatory protein (CRP)/operator DNA complex and the
CRP/RNA polymerase/deoP2 promoter initiation complex (15), bent kineto-
plast DNA (7) and triplex DNA (16). Furthermore, we have found that some
drug–DNA complexes (exemplified by mitramycin [17] and distamycin [18])
may also be studied by uranyl photofootprinting. Finally, divalent metal ion-
binding sites in an RNA polymerase–promoter open complex (6), a four way
DNA “Holliday junction” (11), a hammer head ribozyme (12), and yeast
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tRNAphe (13) and the tetrahymeria group I intron (13b) have been analyzed by
uranyl photocleavage. This technique takes advantage of competition of low-
affinity cleavage (binding) sites by a chelating agent such as citrate.

The molecular mechanism for uranyl-mediated photocleavage of DNA is
not fully understood, but we have shown that uranyl binds to the phosphates of
DNA and oxidizes the proximal deoxyriboses, most likely via a direct electron
transfer mechanism (19). The main products are 3'-phosphate and 5'-phosphate
termini in the DNA and the free nucleobases are liberated in the process (19).
Because uranyl binding is to the phosphate groups of the DNA, very little
sequence dependence of the photocleavage is seen.

2. Materials
1. Uranyl nitrate (UO2(NO3)2), analytical grade: 100 mM stock solution in H2O.

This solution was found to be stable for photofootprinting purposes for at
least 12 mo, and was diluted to working concentrations immediately prior to
use (see Note 1).

2. 32P end-labeled DNA restriction fragments (see Note 2).
3. Buffer for formation of protein–DNA complex (see Note 3).
4. 0.5 M Na-acetate, pH 4.5.
5. 96% Ethanol.
6. 70% Ethanol.
7. 2 mg/mL Calf thymus DNA.
8. Gel loading buffer: 80% formamide in TBE buffer, 0.05% bromphenol blue, and

0.05% xylene cyanol.
9. TBE buffer: 90 mM Tris–borate, 1 mM EDTA, pH 8.3.

10. Polyacrylamide gel: 8% acrylamide, 0.3% bis-acrylamide, 7 M urea, and TBE
buffer. Size: 0.2 mm × 60 cm × 20 cm.

11. λ-Repressor: 1 µg/µL (see Note 4).
12. MgCl2, 1 mM CaCl2, 0.1 mM EDTA, and 200 mM KCl.
13. DNase I: 1 mg/mL in 10 mM Tris-HCl, pH 7.4, and 1 mM MgCl2.
14. X-ray film: Agfa Curix RP1.
15. Philips TL 40W/03 fluorescent light tube that fits into standard (20 W) fluores-

cent light tube sockets if the transformer is changed to 40 W (see Note 5).

3. Methods
3.1. Uranyl-Photoprobing Protocol

A typical uranyl photoprobing experiment is performed as follows:

1. Form the complex to be analyzed by mixing the 32P end-labeled DNA fragment
(>20,000 cpm/sample) (see Note 2) with the DNA binding ligand in 90 µL of
footprinting buffer (see Note 3) (containing 0.5 µg calf thymus DNA carrier) in a
1.5-mL polypropylene microfuge tube at the desired temperature.

2. Dilute the 100 mM uranyl stock solution to 10 mM in H2O.
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3. Add 10 µL of this to the sample and mix well (see Note 6).
4. Place the sample in a thermostated heating/cooling block if the temperature

is critical.
5. Irradiate the sample for 30 min at 420 nm by placing the open microfuge tube

directly under the fluorescent light tube (see Note 5).
6. Add 20 µL of 0.5 M Na–acetate, pH 4.5 to prevent coprecipitation of uranyl

(which will interfere with subsequent gel analysis) and precipitate the DNA by
the addition of 250 µL of 96% ethanol.

7. Place the sample on dry ice for 15 min (or overnight at –20°C) and centrifuge 30 min
at 20,000g.

8. Wash the pellet with 100 µL 70% ethanol, dry in vacuo and redissolve in 4–10 µL
80% formamide gel loading buffer.

9. Heat the sample at 90°C for 5 min.
10. Load 10,000 cpm on a polyacrylamide sequencing gel (0.2–0.4 mm thick, 60 cm

long) and run the gel at 2000 V. A sequence ladder (e.g., A+G) is run in parallel
(see Subheading 3.2.).

11. Visualize radioactive bands by autoradiography overnight (or longer) at –70°C
using an intensifying screen, or by phosphorimager.

12. Quantitate the results by densitometric scanning of the autoradiograms, if desired
(see Note 7).

3.2. Example Photofootprint

Figure 1 shows a footprinting experiment of the complex between λ-repres-
sor and the OR1 operator DNA using uranyl and DNase I. Quantitative analysis
of these results by densitometric scanning, summarized in Fig. 2A, reveals that
four predominant regions of the OR1 operator are protected from photocleavage
by uranyl. These regions coincide with those protected from hydroxy radical
attack and include the phosphates indicated by ethylation interference and
X-ray crystallography to be involved in protein binding (20). However, as dis-
cussed in Subheading 3.3., the “footprinting” patterns revealed by these dif-
ferent techniques are not identical. The display of uranyl footprinting data on
the double helical model of DNA is often very informative. In the case of the
λ-repressor/OR1 complex such display (Fig. 2B) shows that the repressor binds
to one face of the helix and that the phosphate contacts predominantly lie
either side of the major groove of the DNA, in full accord with binding of
the α3-recognition protein helix of each repressor subunit within the major groove.

3.3. Comparison of Uranyl Photoprobing to Other Techniques

The results obtained by uranyl photofootprinting are comparable to those
obtained by hydroxyl radical (EDTA[FeII]) footprinting (21,22) and ethylation
interference experiments (23). However, because the uranyl ion binds to the
phosphates of the DNA, a uranyl-photofootprinting experiment reports on
phosphates of the DNA backbone that are accessible to the uranyl and that are
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Fig. 1. Uranyl photofootprint and DNase I footprint of the λ-repressor/OR1 opera-
tor complex (see ref. 5 for details). The OR1 operator sequence was cloned into the
BamHI/HindIII site of pUC19 and the 225 base pair EcoRI/PvuII fragment labeled
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therefore not involved in contacts with the bound ligand. On the other hand,
hydroxyl radical footprinting reports on the accessibility of the deoxyriboses
of the DNA backbone. In the cases studied with both uranyl and hydroxyl radi-
cal probing (λ-repressor [5,21], RNA polymerase [6,24] and TFIIIA [14,25]),
the footprint obtained by uranyl involves fewer nucleotides than that obtained
by EDTA(FeII).

Interference probing by phosphate ethylation using ethyl-nitroso-urea also
reports on the involvement of individual phosphate groups in protein–DNA
interaction. However, this is an interference technique; therefore, only phos-
phate groups that are indispensable for complex formation are detected. Thus,
for small complexes (e.g., the λ-repressor-OR1 complex), ethylation interfer-
ence and uranyl results are virtually equivalent, whereas for larger complexes
(e.g., RNA polymerase–promoter complexes), only some of the contacts
detected by uranyl photofootprinting are picked up by ethylation interference.
Thus, the data from ethylation interference and hydroxyl radical and uranyl
footprinting experiments complement each other, hydroxyl radical attack
reflecting the accessibility of individual deoxyriboses, uranyl photofootprinting
reporting on the accessibility of individual phosphates, and ethylation interfer-
ence reporting on phosphates, which are indispensable for complex formation.
Furthermore, both hydroxyl radicals and uranyl are able to sense variations in
DNA conformation, and for both of these probes, groove width has been impli-
cated as the determinant. Generally speaking, hydroxyl radical cleavage is more
intense as the major groove widens, whereas uranyl photocleavage is more
intense as it narrows.

UO2
2+, being a divalent cation, may to some extent mimic Mg2+ in terms of

high-affinity binding sites in protein–nucleic acid complexes and in folded
nucleic acids. Consequently, such high-affinity binding sites for the UO2

2+ ion
can result in hypersensitive cleavage sites. In this respect the uranyl photo-
probing can be compared to oxidative cleavage of nucleic acids by the Fe2+/Fe3+

ion redox pair (30,31).
Finally, uranyl, being a photochemical technique, has the added, but so far

unexplored, potential to be used for temperature and kinetic studies.

with 32P at the 3' or 5' end of the EcoRI site was used in the experiments. Lanes 1 and
3 are controls without added λ-repressor (0.7 µg/sample). Lanes 1 and 2 are uranyl
photofootprints, and lanes 3 and 4 are DNase I (0.5 µg/mL, 5 min at room tempera-
ture) footprints. Lanes S are A+G sequence reactions obtained by treating the DNA
with 60% formic acid for 5 min at room temperature, and subsequent piperidine treat-
ment. The samples were analyzed on an 8% polyacrylamide gel and run at 2500 V.
The gel was subjected to autoradiography for 16 h at –70°C using intensifying screens.
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4. Notes
1. Uranyl acetate (UO2[CH3COO]2) gives identical results, but the 100 mM stock

solution in this case has to be made 50 mM in HCl in order for it to be stable.
2. The 32P end-labeled DNA fragments of 50 to 300 base pairs in length are prepared

by standard techniques (28). Typically, the plasmid containing the protein-binding
site is opened using a restriction enzyme that cleaves at a distance of 20–50 base
pairs from the binding site. (This distance is important because the best resolution
is obtained in the 20- to 70-bases interval and the bands of uranyl-cleaved DNA
fragments become “fuzzy” above 100 bases). The plasmid is labeled either at the 3'
end with [α–32P] dNTP and the Klenow fragment of DNA polymerase, or at the 5'
end (after dephosphorylation with alkaline phosphatase) with [γ-32P] ATP and poly-
nucleotide kinase. The plasmid is then treated with a second restriction enzyme
cutting 50–300 bp from the labeling site and the DNA fragment containing the
protein binding site is purified by gel electrophoresis in 5% polyacrylamide, TBE
buffer. The DNA fragment is extracted from the excised gel slice with 0.5 M NH4–
acetate, 1 mM EDTA (16 h, room temperature) and precipitated by addition of
2 vol of 96% ethanol. The pellet is washed with 70% ethanol and dried.

3. Choice of footprinting buffer. The choice of an optimal buffer for a uranyl-
photofootprinting experiment is crucial for a successful result. In particular, the

Fig. 2. (A) OR1–operator sequence (box) showing uranyl photofootprint (arrows),
EDTA/FeII footprint (dots [20]) ethylation interference (arrow heads [21]) and DNase
I footprint (brackets). (B) Display of the uranyl photofootprint on OR1–DNA double
helix. The size of the dots signify the degree of protection.
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pH of the medium is important. The uranyl-mediated photocleavage of DNA is
extremely dependent on pH, cleavage being most efficient at pH 6, less efficient
at pH 5 and 7, and virtually absent at pH 8 (19). Furthermore, as the pH is low-
ered, a strong modulation of the sequence dependence of the cleavage is observed.
In fact, this modulation reflects the conformation of the DNA (7–10). Thus when
conformation-independent DNA cleavage is required, buffers of pH 6.5–7.0 are
advantageous, whereas buffers of pH 6.0–6.5 should be chosen for studies of
DNA structure. If information about metal-ion-binding sites is desired, citrate
(0.1–1 mM) should be included in the buffer.

The composition of the buffer and the buffer capacity is also of importance.
Because the uranyl solution is acidic, it should be checked that its addition does
not significantly affect the pH of the chosen buffer. Furthermore, uranyl-medi-
ated photocleavage of DNA is most efficient in acetate or formate buffers, less
efficient in Tris-HCl, very inefficient in HEPES or PIPES buffer, and virtually
absent in phosphate buffers (uranyl phosphate precipitates). The ionic strength
(as Na+) is of minor importance and the cleavage is not affected by the presence
of Mg2+ or dithiothreitol (DTT). Finally, the uranyl photoreaction is not influ-
enced by temperature (0–70°C) (19). Within these constraints, a buffer that allows
protein–DNA binding must be chosen.

4. λ-Repressor was prepared according to ref. 29 using an overproducer plasmid:
pAE305 in E. coli.

5. Light source. Any light source emitting at 300–420 nm can be used. This could
be the Philips TL 40 W/03 tube emitting at 420 ± 30 nm. Alternative fluorescent
light tubes are Philips TL 20W/12 (300 nm) or TL 20W/09N (365 nm). Lamps
emitting below 300 nm are not recommended because of absorption by the DNA
bases at these wavelengths. The fluorescent light tubes suggested in this chapter
are not very powerful but are quite sufficient for footprinting, they are also inex-
pensive and do not require sophisticated power supplies. However, if shorter
irradiation times are required, uranyl-photofootprinting experiments are quite
adequately performed with pyrex-filtered light from high-pressure Hg lamps,
xenon lamps, or lasers of the appropriate wavelength (300–420 nm).

6. Order of mixing. It is important that the uranyl be added last because the uranyl–
DNA complex is very stable (Ka is estimated to 1010 M–1 [19]). Uranyl–DNA
aggregates that precipitate often form, but this does not adversely affect the out-
come of the footprinting reaction. However, if uranyl is added prior to addition of
the DNA-binding ligand, the ligand will have limited access to the DNA.

It is also extremely important that dilution of the uranyl stock solution be per-
formed immediately prior to use since uranyl solutions are not stable at pH 2.0.

7. Examples of densitometric scanning and quantification of footprinting experi-
ments can be found in refs. 8, 30, and 31.
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Osmium Tetroxide Modification
and the Study of DNA–Protein Interactions

James A. McClellan

1. Introduction
Osmium tetroxide is an foul-smelling chemical used as a fixative in electron

microscopy that can also be used to modify thymidine residues within DNA
(1,2). The ability of osmium tetroxide to modify DNA is very sensitive to DNA
conformation. In particular, osmium tetroxide will attack thymidines that are
unstacked, either because they are in a single-stranded region or for some other
reason (e.g., because the DNA is bent or because it is overwound [3]).

As a footprinting agent, osmium tetroxide has not been widely used. This is
principally for historical reasons, and one of the reasons for writing the first
version of this chapter was to encourage experimentation with osmium tetrox-
ide as a footprinting agent. Since then, the use of osmium tetroxide in the study
of DNA–protein interactions has mushroomed; a search of PubMed using
osmium, DNA, and protein as keywords pulled down over 300 references in
late 1998. However, it is true that the exquisite sequence specificity of osmium
tetroxide is a disadvantage when one wishes to know all the contacts that a
protein makes in a particular sequence. Additionally, osmium tetroxide has
been shown to damage proteins (4), although this is probably a problem com-
mon to virtually all chemical footprinting agents rather than a specific
disadvantage of osmium tetroxide. On the other hand, osmium tetroxide has
definite advantages in the study of certain DNA–protein interactions, specifi-
cally those interactions that result in a changed conformation of the DNA
double helix. Examples of such interactions include the initiation of transcrip-
tion (5) and the formation of nonstandard conformations in DNA that are
known to be recombinogenic and to have the potential to modulate gene
expression (6–8).
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The main advantages of osmium tetroxide are that it is very easy to work
with and that the osmium modification reaction takes place under a very wide
variety of environmental conditions (9), including in vivo (10–12). This makes
it possible to study nucleic acid conformation as a function of environmental
conditions, such as salt concentration, temperature, and presence or absence of
proteins and polyamines. All that is required is that there should be susceptible
thymidines (Ts) involved in the conformational change; because most sites
where conformational changes occur in DNA are A+T rich, this is not a hard
criterion to satisfy.

As an indication of the kinds of information that can be obtained using
osmium tetroxide modification, we may cite the results of in vivo modification
experiments on AT sequences (12). Experiments like these provided the first
direct evidence that cruciform structures may be seen in vivo. Our experiments
also show that previously observed environmentally induced changes in plas-
mid linking numbers actually do result in changes in torsional stress in vivo,
rather than being compensated for by the binding of extra histonelike proteins.
However, the data also show that cruciforms are not a normal component of
the bacterial genome; we do not see cruciforms if there are significant kinetic
barriers to extrusion, and we do not see cruciforms unless we artificially raise
the in vivo level of supercoiling by osmotically shocking the cells. Neverthe-
less, because environmentally induced changes in DNA supercoiling are
thought to regulate the bacterial response to osmotic and other stresses (13),
we cannot rule out the possibility that transient formation of unusual DNA
structures could be instrumental in such responses. It is particularly interesting
that the sequence 5'-ATTATATATATATATATATATATATAAT-3' is found
around the promoter of a key pathogenic gene in Haemophilus influenzae (14).
This sequence could attain cruciform geometry at the levels of DNA torsional
strain, which we find to be operative inside environmentally stressed bacteria.
Moreover, cruciform geometry at artificial promoters is thought to affect
transcription (15).

2. Materials
1. 20 mM osmium tetroxide, thawed (see Notes 1 and 2).
2. 6% v/v aqueous pyridine or 20 mM aqueous 2,2' bipyridyl (see Notes 2 and 3).
3. 10X buffer; 50 mM Tris-HCl, 5 mM EDTA, pH 8.
4. 1–5 µg of plasmid DNA. Miniprep DNA is adequate; gradient-purified DNA

is better.
5. Absolute ethanol.
6. 3 M sodium acetate, pH 4.5.
7. Restriction enzymes.
8. Enzymes and radionucleotides for end labeling DNA. In this protocol, the enzyme

used is the Klenow fragment of DNA polymerase I. One also needs an [α-P32]
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dNTP at specific activity >6000 Ci/mmol, and the other three dNTPs as nonra-
dioactive 2 mM stocks.

9. Agarose gel with slots large enough to take >60 mL (they can be made by taping
up smaller slots), powerpack and gel tank.

10. 5X loading dye: 10% Ficoll 400, 0.1 M sodium EDTA, 1% sodium dodecyl
sulfate (SDS), 0.25% bromophenol blue, and 0.25% xylene cyanol.

11. Ethidium bromide (10 mg/mL in water).
12. Long-wavelength (360-nm) ultraviolet (UV) transilluminator.
13. Electroeluter. We use the IBI model UEA.
14. 1 M aqueous piperidine, made freshly.
15. High-capacity vacuum pump with trap and desiccator.
16. Alkaline formamide dye; 200 µL deionized formamide, 1 µL of 1 M NaOH and

xylene cyanol and bromophenol blue to taste. (A needle dipped in the powdered
dye and then tapped to remove excess will give quite enough.)

17. Whatmann 3MM paper.

3. Methods
3.1. Osmium Tetroxide Modification

This protocol describes the in vitro modification of plasmid DNA and
the sequence-level detection of adducts by piperidine cleavage after specific
3-prime end labeling.

1. Solution 1: Combine the plasmid DNA with 5 µL of 10X modification buffer and
add distilled water to a total volume of 45 µL.

2. Solution 2: Mix 2.5 µL of 20 mM osmium tetroxide with 2.5 µL of 6% pyridine
or 20 mM bipyridine.

3. Equilibrate solutions 1 and 2 at the desired reaction temperature.
4. Add solution 1 to solution 2, mix well, and incubate for the desired time.
5. Meanwhile, make the stop solution; 180 mL of absolute ethanol and 5 mL of 3 M

sodium acetate pH 4.5. Chill at –70°C.
6. Add stop solution to reaction, mix well and chill at –70°C for 10 min.
7. Spin at maximum speed in a Eppendorf microfuge for 10 min. Note, non-

Eppendorf microcentrifuges are NOT, in general, adequate substitutes. We do
not know exactly why, but we suspect it has to do with heating of the rotor
during spinning.

8. Pipet off the supernatant and discard as potentially carcinogenic waste. Be care-
ful not to disturb the pellet.

9. Add 1 mL of absolute ethanol to the tube and spin in the microfuge at maximum
speed for 5 min.

10. Pipet off the supernatant and discard as in step 8.
11. Dry the pellet for 5 min in a vacuum desiccator.
12. Add 44 µL of distilled water.
13. Transfer to a fresh tube. This is important; sometimes residual osmium on the

reaction tube can interfere with the subsequent steps (see Note 4).
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14. Add 5 µL of 10X restriction enzyme buffer and 1 µL (about 10 U) of restriction
enzyme. The enzyme chosen should give unpaired 5' ends and ideally has a unique
site approx 40–200 bases from the site at which modification is expected.

15. Incubate at 37°C for about 1 h.
16. Meanwhile, dry down 5 mCi of a >6000-Ci/mmol [α–32P] dNTP. This should be

the first nucleotide to be incorporated by DNA polymerase (e.g., if the enzyme
used is EcoRI, it should be dATP).

17. To the dried-down radionucleotide, add 2 µL of each 2 mM unlabeled stocks of
the other dNTPs (i.e., if the labeling is with [α–32P] dATP, add dGTP, dCTP, and
dTTP). Mix well.

18. Add this nucleotide mix to the restriction digest. Then, add 1 µL (about 6 U) of
the Klenow fragment of E. coli DNA polymerase I. We find that Klenow poly-
merization works well in a variety of restriction enzyme buffers, especially those
used for EcoRI and BamHI.

19. Incubate for 1 h (not more) at 37°C.
20. Add 10 µL of 5X loading dye and electrophorese on, for example, a 1% agarose

1X TBE gel until the xylene cyanol (light blue) dye is about halfway down the
gel, or, in general until the fragment of interest can be easily excised from the gel.
Exactly which gel is chosen will depend on the particular system under study.

21. Stain the gel with 1 µg/mL ethidium bromide. Visualize by long-wave UV and
excise the bands of interest from the gel.

22. Electrolelute the labeled DNA into high salt (or use another method).
23. Precipitate and wash the DNA with ethanol. If precipitating from high salt, do

not chill!
24. If it is desired to see only the signals on one strand, cut off one of the labeled ends

(Note 5). After restriction, the DNA should be ethanol precipitated, washed and
dried. Do this by repeating steps 5–11; it is not necessary to discard the waste as
potentially mutagenic.

25. To the dried pellet, add 100 µL of 1 M piperidine. Heat at 90°C for 30 min.
26. Transfer to a new tube. Close the tube. Use a needle to punch holes in the cap.
27. Place the tube in liquid nitrogen for about 5 s.
28. Place the tube in a rack in a vacuum desiccator, attach a high-capacity vacuum

pump with a trap, and turn it on. Do this quickly, so that the frozen sample does
not have time to thaw.

29. Lyophilize for about 2 h.
30. Add 50 µL of water to the tube and repeat lyophilization step 28 for about 1 h.
31. Repeat steps 29 and 30.
32. Resuspend the samples in at least 3 µL of alkaline formamide dye.
33. Heat to 90°C for 5 min and then chill on ice.
34. Load aliquots of about 50 counts per second on a standard TBE–8 M urea

sequencing gel and electrophorese. Exact details of the sequencing gel will
depend on the system under study.

35. Fix the gel in 10% acetic acid for 15 min, transfer to 3MM paper, dry, and
autoradiograph.
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3.2. Results of Osmium Tetroxide Modification

Figure 1 shows a time-course of osmium tetroxide modification on a 68-bp-
long tract of alternating adenines and thymidines within a bacterial plasmid.
This sequence is found in the first intron of the frog globin gene. The modifica-
tion was done at 37°C in the absence of added salt and for the indicated times.
A BamHI–EcoRI fragment containing the tract was labeled at both ends by
Klenow polymerase and [α-32P] dATP. The adducts were cleaved using hot
piperidine and electrophoresed on a sequencing gel. The gel was fixed, dried
onto paper, and autoradiographed.

The gel shows information from both strands. This is possible because
(1) the AT tract is asymmetrically placed on the BamHI–EcoRI fragment, and
(2) osmium modification is almost completely specific for the AT tract. As can
be seen, the modifications are biased toward the label-proximal end of the tract
on both strands, and this is intensified at later time-points. In fact, this is also
the pattern when the label is placed at the 5' ends (data not shown). Thus, the
label-proximal bias of the signals simply indicates multiple modifications
rather than an asymmetric structure.

Figure 1 also shows the result of modifying the AT tract in the presence of
ions. Here, the patterns are quite different. In the presence of sodium ions, we
see modifications at the center of the AT tract and at its ends. In the presence of
magnesium ions, we see modifications at the center of the AT tract but not at
its ends. These patterns are interpreted as indicating the presence of cruciform
structures at the AT tract, either with tight scissor-shaped osmium resistant
junctions (in the presence of magnesium) or with floppy square planar osmium
sensitive junctions (in the presence of sodium) (16). The central modifications
are at what would be the loop of the cruciform, and the modifications at the end
of the tract would be at the junction of the cruciform with flanking DNA
(Fig. 2) (see Note 6).

The nature of the symmetric structure observed in Fig. 1 remains obscure;
we have termed it the U-structure (9), but this is only a name, not a description.
What we know about this structure is that it is easy to interconvert between it
and the cruciform, and the conditions under which the U-structure is favored
(higher supercoiling and temperature, lower salt concentration) suggest that
the U-structure is more unwound than the cruciform. Furthermore, other A+T-
rich sequences that form cruciforms can exhibit U-like patterns of modifica-
tion under the appropriate conditions. One interesting possibility is that the
U-structure may be a locally parallel-stranded conformation, in which the A at
the 5' end of the top strand makes a reverse Watson–Crick pair to the A at the 5'
end of the bottom strand; the Ts following those As pair to each other in the
same mode, the As following those Ts pair to each other in the same mode: and
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Fig. 1. Time-course of in vitro osmium tetroxide modification of (AT)34 tract in
plasmid pXG540. The figure shows an autoradiograph of end-labeled piperidine-
cleaved EcoRI–BamHI fragments from plasmid pXG540 that had been treated with
osmium tetroxide under the ambient conditions indicated above each lane (all reac-
tions were done at 20°C). The fragments were separated on a 6% sequencing gel run
hot to the touch at constant 70 W.
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so on. This is chemically plausible because any base can make a reverse
Watson-Crick pair with two hydrogen bonds to another base of the same type
(i.e., A pairs to A, T to T, and so on). The proposed structure is shown diagram-
matically in Fig. 3, and the model is currently being tested.

3.3. In Vivo Osmium Modification

It is possible to modify AT tracts in plasmids inside living bacteria (10–12).
Figure 4 shows the results of one such experiment, in which a number of plas-
mids with different lengths of AT were modified inside bacterial cells (E. coli
HB101). The plasmid DNA was recovered by a modification of the Holmes–
Quigley boiling method (12); alkaline lysis methods are not used, in order to
avoid premature alkaline cleavage of adducts. The DNA was then restricted
and end labeled, and the adducts were cleaved by hot piperidine before analy-
sis on sequencing gels, as described earlier.

In vivo modification requires a number of additional tricks if it is to be suc-
cessful. One has to use bipyridine as the ligand. The number of cells is a criti-
cal parameter; the modification reaction should have cells at an optical density
(OD) 550-nm of 0.4. If the OD is even twice as high, the experiment is likely to
fail. During the modification, the cells should turn a milk chocolate brown; if
they do not, discard the experiment and obtain fresh osmium tetroxide. We

Fig. 2. Two conformations of cruciforms. The figure shows how two different cru-
ciform conformations may be postulated in order to explain the different patterns of
osmium modification seen at different ionic strengths.
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Fig. 3. Proposed locally parallel structure of U-conformation.

usually work on a 50-mL culture scale, and we usually wash the cells and do
the modifications in 100 mM potassium phosphate buffer, pH 7.4. It is,
however, possible to do the modifications in L-broth. After the cells have been
boiled the supernatant has to be collected, and it is very viscous indeed. We find
that the best way to prepare the supernatant is to spin the lysates at 30,000 rpm
for 30 min in a Beckmann table-top ultracentrifuge (120 TS rotor). The
supernatant can then be ethanol precipitated or made up as a CsCl/ethidium
bromide gradient.

4. Notes
1. Osmium tetroxide is a very powerful oxidizing and crosslinking reagent, which

formerly was used for tanning leather. It can react explosively with water. Fumes
of osmium tetroxide can damage the cornea of the eye. It is, thus, a chemical to
be treated with great respect. To our knowledge, there is no evidence that it is a
carcinogen, but this may be because the complex with heterocyclic activators has
not been tested as such; this complex is certainly a very powerful and specific
covalent modifier of exposed thymidines, and it would be surprising if it was not
a carcinogen. It therefore seems prudent to dispose of osmium tetroxide waste as
if it were carcinogenic.

2. Osmium tetroxide can be bought from various suppliers, including Sigma and
Johnson Matthey. The quality of the reagent varies widely, but, in general, it may
be stated that the material bought from Johnson Matthey is superior. One usually
buys a 250-mg aliquot, which should cost around £30–40 sterling at 1998 prices.
The reagent is shipped inside a metal can. This contains a plastic tube, and inside
the tube, wrapped in black paper, is a little sealed glass phial containing yellow
crystals. These are osmium tetroxide. One makes up a stock 20 mM solution
as follows:
a. The glass tube is plunged into liquid nitrogen and kept there for about 15 s.

This treatment prevents the chemical from reacting explosively with water,
and also it makes the crystals less sticky and easier to remove from the
glass vial.

b. Inside the fume hood and over a washable tray, the glass vial is broken,
ideally with the aid of a diamond knife, and the crystals are tipped into a glass
beaker containing 49.2 mL of distilled water. The crystals take some time to
dissolve, about 2–3 h.
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Fig. 4. In vivo modification of AT tracts: cruciform geometry in bacterial plasmids
as a consequence of physiological salt shock. Bacterial cells containing isogenic plas-
mids with various lengths of AT were salt-shocked and treated with osmium tetroxide
in vivo. Adducts were detected by preparing the DNA, end labeling, and piperidine
cleavage, followed by electrophoresis on thin 6% sequencing gels and autoradiogra-
phy. Strong central modification of the AT tract shows that (AT)34 adopts cruciform
geometry in salt-shocked but not in control cells, and that (AT)22 and (AT)15 but not
(AT)12 also adopt cruciform geometry in salt-shocked cells.

c. Once the crystals have dissolved, the reagent is aliquoted ready for use. Glass
containers such as Universals with screw tops should be used, and storage
should be at –70°C. It is best to keep the reagent as several separate aliquots
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and to use them one at a time. One problem with storage is that the glass
containers often crack, which is obviously very dangerous. Volumetric flasks
and non-Pyrex containers are particularly sensitive in this regard. The reagent
should always be thawed with the container inside a glass beaker in the fume
hood. If the reagent is blackish when thawed, discard it; the black color indi-
cates lower oxidation states of osmium, including the metal.

3. By itself, osmium tetroxide is not very reactive with DNA. The species that
attacks DNA is a complex of osmium tetroxide with a heterocyclic compound
such as pyridine or bipyridine (Fig. 5). The attack is on the 5–6 double bond of
thymidines (ref. 3 and references therein). Curiously, neither cytosines nor uracils
show significant modifiability with osmium tetroxide, but guanine residues
occasionally may.

Bipyridine is rather insoluble in water. To make a stock solution, it may be
necessary to heat the bipyridine and water to 80°C for about 30 min. Once
osmium tetroxide is added to pyridine, the mixed reagents should become a straw-
yellow color; if they do not, discard them and obtain fresh osmium tetroxide.

One can change the reactivity of an osmium tetroxide preparation by changing
the concentration of osmium and/or ligand, and the overall degree of reaction can
be varied from single to multiple hits per molecule by changing the time and/or
temperature of the modification reaction. Typical times and temperatures used in
our laboratory to obtain single hits are as follows: 45 min at ice temperature; 15 min
at 20°C; 5 min at 37°C; 1 min at 40°C.

4. Various methods of detecting osmium tetroxide adducts exist, namely retarda-
tion of bands in agarose or acrylamide gels (5), immunoprecipitation (3), cleav-
age by S1 nuclease (5), cleavage by hot piperidine (6), and failure of primer
extension (11). In some cases, inhibition of restriction enzyme cleavage can be
used (10,17).

Fig. 5. Stereochemistry of OsO4 attack on thymidines.
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5. A good way to do this is to cut with a frequent cutter that
a. has a site near to the end from which it is not required to see signals
b. does not have a site between the end from which it is desired to see signals

and the tract where modifications are expected
For example, the EcoRI site of pXG540 has a HaeIII site 18 bp anticlockwise

(in the direction of the Amp promoter). There is no HaeIII site in the clockwise
170 bp up to the start of the AT tract. So, we often cut and label at EcoRI, and
then do a limit digest with HaeIII. This reults in a long labeled fragment that
has the information we want on it, and a short fragment (18 bp) that we run
off the gel.

6. Osmium tetroxide modification of DNA now has a substantial pedigree, having
been used to modify a wide range of sequences in different unusual conforma-
tions in vitro, and a narrower range of sequences in different conformations in vivo.
Figure 6 shows some of the actual or proposed structures that have been treated
with osmium tetroxide. However, it is very important to be cautious in using
osmium modification results, or any other kind of chemical or enzymatic prob-
ing, to deduce that a particular structure is forming. This is because osmium does
not report on global conformation; it only tells you whether or not a particular T
residue has an exposed 5–6 double bond. If a T is exposed, this could be for
several reasons:
a. The T might be in a single-stranded region of the DNA (e.g., a bubble, mis-

match [18], B–Z junction or cruciform or H-structure loop).
b. The T might be in a helix with a shallow or bulging major groove (e.g., at a

bend or within a GT/AC tract that was forming Z–DNA).
c. The T might be in an overwound helix, with exposure of the 5–6 double bond

resulting from a loss of base overlap, because of the sharp rotation of each
base relative to its neighbors.
These considerations make it very difficult to conclude on the basis of osmium

modification that, for example, Z–DNA is forming; osmium results do not
distinguish in any simple way between what we have called the “U”-structure
(9), Z-DNA and a conformation (possibly the eightfold D-helix), which we have
observed in locally positively stressed AT tracts (19). Detecting the loops and
junctions of cruciform or H-form DNA can sometimes be done in such a way as
to virtually exclude alternative interpretations of the data, but even this is not
always possible; for example, a GC tract with ATAT in the middle will react in
the same way with osmium tetroxide whether it is in a Z-conformation or cruci-
form (11); and there is a published interpretation of chemical modification at
H-forming sequences that is radically at odds with the H-structure model (20).

In addition to these difficulties, there is a need to be cautious about the effect
of the probing chemical on the structural features deduced. Because osmium
modification works under a wide range of conditions, it presents fewer such prob-
lems of interpretation than some other more fastidious chemicals. Nevertheless,
we observe that the ligand used can have an effect on the result obtained; other
things being equal, we find that bipyridine is more likely to give a cruciformlike



132 McClellan

pattern of modification and pyridine is more likely to give a U-structure-like
pattern when superhelically stressed AT tracts are probed in vitro. This probably
has to do with different helix-unstacking potential of the two heterocycles; alter-
natively, it could be an artifact of contaminating cations in the heterocycles or
ion–heterocycle interactions.

Fig. 6. Unusual DNA structures that react with osmium tetroxide.
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Determination of a Transcription-Factor-Binding
Site by Nuclease Protection Footprinting
onto Southwestern Blots

Athanasios G. Papavassiliou

1. Introduction
The interaction of cell-type-specific or inducible transcription factors with

regulatory DNA sequences in gene promoters or enhancers is a pivotal step in
genetic reprograming during cell proliferation and differentiation and in
response to extracellular stimuli. The study of these interactions and the char-
acterization of the factors involved are, therefore, a critical aspect of gene
control. Transcription factor–DNA interactions in eukaryotes have been dem-
onstrated by a wide variety of biochemical approaches, including deoxyribo-
nuclease I (DNase I) and chemical nuclease footprinting (1–3) (Chapter 3),
methylation protection (4) (Chapter 14), electrophoretic mobility-shift (5,6)
(Chapter 2), and Southwestern (SW) assays (7) (Chapter 17). Despite their
broad applicability, these techniques provide only partial information about
the DNA–protein system under investigation. The first three techniques iden-
tify either the site(s) of transcription factor binding within the DNA (size and
location of nucleotide stretches or atoms on individual bases) or the complex-
ity of the binding pattern (stoichiometry), but do not yield information about
the protein(s) involved. On the other hand, the SW assay reveals the relative
molecular mass of renaturable (on a membrane support) active species in
heterogeneous protein mixtures facilitating their identification, but fails to
localize the exact target element within the probing DNA sequence.

Combining SW and DNase I (but also chemical nuclease and methylation
protection, see below) footprinting methodologies has the dual potential for
accurately determining the size of individual DNA-binding transcription fac-
tors and precisely mapping their cognate binding sites (8) (Fig. 1) . In addition
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to allowing the detection of only fractional binding (footprints in solution can
be obtained only when the binding site[s] is almost completely occupied), cou-
pling in situ DNase I footprinting with the SW technique offers the advantage
of both resolving the protein component and mapping the binding site of com-
plexes formed by either different factors recognizing an identical sequence
within the DNA probe or by two factors interacting in a noncooperative man-
ner with adjacent but distinct sequences. However, this is dependent on the
factor being able to bind to DNA as a monomer or a homodimer. If the active
form is not a single species (i.e., a heterodimeric or heteromeric complex is
required to reconstitute the binding activity), specific DNA binding will not be
detected and the procedure will not be applicable. The most critical stage of the
coupled assay lies within its first part, namely the SW procedure, and concerns
the ability of a transcription factor to efficiently renature into its active form (at
least in terms of DNA-binding capacity) on the membrane. Many transcription
factors are composed of domains with distinct structural conformations, which
aids the process of renaturation. However, because the protein surface immo-
bilized on the membrane poses an impediment on the refolding process, the

Fig. 1. Rationale in a combined SW–DNase I footprinting procedure. The “ham-
mer”-shaped extensions from the DNA-binding protein indicate immobilization on
the blotting membrane. The black-filled sphere indicates the end label in one strand of
the DNA footprint probe. MW denotes the molecular size of the membrane-blotted
DNA-binding protein (estimated by comparing the position of the active membrane
area to the mobilities of coelectroblotted protein MW standards). Arrows mark repre-
sentative sites of DNase I attack. (A) DNase I digestion pattern of free (in solution)
probe; (B) DNase I digestion pattern of protein-complexed (membrane-bound) probe.
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likelihood of successful renaturation increases with increased size of the DNA-
binding transcription factor(s) under study. As a result of the increased kinetic
stability of a membrane-immobilized DNA–protein complex (reversible bind-
ing to even low-affinity proteins is enhanced because excess unbound DNA
has been washed out and hence is not present to compete), reaction parameters
such as the size of the DNA probe, the concentration of DNase I, and digestion
time are no longer determined by the dissociation rate of the complex, a normal
limitation of DNase I protection assays performed in solution.

The fidelity of the combined analytical assay is demonstrated in Fig. 2. Evi-
dently, the structural and functional properties of DNA are not altered by
entrapment on the blotting membrane surface (i.e., the probe exhibits identical
protection pattern and sequence-dependent reactivity with DNase I as it does
in solution). Therefore, this coupled assay provides a fast and reliable method
that will allow the user who has identified specific regulatory regions in the
gene of interest to begin characterizing in detail the transcription factor(s) that
bind to them in a certain cellular milieu.

Modifications of the presented DNase I protection analysis on Southwestern
blotting membranes (in situ) substitute the enzymatic probe for either the
chemical nuclease 1,10-phenanthroline–copper ion (OP–Cu) (9) or dimethyl
sulfate (DMS) (10). Both protocols have the additional advantage of providing
information on the nature (i.e., specific–protected versus nonspecific–
nonprotected) of several membrane-immobilized DNA–protein species often
observed in a SW assay. The molecular and functional properties of DNase I
(i.e., its relatively large size, mode of target searching and binding to cleave,
and requirement for Mg2+ [which often stabilizes both specific and nonspecific
complexes]) highly reduce its potential to detect these differences. In addition,
these methodologies are useful in rapidly confirming the binding specificity of
a protein isolated by screening a cDNA expression library with recognition-
site DNA.

2. Materials
2.1. SW Blotting

2.1.1. Solutions

1. Sodium dodecyl sulfate (SDS; 20%; w/v): Dissolve 100 g of SDS (Sigma, St.
Louis, MO) in distilled, deionized water to a 0.5 L final volume; heat at 68°C to
assist dissolution (do not autoclave). Store at room temperature in a clear bottle.
A respirator or dust mask should be worn when handling powdered SDS.

2. Lower (separating) gel buffer (4X stock): 1.5 M Tris-HCl, pH 8.8, and 0.4% (w/v)
SDS. Filter through a 0.22-µm membrane filter. Store at 4°C.

3. Upper (stacking) gel buffer (4X stock): 0.5 M Tris-HCl, pH 6.8, and 0.4% (w/v)
SDS. Filter through a 0.22-µm membrane filter. Store at 4°C.
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4. Acrylamide/bis-acrylamide gel mixture: 30% (w/v) acrylamide, 0.8% (w/v) N,N'-
methylene–bis-acrylamide (Bio-Rad, Richmond, CA). Filter through a 0.22-µm
membrane filter. Store at 4°C in the dark. Powdered acrylamide and N,N'-meth-
ylene-bis-acrylamide are potent neurotoxins and are absorbed through the skin.
Their effects are cumulative. Wear gloves and a face mask when weighing these
substances and when handling solutions containing them (work in a chemical
fume hood). Although polyacrylamide is considered to be nontoxic, it should be
handled with care because of the possibility that it might contain small quantities
of unpolymerized acrylamide.

Fig. 2. (A) Schematic outline of the manipulations involved in the combined
SW–DNase I footprinting procedure. In the example presented, a crude lysate of bac-
terial cells overexpressing the proto-oncoprotein c-Jun (a component of the transcrip-
tion factor AP-1) was subjected to a quantitative SW assay utilizing as probe a 134-bp
DNA restriction fragment (5'-end labeled in the coding strand) encompassing the AP-1-
binding sequence of the human collagenase promoter [5'(-72)TGAGTCA3'(–66)]. (B)
DNase I footprinting reactions of the same fragment in solution performed with
increasing amounts (lanes 2–4) of the c-Jun preparation (lane 1, free-DNA probe). The
footprinted region (solid bar) includes in both cases approx 14 bases centered around
the AP-1-binding motif (20).
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5. Ammonium persulfate (10%; w/v): Dissolve (by vigorous vortexing) 1 g of
ammonium persulfate (Bio-Rad) in 10 mL of distilled, deionized water. Filter
through a 0.22-µm membrane filter. Store at 4°C; make fresh weekly. Ammo-
nium persulfate is extremely destructive to tissue of the mucous membranes and
upper respiratory tract, eyes, and skin. Inhalation may be fatal. Exposure can
cause gastrointestinal disturbances and dermatitis. Wear gloves, safety glasses,
respirator, and other protective clothing and work in a chemical fume hood. Wash
thoroughly after handling.

6. SDS–polyacrylamide gel electrophoresis (PAGE) running buffer (10X stock):
0.25 M Tris base (Sigma) and 1.92 M glycine (Sigma). It is not necessary to
adjust the pH. The proportions of Tris base and glycine give pH 8.3. Store at
room temperature in a large vessel (carboy). Dilute to 1X with distilled, deion-
ized water, then add SDS to a final concentration of 0.1% (w/v).

7. SDS-PAGE sample buffer (4X stock): 0.5 M Tris–HCl pH 6.8, 8% (w/v) SDS,
40% (v/v) glycerol (Sigma), and 0.4% (w/v) bromophenol blue (Sigma). Store in
aliquots at –20°C. Before use, make a working solution of SDS-PAGE sample
buffer by diluting the 4X stock buffer and adding 2-mercaptoethanol (Sigma)
to a final concentration of 5% (v/v) (see Note 1). 2-Mercaptoethanol is harm-
ful if inhaled or absorbed through the skin. High concentrations are extremely
destructive to the mucous membranes, upper respiratory tract, skin, and eyes.
Use only in a chemical fume hood. Gloves, safety glasses, and respirator should
be worn.

8. Western transfer buffer: 50 mM Tris base, 380 mM glycine, 0.1% (w/v) SDS, and
20% (v/v) methanol (see Note 2). There is no need to adjust the pH of this buffer
by the addition of acid or alkali. Store at room temperature in a large vessel.

9. Dithiothreitol (stock): Prepare a stock solution of 0.5 M dithiothreitol (Sigma)
in distilled, deionized water and store in aliquots at –20°C. (See safety note in
item 7.)

10. Phenylmethylsulfonyl fluoride (PMSF; stock): Prepare a 100 mM stock solution
of PMSF (Boehringer, Indianapolis, IN) in absolute ethanol and store in aliquots
at –20°C. PMSF is extremely destructive to the mucous membranes of the respi-
ratory tract, the eyes, and the skin. It may be fatal if inhaled, swallowed, or
absorbed through the skin. It is a highly toxic cholinesterase inhibitor. Therefore,
it should be used in a chemical fume hood and gloves and safety glasses should
be worn during handling.

11. 1 M KCl.
12. 0.5 M MgCl2.
13. SW blocking/renaturation buffer: 3% (w/v) nonfat dried milk (or 5% [w/v] lipid-

free bovine serum albumin [BSA]; see Note 3a), 25 mM HEPES·KOH, pH 7.5,
50 mM KCl, 6.25 mM MgCl2, 1 mM dithiothreitol (freshly added from the 0.5 M
stock solution immediately before use), 10% (v/v) glycerol, 0.1% (v/v) Nonidet
P-40 (BDH, London, UK), and 0.2 mM PMSF (freshly added from the 100 mM
stock solution just prior to use). Store at 4°C. Prepare also some SW blocking/
renaturation buffer minus dried milk (or BSA).
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14. Poly(vinyl alcohol) (stock): Prepare a 10% (w/v) stock solution of poly(vinyl
alcohol) (Sigma P 8136; average mol. wt. = 10,000) in distilled, deionized water
and store at –20°C.

15. SW binding/washing buffer: 12.5 mM HEPES.KOH, pH 7.5, 50 mM KCl, 6.25 mM
MgCl2, 0.5 mM dithiothreitol (freshly added from the 0.5 M stock solution im-
mediately before use), 2% (w/v) polyvinyl alcohol, 10% (v/v) glycerol, 0.05%
(v/v) Nonidet P-40, and 0.2 mM PMSF (freshly added from the 100 mM stock
solution just prior to use). Store at 4°C. (See Note 4b.)

16. Phenol/chloroform/isoamyl alcohol (25:24:1; v/v): Mix just prior to use 25 vol
of phenol with 24 vol of chloroform and 1 vol of isoamyl alcohol. Phenol is highly
corrosive and can cause severe burns. Any areas of skin that come in contact with
phenol should be rinsed with a large volume of water or PEG 400 (Sigma) and
washed with soap and water (do not use ethanol!). Chloroform is irritating to the
skin, eyes, mucous membranes, and respiratory tract. It is also a carcinogen and
may damage the liver and kidneys. Wear gloves, protective clothing, safety
glasses, and respirator when handling these substances and carry out all manipu-
lations in a chemical fume hood.

17. Chloroform/isoamyl alcohol (24:1; v/v): Mix 24 vol of chloroform with 1 vol
of isoamyl alcohol. This organic mixture can be stored at room temperature in
dark (brown) bottles indefinitely.

18. Nonspecific competitor DNA (stock solution): Dissolve salmon/herring sperm or
calf thymus DNA in distilled water, deproteinize it by sequential phenol/chloro-
form/isoamyl alcohol (25:24:1; v/v) and chloroform/isoamylalcohol (24:1; v/v)
extractions, sonicate to reduce the mean DNA length to 100–200 bp, precipitate
the DNA with ethanol, then resuspend it at 1 mg/mL in distilled, deionized water.

2.1.2. Reagents/Special Equipment

1. N,N,N' ,N'-tetramethylethylenediamine (TEMED; Bio-Rad). TEMED is
extremely destructive to tissue of the mucous membranes and upper respiratory
tract, eyes, and skin. Inhalation may be fatal. Prolonged contact can cause severe
irritation or burns. Wear gloves, safety glasses, respirator, and other protective
clothing and work in a chemical fume hood (TEMED is flammable!). Wash thor-
oughly after handling.

2. Protein extract of interest (e.g., whole-cell-free extract, crude nuclear extract, or
partially purified extract), as concentrated as possible.

3. Prestained nonradioactive MW standards (Bio-Rad) or [14C]-methylated protein
MW markers (Amersham).

4. Nonfat dried milk powder (e.g., Cadbury’s Marvel or Carnation), or fatty acid-
free BSA (Boehringer; fraction V).

5. Phenol: Redistilled (under nitrogen) phenol equilibrated with 100 mM Tris-HCl,
pH 8.0, and 1 mM EDTA in the presence of 0.1% (w/v) 8-hydroxyquinoline.
Phenol can be stored at 4°C in dark (brown) bottles for up to 2 mo. See the rel-
evant safety note in Subheading 2.1.1.

6. Absolute ethanol.
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7. Salmon/herring sperm or calf thymus DNA (Sigma or Boehringer).
8. Singly 32P end-labeled DNA probe bearing the binding site(s) of interest (see

Note 5). All necessary precautions should be observed to minimize exposure to
ionizing radiation during labeling and isolation of the probe; work behind protec-
tive screens whenever possible.

9. Radioactive ink: Mix a small amount of 32P with waterproof black drawing ink,
to a concentration of approx 200 cps (on a Geiger counter) per microliter.

10. 0.22-µm membrane filters (Millipore, Bedford, MA).
11. Mini-slab gel electrophoresis apparatus, giving 0.5- to 1.0-mm-thick mini-gels

(e.g., Bio-Rad Mini Protean II system), and accompanying equipment.
12. High-current (2–3 A) power supply (e.g., Bio-Rad or Hoefer, San Francisco, CA)

and electroblotting apparatus for Western transfer (e.g., Bio-Rad Trans-Blot);
additional equipment for Western transfer (11).

13. Nitrocellulose membrane: suitable membranes comprised of unsupported or sup-
ported nitrocellulose are available from a number of manufacturers, such as
Schleicher & Schuell (Keene, NH; BA85, 0.45 µm), Millipore (Immobilon-NC),
and Amersham (Hybond-C/C extra).

14. Plastic trays.
15. Forceps.
16. Plastic wrap such as cling film or Saran Wrap®.
17. X-ray film (e.g., Kodak X-Omat AR, Rochester, NY).
18. Additional equipment: protective gloves/glasses/respirator, 4°C shaking air

incubator, sonicator, 25°C shaking air incubator, Geiger counter, Kimwipes, all
equipment for autoradiography.

2.2. Exposure of SW Blots to DNase I Treatment

2.2.1. Solutions

1. Eppendorf tube siliconization solution: 2% (v/v) dimethyldichlorosilane in 1,1,1-
trichloroethane (BDH). Eppendorf tubes should be silanized by briefly immers-
ing the opened tubes in a beaker containing this solution, pouring off excess
solution, and allowing the tubes to dry in air at room temperature. Dimethyl-
dichlorosilane is particularly toxic. Gloves, safety glasses, respirator, and other
protective clothing should be worn when handling it and should only be used in a
chemical fume hood.

2. Solutions 1, 12, and 15–17 of Subheading 2.1.1.
3. DNase I (stock solution): Dissolve DNase I in 50% glycerol (in distilled, deion-

ized water) to a concentration of 2.5 mg/mL. Store frozen in 10-µL aliquots at –20°C
or –70°C. This stock is stable indefinitely.

4. 1 M CaCl2.
5. DNase I reaction buffer: 10 mM MgCl2 and 5 mM CaCl2. Store at room temperature.
6. DNase STOP solution A: 20 mM HEPES·KOH, pH 7.5, 20 mM EDTA, and 0.5%

(w/v) SDS. Store at 4°C.
7. 5 M NaCl.
8. DNase-STOP solution B: 60 mM HEPES.KOH, pH 7.5, 0.6 M NaCl, 60 mM

EDTA, 1.5% (w/v) SDS. Store at 4°C.
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9. Proteinase K (stock solution): Dissolve Proteinase K in TE (10 mM Tris-HCl,
pH 7.4, and 1 mM EDTA) to a concentration of 2.5 mg/mL. Store in aliquots at –20°C.

10. Probe elution buffer: 20 mM HEPES·KOH, pH 7.5, 0.3 M NaCl, 3 mM EDTA,
0.2% (w/v) SDS, and 50 µg/mL Proteinase K.

11. Glycogen (stock solution): Prepare a stock solution of 10 mg/mL glycogen
(Sigma G 0885) in distilled, deionized water and store in aliquots at –20°C; gly-
cogen is used as a carrier to promote the precipitation of nucleic acids.

12. Ice-cold 80% (v/v) ethanol.
13. Formamide loading buffer: 90% (v/v) deionized formamide, 1X TBE (see below),

0.025% (w/v) xylene cyanol FF (Sigma), and 0.025% (w/v) bromophenol blue.
Store at –20°C after filtering. Formamide is a teratogen; take all safety precau-
tions to avoid contact during manipulations involving this reagent.

14. TBE buffer (5X stock): 445 mM Tris base, 445 mM borate, 12.5 mM EDTA.
Dissolve (under stirring for at least 1 h) 272.5 g ultrapure Tris base, 139.1 g boric
acid (Sigma), and 23.3 g EDTA·(Na2) dihydrate (Sigma) in 4.5 L of distilled,
deionized water. Make up to a final volume of 5 L. It is not necessary to adjust
the pH of the resulting solution, which should be around 8.3. Store at room tem-
perature in a large vessel. This stock solution is stable for many months, but it is
susceptible to the formation of a precipitate and should be inspected visually
from time to time.

15. Fixing solution: 10% (v/v) acetic acid and 10% (v/v) methanol.

2.2.2. Reagents/Special Equipment

1. DNase I (DPFF grade; Worthington, Freehold, NJ).
2. Proteinase K (Boehringer).
3. Absolute ethanol (at –20°C).
4. Single-edged disposable razor blades.
5. Forceps.
6. Siliconized 0.5-mL Eppendorf microcentrifuge tubes.
7. Siliconized 1.5-mL Eppendorf microcentrifuge tubes.
8. Drawn-out Pasteur pipets.
9. Whatman (Clifton, NJ) 3MM paper.

10. Items 16 and 17 in Subheading 2.1.2.
11. Intensifying screen (e.g., Cronex Lightning Plus; DuPont, Wilmington, DE).
12. Additional equipment: beaker, sharp-tip pencil, wet ice, scintillation vials/

counter, vortexer, electronic timer, microcentrifuge (Eppendorf or equivalent),
vortexing shaker set at 37°C, Geiger counter, SpeedVac concentrator (Savant,
Hicksville, NY), thermostatted heating block at 95°C, plastic tank at gel dimen-
sions (for gel fixing), vacuum gel dryer, and all equipment for autoradiography.

3. Methods
3.1. SW Blotting

The SW protocol involves four steps: electrophoretic separation of proteins
by SDS-PAGE, electroblotting of the gel-fractionated proteins onto nitrocellu-
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lose (NC) membrane, probing of the blocked blot with the desired DNA probe,
and detection of bound DNA by autoradiography of the washed, wet membrane.

1. Prepare and load the sample(s) and protein MW markers onto a standard SDS–
polyacrylamide gel (11,12) and electrophorese at an appropriate voltage until the
bromophenol blue dye reaches the bottom of the gel. An 8–10% polyacrylamide
separating gel is capable to resolve throughout most of the known DNA-binding
transcription factor size range. Because the strength of the final signal obtained
by the SW technique is proportional to the quantity of protein electrophoresed on
the gel, best results are obtained by running the maximum amount of extract that
does not overload the gel. For typical 0.5- to 1-mm-thick protein mini-gels, this
is usually 30–150 µg of whole-cell-free, crude nuclear, or partially purified extract
protein per lane. (See Note 1.)

2. Remove the electrophoresed gel from the glass plates. Assemble a Western blot
sandwich, place it in the electrophoresis tank containing an appropriate volume
of Western transfer buffer, and electroblot the proteins in the electrophoresed gel
onto a NC membrane according to standard Western blotting protocols (11,13).
Bear in mind that the best protein transfer is usually achieved by longer transfer
times (i.e., 30 V [40 mA] overnight at 4°C). (See Note 2).

3. When transfer is complete, gently peel the NC membrane off the gel, place it in a
plastic tray, and gently wash for 10 min with 20–30 mL of SW blocking/renatur-
ation buffer, omitting dried milk (or BSA).

4. Decant the solution and replace it with a sufficiently large volume of SW block-
ing/renaturation buffer to completely immerse the membrane (usually 30–50 mL).

5. Incubate overnight at 4°C with gentle rocking or shaking to block nonspecific
binding sites on the membrane and to allow renaturation of the filter-immobi-
lized proteins. (See Note 3.)

6. Using forceps, transfer the membrane to a fresh plastic tray and gently wash
for 5 min with 20–30 mL of SW binding/washing buffer. The membrane can be
stored in this buffer at 4°C for up to 1 d before incubation with the DNA probe.

7. Immerse the membrane (using forceps) in a fresh plastic tray containing a radio-
active probe mixture consisting of the following:
• SW binding/washing buffer (see Note 4).
• 5–10 µg (specific activity approx 107 cpm/µg) of an asymmetrically [32P]-

labeled DNA fragment bearing the recognition site(s) for the sequence-spe-
cific DNA-binding factor(s) of interest (see Note 5).

• 20 µg/mL nonspecific competitor DNA (see Note 6).
To make the probe concentration as high as possible, the volume of SW bind-

ing/washing buffer should be the minimum needed to cover the membrane fully
(smallest volumes are achieved if the membrane is sealed in a plastic bag). Work
behind Perspex or glass shields!

8. Incubate for 2–4 h at room temperature with gentle rocking or shaking. Longer
incubation times at a lower temperature may result in a better signal from a poorly
binding factor.
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9. Carefully remove the radioactive probe mixture and dispose of it safely (work
behind Perspex or glass shields!).

10. Using forceps, transfer the membrane to a plastic tray and wash for 10 min with
100 mL of SW binding/washing buffer on a platform shaker (room temperature).

11. Repeat step 10 two to three times or until the radioactive level of the membrane
no longer falls appreciably between washes (this can be monitored by a Geiger
counter). (See Note 7.)

12. Place the wet NC sheet between two layers of tightly drawn cling film. With a
pad of Kimwipes, push out any trapped air bubbles under the cling film.

13. Expose to X-ray film at 4°C to locate regions of radioactive signal (protein[s]-
bound probe). Exposure times of 1–3 h are usually sufficient to detect the radio-
active species on the membrane. (See Note 8.)

3.2. Exposure of SW Blots to DNase I Treatment

The in situ footprinting reaction is done in four stages: localization and
excision of the areas on the NC sheet corresponding to protein-bound probe,
partial digestion of the individual strip-associated and control (free in solution)
DNAs with DNase I, extraction of the protein-bound DNA from the strip-
immobilized protein–DNA complex, and analysis of the free and complexed
DNA digestion products on a DNA sequencing gel.

1. Following autoradiography, align the NC sheet with the autoradiogram (see
Note 8), mark the precise position of radioactive signal(s) with a sharp-tip pencil
(this will permit determination of the relative molecular weight of the detected
DNA-binding factor[s]), and cut the strip(s) corresponding to radioactive
signal(s) with a clean, sharp razor blade.

2. Using forceps, uncover the strip from the cling film and immediately transfer it
into a siliconized 0.5-mL Eppendorf tube containing 200 µL of SW binding/wash-
ing buffer.

3. Allow the strip to equilibrate for 15 min on ice. Meanwhile, thaw an aliquot of
the 2.5-mg/mL DNase I stock solution.

4. Bring the tube to room temperature, place it in a scintillation vial, and determine
cpm of the probe retained on the strip by Cerenkov counting.

5. Transfer an equal amount of radioactivity of free probe to a separate, siliconized
0.5-mL Eppendorf tube containing 200 µL of SW binding/washing buffer, and
subject it to the same manipulation as its membrane-associated counterpart (step 3).

6. Prepare an appropriate dilution of DNase I in ice-cold distilled, deionized water.
Mix thoroughly by inversion and gentle vortexing.

7. Add to both samples 200 µL of DNase I reaction buffer and mix by flicking. Let
the tubes stand for 1 min at room temperature. It is not necessary to close the caps
on the tubes until addition of the DNase stop solutions (step 10).

8. Add dilute DNase I to a final concentration of 25 ng/mL and quickly distribute by
flicking. It is helpful—especially when footprinting several strips—to have all
necessary items (pipetmen, buffers, timer, DNase I) in close proximity. The
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smoother this procedure goes, the better (and more reproducible!) the footprint(s)
will be.

9. Incubate for 1 min at room temperature (see Note 9). As with solution footprinting
protocols, the exposure time for the free-DNA control reaction can be titrated to
achieve the cutting intensity profile of the membrane-bound form. Nevertheless,
we have found (employing probes of various lengths) that the above combination
of digestion time and DNase I concentration generates sufficient cleavage for a
good signal-to-noise ratio.

10. Following treatment, remove the strip (with forceps) from the tube and rapidly
immerse it in 500 µL of ice-cold DNase-STOP solution A. Leave on ice for 2 min
(do not vortex!). Terminate the control reaction (free probe) by adding 200 µL of
ice-cold DNase-STOP solution B; vortex thoroughly, spin briefly, transfer into a
siliconized 1.5-mL Eppendorf tube, and proceed directly to step 15.

11. Place the strip (using forceps) in a siliconized 0.5-mL Eppendorf tube containing
200 µL of probe elution buffer. Spin briefly in a microcentrifuge to submerge the
entire strip.

12. Incubate the tube on a vortexing shaker at 37°C for 2 h.
13. Add 100 µL of distilled, deionized water and vortex the tube vigorously (2 min).
14. Microcentrifuge for 2 min to pellet the NC strip, and transfer the supernatant into

a siliconized 1.5-mL Eppendorf tube. A Geiger counter can be used to monitor
efficient recovery of radioactivity; typically, >90% of the membrane-bound probe
is released by this process.

15. Extract once with phenol/chloroform/isoamyl alcohol (25:24:1; v/v) and once
with chloroform/isoamyl alcohol (24:1; v/v). In both cases, mix by vortexing (for
10 s) and spin for 5 min.

16. Transfer the aqueous (top) layer to a fresh siliconized 1.5-mL Eppendorf tube.
Precipitate the DNA with cold (–20°C) ethanol in the presence of 10 mM
MgCl2 (added from the 0.5 M stock solution; MgCl2 aids in the recovery of
small DNA fragments) and 10 µg carrier glycogen; mix by inversion, spin at
12,000g for 15 min.

17. Remove and discard the supernatant with a drawn-out Pasteur pipet, being care-
ful not to aspirate the DNA (the bottom of the tube can be held to a Geiger counter
to check that the DNA pellet remains). Add 800 µL of ice-cold 80% ethanol and
rinse the pellet by gently rolling the microcentrifuge tube. Respin for 3 min.

18. Remove and discard the supernatant using a drawn-out Pasteur pipet, taking
extreme care not to disturb the tiny, whitish pellet or the area of the tube where
the pellet should be located (the DNA pellet frequently adheres only loosely to
the walls of the tube). Dry the pellet in a SpeedVac rotary concentrator. Do not
allow the drying procedure to continue past the point of dryness because the
sample may be difficult to resuspend.

19. Dissolve the pellet in 6–8 µL of formamide loading buffer; pipet the loading
buffer onto the upper, inside surface of tube and tap the tube to drop the droplet
onto the DNA pellet. Vortex briefly at high speed for approx 15 s and micro-
centrifuge for 30 s to collect all of the solution to the bottom of the tube.
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20. Transfer to fresh siliconized 1.5-mL Eppendorf tubes and determine the total
radioactivity recovered by Cerenkov counting each sample for 1 min in a scintil-
lation counter.

21. Heat samples to 95°C for 3 min to denature DNA and immediately chill in wet ice.
22. Spin briefly to bring the liquid to the bottom of the tubes. Samples can be electro-

phoresed immediately or stored at –70°C for no more than 24 h after footprinting.
23. Load 1500–2000 cpm of each DNA digestion product (adjust volumes accord-

ingly if necessary; it is essential that a consistent volume of sample be loaded on
each lane) onto a pre-electrophoresed, 5–10% denaturing urea (sequencing) gel
(see Notes 9b and 10a). Electrophorese in 1X TBE buffer at 60–70 W constant
power (for a 34 × 40 cm, 0.4-mm-thick gel) until the marker dye fronts have
migrated the appropriate distance in order to visualize the DNA region of interest
(11). To determine the location of the transcription factor-binding site(s), the
DNase I digests are electrophoresed alongside a Maxam–Gilbert G + A sequenc-
ing ladder prepared from the end-labeled footprint probe (14). See Chapter 7 for
a fast protocol for preparing such a ladder.

24. Disassemble gel apparatus, carefully lift off one glass plate and soak the gel (still
on the second glass plate) in fixing solution for 15 min (see Note 10b).

25. Drain briefly, overlay the gel with two sheets of 3MM paper, and carefully peel it
off the glass plate. Cover the gel surface with plastic wrap and dry under vacuum
at 80°C for approx 1 h.

26. Expose the dry gel to X-ray film overnight at –70°C with an intensifying screen
(a piece of paper placed between the gel and the film will prevent spurious expo-
sure of the film resulting from static electricity). Several different exposures may
be required to obtain suitable band densities.

27. Compare lanes corresponding to free and protein-bound DNAs to identify the
region(s) of protection; the region(s) of the DNA fragment that is bound by the
factor appears as a blank stretch (footprint) in the otherwise continuous back-
ground of digestion products.

4. Notes
1. The diversity of properties characteristic of DNA-binding transcription factors

imposes an empirical determination of the conditions under which the sample(s)
is prepared for SDS-PAGE. In some cases, the reducing agent (2-mercapto-
ethanol) should be omitted from the sample buffer and, in others, the SDS con-
centration should be lowered to 0.5%. Furthermore, some DNA-binding proteins
may not withstand the sample boiling before loading on the gel.

2. The presence of methanol in the Western transfer buffer may cause a problem
during the electrophoretic transfer of some bulky DNA-binding proteins (gel
shrinkage reduces pore size).

3. a. The commercially available nonfat dried milk preparations from various sup-
pliers contain large amounts of protein kinase/phosphatase activities; these
activities can potentially interfere with binding of the DNA probe to transcrip-
tion factors whose DNA-binding capacity is known, or suspected, to be subject to
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regulation by inducible phosphorylation/dephosphorylation events. If this is the
case, substitute nonfat dried milk in the SW blocking/renaturation buffer for
the recommended grade of lipid-free BSA; this particular grade contains only
trace amounts of the aforementioned activities and should be preferred as block-
ing agent (15,16). Moreover, the use of lipid-free BSA results in an even back-
ground throughout and enhances the specific signal-to-noise ratio in the
DNA-probing step (17).
b. By manipulating the conditions for renaturation of the membrane-immobilized
proteins (e.g., by incorporating a cycle of protein denaturation and renaturation
[16]), the method may be extended to the analysis of proteins resolved in two-
dimensional gels (18). This offers a powerful and convenient means for studying
cell cycle/type/stimulus-dependent DNA–transcription factor interactions and
their regulatory roles in gene activity.

4. a. Inclusion of poly(vinyl alcohol) (a molecular crowding agent [volume
excluder]) in the buffer decreases the amount of small ions/water available for
hydration of any probe dissociated from the immobilized protein matrix and ren-
ders the aqueous environment unfavorable for the unbound DNA. Consequently,
the effective concentration of the probe is increased and interactions with low
binding constants are stabilized.
b. It may be important in some cases to supplement this buffer with ZnSO4
(Aldrich, Milwaukee, WI; final concentration 10 µM) if the transcription factor(s)
under study is known, or suspected, to contain a zinc-finger domain(s).

5. a. The DNA chosen for probing the protein blot can be a cis-acting regulatory (pro-
moter/enhancer) DNA restriction fragment in the size range of 125–250 bp, with the
putative transcription-factor-binding sites located no less than 20–25 bp from the
labeled end. This is to ensure that the region of DNA to be investigated for the pres-
ence of footprints is capable of being accurately resolved on a sequencing gel.
b. A prerequisite for the subsequent DNase I footprinting analysis is the use of a
DNA probe that has been labeled on only one strand of the DNA duplex. The
labeling of only one strand of a promoter/enhancer restriction fragment can be
achieved in a number of ways, such as using T4 polynucleotide kinase and [γ-32P]
ATP (5'-end labeling), the large (Klenow) fragment of E. coli DNA polymerase I
and [α-32P] dNTPs (3'-end labeling [“filling in”]), or the polymerase chain reac-
tion (PCR) amplification (19). Preparation of radiolabeled DNA employing any
of these methodologies requires about 8 h. A combination of 5' and 3' end-labeled
DNA probes allows both strands to be analyzed side by side from the same end of
the DNA duplex.
c. For optimal sensitivity in the SW procedure, the probe should be of as high a
specific activity as possible and highly purified. The latter can be assured by
using a nucleic acid-specific, ion-exchange column, such as the Elutip™-d
(Schleicher & Schuell) or the NACS prepac cartridge (BRL, Gaithersburg, MD)
(11). It is recommended not to store the pure, labeled DNA probe longer than
2–4 d, because the radiation creates nicks in the DNA that will appear as addi-
tional bands in the sequencing gel.
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6. Synthetic alternate copolymers, such as poly[dI–dC] · poly[dI–dC] or poly[dA–
dT] · poly[dA–dT] (Boehringer or Pharmacia), at similar final concentrations
may be more suitable competitors for some DNA-binding transcription factors.

7. Longer washing times at room temperature are detrimental resulting in dissocia-
tion of the bound probe, but longer washing times with cold (4°C) SW binding/
washing buffer can reduce background without significant signal loss. To reduce
possible low-specificity DNA–protein complexes, the final wash can be per-
formed in cold SW binding/washing buffer with higher salt concentration (i.e.,
100–200 mM KCl).

8. If prestained nonradioactive protein MW standards have been used, the edges of
the plastic wrap should be marked with pieces of tape labeled with radioactive
(or fluorescent) ink (let the ink dots dry completely before exposing to X-ray
film!). These marks allow the autoradiogram to be aligned with the protein size
markers on the NC sheet (Subheading 3.2., step 1), facilitating calculations on
the relative molecular weight of the specific DNA-bound protein species
(obtained radioactive signal[s]). If [14C]-methylated protein MW markers have
been used, their position will be apparent on the X-ray film without the need to
use the radioactive (or fluorescent) ink procedure.

9. a. Although longer digestion times do not enhance background cutting
(uncomplexed DNA is minimized), they may lead to substantial deviations from
the required “single-hit kinetics” (i.e., on average, each DNA molecule is nicked
at most once; this corresponds to nicking approx 30–50% of the DNA molecules).
b. Intense bands due to uncleaved, full-length probe should be visible at the top
of each lane in the DNA sequencing gel. This aids in determining whether single-
hit kinetics are operative and whether equal amounts of total radioactivity are
loaded in each lane.

10. a. If the DNA probe is relatively long (i.e., >175 bp) and multiple transcription-fac-
tor-binding sites are to be resolved, a gradient or wedge sequencing gel can be used.
b. Wedge-shaped gels must be soaked in fixing solution, followed by 5% glyc-
erol for 10 min prior to drying.
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Diffusible Singlet Oxygen
as a Probe of DNA Deformation

Malcolm Buckle and Andrew A. Travers

1. Introduction
The DNA double helix is highly malleable and, when constrained, either as

a small circle or by the action of a protein, can be readily distorted from its
energetically favored conformation. Such distortions may be relatively
moderate, as exemplified by smooth bending (which maintains base stacking),
or more extreme when this stacking can be disrupted. Deformations of this
latter type include kinks, where the direction of the double helical axis is
changed abruptly at a single-base step, and localized strand separation, which
may be a direct consequence of protein-induced unwinding or of high negative
superhelicity in free DNA. Both kinks and localized unwinding can arise
transiently during the enzymatic manipulation of DNA by recombinases and
by protein complexes involved in the establishment of unwound regions during
the initiation of transcription or of DNA replication.

The detection of localized lesions in the DNA double helix requires that the
bases at the site of the lesion be accessible to a chemical reagent only when the
DNA is distorted. Further, because protein-induced distortions are not neces-
sarily sequence dependent, it is desirable that any reagent used for detection
possesses minimal selectivity with respect to the base. Additionally the reagent
itself should ideally be noninvasive; that is, it should not form a stable
noncovalent complex with DNA and thereby possess the potential to perturb
the local conformation of the double helix. Other highly desirable attributes for
reagents used for this purpose is that they should possess short half-lives and
can be generated on demand in situ. These latter characteristics permit the study
and detection of transient intermediates in the processes leading to the
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establishment of complexes competent to initiate replication or transcription
or to catalyze recombination.

Chemical reagents so far described that specifically target bases in DNA
that is locally deformed include dimethyl sulfate, diethyl pyrocarbonate,
osmium tetroxide (1), and potassium permanganate (2) (see Chapters 6, 9, and
14). However all of these reagents react selectively with specific bases and are
also relatively long-lived. Another reagent used extensively for the detection
of locally unwound regions of DNA is copper-o-phenanthroline (3) (see Chap-
ter 7). This compound is a minor-groove ligand, which cleaves the sugar–phos-
phate backbone as a consequence of free-radical attack on a deoxyribose
residue close to the site of binding.

One reagent that lacks these shortcomings is oxygen in the singlet state, of
which there are two forms with energies of 155 and 92 kJ, respectively. The
latter state has a much longer lifetime and can oxidize a variety of unsaturated
organic substrates. Typically such a reaction may involve a Diels–Alder-like
addition to a 1,3-diene. This highly reactive form of oxygen can be generated
by the photochemical excitation of appropriate heterocyclic ring systems that
can then promote the conversion of dissolved oxygen in the triplet state to a
singlet form. In solution, the singlet state generated in this way has a half-life
of approximately 4 ms and can react with accessible DNA bases to form an
adduct across a double bond. Once formed, such an adduct sensitizes the sugar–
phosphate backbone to alkaline hydrolysis by piperidine, thus permitting the
identification of the site of modification (4).

1.1. The Reaction of Singlet Oxygen with DNA

The use of singlet oxygen as a reagent for analyzing DNA structure has been
pioneered by the groups of Hélène and Austin, who have introduced two gen-
eral methods of targeting the DNA. In the first case, a DNA ligand is used as a
sensitizer for singlet-oxygen production in a manner analogous to the use of
copper-o-phenanthroline for the generation of free radicals. Such ligands
include methylene blue, which intercalates at sites where the DNA is relatively
unwound (4) and also a porphyrin ring covalently linked to a defined DNA
sequence designed to target a selected region of double helix (5). In these
examples photochemical excitation produces singlet oxygen at the site of the
bound ligand and reaction is confined to the immediate proximity of the ligand.
A second approach is to use singlet oxygen as a freely diffusible reagent. This
use is similar in principle to that of a hydroxyl radical produced by the Fenton
reaction (6). In such experiments the singlet oxygen is generated by the irradia-
tion of a complex of eosin with Tris (Fig. 1) and is then free to diffuse. The
eosin is irreversibly oxidized in the course of this reaction. Because, however,
the half-life of the singlet oxygen is very short, the concentration of the eosin–
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Tris complex must be sufficiently high to ensure that singlet oxygen can access
potentially reactive sites in the DNA before its reversion to the triplet state.

As with any chemical reagent reacting with a set of chemically distinct tar-
gets, the rate of reaction of singlet oxygen with the different bases varies.
Notably, guanine as the free base reacts up to 100-fold more rapidly than the
other nucleic acid bases. However, the rate of reaction of diffusible singlet
oxygen with duplex DNA appears not to be primarily determined by the
nature of the bases at the target site but rather by their accessibility. In nor-
mal B-form DNA, the bases are generally tightly stacked so as to preclude the
entry, and hence the reaction, of the reagent between the base pairs. In the
structures of DNA oligomers, it is unusual for the average planes of adjacent
base pairs to be separated by a roll angle of greater than 10°. This tight struc-
ture is reflected in the relative lack of reactivity of DNA in solution toward
singlet oxygen. By contrast, when bound by protein, the DNA can be locally
unwound (7) or can be kinked so that adjacent base-pairs planes can be inclined
by up to 43° relative to each other (8). This deformation of the DNA structure
by bound protein would, in principle, be expected to increase the accessibility
to singlet oxygen as has been observed both for core nucleosome particles
associated with DNA of mixed sequence (4) and for the ternary complex of
RNA polymerase and catabolite regulatory protein (CRP) with the lac regula-

Fig. 1. Reaction cascade for the modification of DNA by singlet oxygen.
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tory region (9). In the latter case, which is the only example for which
information is so far available, reaction is observed with all four DNA
bases, although there are insufficient sites documented to preclude some
base selectivity of the reagent. If the local structure of the DNA is the princi-
pal determinant of reactivity, the reagent should be able to access the bases
through both the major and minor grooves, as is indeed observed (9). How-
ever, the precise range of DNA structures available for reaction with singlet
oxygen remains to be established, as does the possible influence of bound pro-
tein on sensitizing or quenching the reactivity of the bases.

A major advantage of a photoactivated reaction is the ability to produce the
reactive species under highly controlled conditions. Both porphyrins and
methylene blue can be activated by a continuous laser beam. However, eosin
absorbs maximally at 523.2 nm, a wavelength that is close to the 532-nm out-
put from a neodymium–YAG laser. This fortuitous proximity is of particular
utility, as it permits the production of singlet oxygen either from an effectively
continuous output or from a discrete number of pulses, each of approximately
7 ns duration. This method of activation utilizes the high-energy output of the
Nd–YAG laser and also allows the kinetics of the protein-induced structural
alterations in DNA to be followed with high precision. It should be noted that
because the half-life of singlet oxygen in solution is only 4 ms (10), the time
available for reaction with the DNA is essentially limited by the time of irra-
diation. This short half-life also means that it is unnecessary to terminate any
reaction by the addition of a quenching reagent.

2. Materials
1. A neodymium–yttrium–aluminium garnet (Nd-YAG) laser (Spectra-Physics

DCR-11) set up as illustrated in Fig. 2 is used to generate a beam of polarized
coherent light at a wavelength of 1064 nm. A doubling crystal correctly aligned
in the beam path produces a mixture of light at 1064 and 532 nm. A dichroic
mirror arranged so that the 532-nm beam is deflected down onto a thermostatted
Eppendorf tube containing 20 µL of the sample to be irradiated subsequently
separates this mixture. Alternatively, if the volume of the irradiated solution is
small, the different wavelengths can be separated by an appropriate arrangement
of prisms and the 532-nM beam directed into an Eppendorf tube held horizon-
tally in a metal block maintained at the required temperature. It is essential to
obtain an adequate separation of these two wavelengths because even a relatively
low proportion of the primary emission at 1064 nm could result in a rapid heating
of the sample. The DCR-11 functions at a frequency of 10 Hz each pulse of about
7 ns duration delivering 160 mJ of energy. Other NdYAG lasers are obtainable
that can deliver up to twice this energy per pulse.

2. Eosin isothiocyanate is obtained from Molecular Probes.
3. 10 mM Tris-HCl, pH 7.9.
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4. DNA fragment containing the protein-binding site. The fragment should be
labeled at one end with 32P using, for example, end filling with either the Klenow
fragment of DNA polymerase or reverse transcriptase (11). The concentration of
the stock solution of fragment is typically in the region of 100 µg/mL.

5. An appropriate buffer that is suitable for the protein–DNA complexes is under
investigation. Avoid the use of reducing agents.

6. Bovine serum albumin: stock solution 10 mg/mL.
7. Phenol: equilibrated with an equal volume of 0.1 M Tris-HCl, pH 8.0.
8. Absolute ethanol.
9. Piperidine: 0.1 M piperidine is prepared by dilution of redistilled piperidine (10.1 M).

10. 10X TBE: 108 g Tris base, 55 g boric acid, and 40 mL of 0.5 M EDTA (pH 8.0)
in 1:1 solution.

11. Polyacrylamide gel: For a 200 bp DNA fragment, a 40 × 20 × 0.04-cm 8% dena-
turing polyacrylamide gel is used. The gel is prepared by mixing 10 mL of 40%

Fig. 2. Use of a Nd-YAG laser for irradiation of a 20-µL reaction mixture.
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acrylamide solution (380 g DNA-sequencing grade acrylamide, 20 g N,N'-
methylenebisacrylamide in 1:1 solution), 5 mL 10X TBE, 23 g urea, deionized
water to 50 mL. When the urea is fully dissolved, add 100 µL of 10% ammonium
persulfate and mix with rapid stirring, Then, add 60 µL TEMED (N,N,N'N'-
tetramethylethylene diamine) and mix rapidly. Pour the gel solution between the
sealed gel plates and insert a comb with 0.25-cm teeth into the gel solution. Allow
to set, remove comb, and clean slots with gel buffer using a Hamilton syringe.

12. Gel running buffer, 1X TBE: 90 mM Tris, 90 mM borate, pH 8.3, and 10 mM
ethylenediaminetetracetate (EDTA) pH 8.0 made by dilution of 10X TBE.

13. Gel loading buffer: 95% formamide, 10 mM ethylenediaminetetracetate (pH 8.0),
1 mg/mL xylene cyanol FF, and 1 mg/mL bromophenol blue.

14. X-ray film.
15. 10 mM dithiothreitol (DTT).

3. Methods
3.1. Preparation of Eosin–Tris Complex

1. A 10 mM stock solution of this complex is formed by incubating 10 mM eosin
isothiocyanate in 10 mM Tris-HCl, pH 7.9 for 2 h at 37°C, taking care to avoid
exposure to light. The eosin isocyanate is diluted from a freshly prepared 100 mM
stock solution.

2. The concentration of eosin is estimated from the absorption of the solution at 525 nm
(ε523.2 = 25.6 for a 1 M solution) and adjusted by the addition of the appropriate
volume of double-distilled water.

3.2. Formation of Nucleoprotein Complexes

1. The first step in the detection of protein-induced deformation of DNA is the for-
mation of a nucleoprotein complex. For example, RNA polymerase (100 nM)
and end-labeled fragments of DNA containing the lac UV5 promoter (4 nM) are
mixed in a buffer containing 100 mM KCl, 10 mM MgCl2, 20 mM HEPES
(pH 8.4), 3% glycerol, and 100 µg/mL bovine serum albumin in a total volume
of 20 µL (9).

2. This mixture is then incubated for 30 min at 37°C.

3.3. Irradiation of the Nucleoprotein Complex

1. Once the nucleoprotein complex has been formed a fresh stock of the eosin–Tris
complex is added at an appropriate concentration to 20 µL of the target solution
in a small Eppendorf tube. Typically, a final concentration of 50 mM is used (see
Note 1).

2. Immediately after the addition of the eosin–Tris complex the whole mixture is
irradiated for 20 s at 10 Hz. This corresponds to a total energy dose of 115 J/cm2

(see Note 2). Successful activation of the eosin–Tris complex is apparent by a
detectable change in the color of the solution consequent upon a shift in the
absorption maximum from 523 to 514 nm on oxidation.
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3. Although the half-life of singlet oxygen is sufficiently short to obviate the need
to remove excess reagent, it is advisable to add a quenching agent such as
dithiothreitol immediately on cessation of irradiation to minimize any secondary
radical reactions. Typically, 1 µL of 10 mM dithiothreitol is added to the irradi-
ated solution.

3.4. Detection of Sites of Reaction with Singlet Oxygen

1. After irradiation and quenching, 30 µL double-distilled water is added to each sample.
2. Fifty microliters of a phenol freshly prepared by equilibration of melted phenol

with an equal volume of 0.1 M Tris-HCl is then added.
3. After mixing with a vortex mixer, the samples are centrifuged for 1 min in a

bench-top microcentrifuge at 5000g to separate the aqueous and organic layers.
4. The upper aqueous layer is removed with an automatic pipet to a clean Eppendorf tube.
5. Three to four volumes of ethanol at 0°C are then added and the samples placed in

a dry ice/ethanol bath for 1 h.
6. Centrifuge the samples for 15 min at 5000g in a bench-top centrifuge.
7. Remove the ethanol using an automatic pipet.
8. Dry the samples in a centrifugal evaporator.
9. Resuspend in 100 µL of freshly prepared piperidine solution.

10. Heat at 90°C for 30 min (see Note 6).
11. Sites of cleavage are determined by separation on polyacrylamide gels (typically

40 cm, run at 60 W constant power until the xylene cyanol FF marker has
migrated 23 cm into gel) followed by autoradiography (typically 2–24 h expo-
sure depending on the specific activity of the labeled DNA fragment). A typical
result is shown in Fig. 3. Cleavage at a particular site results in the generation of
a band of defined length. Standard Maxam and Gilbert sequencing reactions (12)
can be performed and loaded on the same gel to identify the cleavage sites.

4. Notes
1. Because the half-life of singlet oxygen is short, the average path length for diffu-

sion is also short. Consequently, to ensure an adequate rate of reaction, the eosin–
Tris concentration must be sufficiently high to ensure that all potential targets in
the DNA are accessible to the reactive entity.

2. Although the energy dose used during irradiation may appear to be substantial, it
should be borne in mind that even with a high-intensity laser, each pulse delivers
only 160 mJ and consequently, full saturation of the system requires a consider-
able pulse repetition rate.

3. For optimum reactivity, it is essential that radical scavengers such as mercapto–
groups should, as far as possible, be rigorously excluded from the reaction mix-
ture, as they would effectively prevent any singlet oxygen from arriving at its
target site. For the same reasons, the concentrations of alcohols such as glycerol
should be kept as low as possible.

4. Ideally, protein–DNA complexes should be insensitive to the presence of the
nonirradiated eosin–Tris complex. However, it has been observed that the half-
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Fig. 3. Reaction of singlet oxygen with a binary complex of E. coli RNA poly-
merase with the lac UV5 promoter. The figure shows an autoradiograph of the pattern
of reactivity on the transcribed strand in the presence and absence of RNA polymerase.
Note that the bands visible in the DNA only lane result from piperidine cleavage at
(Py)3 sequences and their occurrence is independent of both irradiation and the pres-
ence of eosin–Tris.
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life of certain complexes, in particular the binary CAP–DNA and RNA poly-
merase–DNA complexes, is reduced by approximately an order of magnitude
with the sensitizer present (9). For stable complexes in which the protein has a
long residence time this effect does not significantly interfere with the detection
of DNA deformations because the time of irradiation is short relative to the sta-
bility of the complex. At this time, it is unclear whether this effect is general or is
restricted to particular complexes. Nevertheless, it is essential to determine the
stability of complexes under study under the precise conditions corresponding to
those prevailing during irradiation. The method of choice is gel retardation (elec-
trophoretic mobility shift assay).

5. The short time of irradiation allows the use of the singlet-oxygen reaction in
kinetic studies. Here again, to prevent any perturbation of an enzymatic manipu-
lation of DNA, it would be necessary to add the eosin–Tris complex immediately
prior to irradiation after the reaction under study had proceeded for the required
time. For this purpose, a rapid-mixing device would be necessary.

6. To obtain sharp bands on polyacrylamide gels, it is advisable for the samples to
be transferred to clean Eppendorf tubes immediately prior to the evaporation of
piperidine. Removal of piperidine in a centrifugal evaporator should also be car-
ried out as rapidly as possible, and any form of heating should be avoided, as this
increases the nonspecific background cleavage of DNA by piperidine.
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Ultraviolet-Laser Footprinting

Johannes Geiselmann and Frederic Boccard

1. Introduction
1.1. Measurement of DNA–Protein Interactions In Vitro

A large number of processes within the cell, in particular the regulation of
gene expression, rely on the binding of proteins to specific sites on the DNA. A
primary ingredient to understanding these processes is the characterization of
the protein–DNA interaction (1). Such a characterization consists in determin-
ing the position of the binding site on the DNA and measuring the affinity of
the protein for this recognition site. A wide variety of footprinting techniques
can accomplish this task (2,3).

1.2. Footprinting Techniques

These techniques involve the reaction of a footprinting reagent (in the larg-
est sense) with DNA and the subsequent localization and quantification of the
resultant DNA modification. Commonly used footprinting reagents include
DNase I, KMnO4, or dimethylsulfate (DMS) (2,3); see Chapters 3–14. Most of
these methods require extended incubation times of the reagent with the DNA–
protein complex, which may lead to artifacts if the footprinting reagent modi-
fies the complex. For example, DMS may react with the protein; DNase I
relaxes a supercoiled plasmid, which may destabilize the DNA–protein com-
plex under investigation. UV-laser footprinting eliminates several of these
disadvantages, but also creates others (see Subheading 1.4.).

1.3. Principle of UV-Laser Footprinting

The principle of ultraviolet (UV)-laser footprinting is schematized in Fig. 1.
The sample containing the nucleoprotein complex is irradiated with a short
(less than 10 ns) pulse of UV-laser light. An identical sample, but lacking the
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protein, is treated in parallel in the same way. The conditions are adjusted such
that the number of photons delivered onto the sample exceeds the number of
absorbing molecules. The nucleic acid bases are excited and undergo photo-
reactions, the nature of which depend exquisitely on the local environment of
the bases. The possible reactions include intrastrand reactions of consecutive
bases (the formation of thymine dimers is the most prominent such reaction),
interstrand reactions (although their quantum efficiency is too low to contrib-

Fig. 1. The principle of UV-laser footprinting. The double-stranded DNA is repre-
sented by the double line, and the protein by the ellipse. (1) A sample of DNA alone,
or the DNA–protein complex is irradiated with one pulse of UV-laser light. The bases
can undergo intramolecular photoreactions, react with the solvent (symbolized by the
circle), or form a crosslink with the bound protein (symbolized by the line connecting
DNA and protein). Only the reactions of the top strand are shown in the figure. (2) The
samples are denatured, a radioactively labeled primer (line with diamond) is annealed
to one stand of the DNA (the top strand) and extended using a DNA polymerase (dot-
ted line). The primer extension stops at damaged bases or at the end of the fragment.
(3) The primer extension products are analyzed on a sequencing gel, along with a
dideoxy-sequencing reaction using the same primer. The location of the photoreac-
tions are marked with an arrow, the crosslink and the runoff are indicated.
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ute to footprinting signals), reactions with solvent molecules (e.g., with H2O),
and crosslinks with the protein (4–8).

In general, it is not possible, but neither is it necessary, to determine the
nature of the photoreaction at a particular base. Because the photoreactions are
highly sensitive to the local environment of the DNA, binding of a protein
changes this environment and thus produces a footprint (i.e., a difference
between the DNA photoreactivity in the absence and presence of the protein).
In the example of Fig. 1, the photoreaction at the left extremity of the DNA
fragment remains constant because the protein does not change the local envi-
ronment of this base. However, the presence of the protein prevents a photo-
reaction toward the right end of the fragment (perhaps by excluding water from
the vicinity of the base) and favors a new photoreaction with an amino acid
side chain, resulting in a covalent bond, a crosslink, between the protein and
the DNA. All such reactions modify the nucleotide base and, hence, impede
the progression of DNA polymerase during subsequent replication of the dam-
aged DNA strand. Arrest of the polymerase is detected in a primer extension
reaction by the appearance of shortened replication products, which then serve
to localize the modified base.

1.4. Advantages and Disadvantages of UV-Laser Footprinting

Ultraviolet-laser footprinting circumvents many potential artifacts of more
classical techniques by trapping the complex under investigation at the time of
irradiation. The signal is acquired very rapidly (on the order of microseconds)
(i.e., faster than typical rearrangements of a DNA–protein complex [on the
order of milliseconds]), and the footprint thereby freezes the initial state of the
complex (9). Laser light, as opposed to ordinary UV light, is needed in order to
limit the “incubation time” to several ns while providing a sufficient number of
photons to excite all nucleotide bases of the sample. The rapidity of signal
acquisition allows one to obtain kinetic structural signals by irradiating a com-
plex at different times after mixing the components. The technique has the
further advantage that it can be transposed to in vivo experiments in a straight-
forward manner because UV light readily penetrates bacterial cells. However,
because of the limited sample size of in vivo experiments, the present version
of the technique is only suitable for studying DNA–protein interactions in bac-
teria when using a binding site carried on a multicopy plasmid.

Using the UV-laser technology, it is possible to follow the kinetics of the
assembly of DNA–protein complexes. This technique can be used to determine
the order in which protein–DNA contacts are established in a multiprotein–DNA
complex. Proteins and DNA are mixed at time zero and the sample is irradiated
at a specific time interval after mixing (10). Modern mixing techniques allow a
time resolution on the order of a several milliseconds (11).
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The main disadvantage of UV-laser footprinting is the unpredictability of
the footprinting signal. It should be noted that the footprint is not the result of
the protein shielding the DNA from the UV irradiation. The presence of the
protein merely changes the probability of certain photoreactions by excluding
solvent, changing the conformation of the DNA, or juxtaposing a reactive
amino acid and a particular base. A structural interpretation of the footprinting
signal is therefore, in general, not possible. A more practical limitation of the
technique is the need for a relatively expensive laser.

We describe the experiment for the particular case of the binding of an
Escherichia coli protein, the integration host factor (IHF), to one of its specific
binding sites, the yjbE site (12), in vitro and in vivo. IHF is a small,
heterodimeric protein (molecular weight [MW] of the dimer is approx 19 kDa)
that binds to specific sites on the DNA (for a review, see ref. 13). Upon bind-
ing to DNA IHF bends the DNA by about 180º (14). This DNA bending gives
rise to a very strong UV-laser footprinting signal, probably because two con-
secutive pyrimidines are brought into optimal alignment for the formation of a
pyrimidine dimer (15). Variations of this basic protocol, applicable to the study
of any DNA–protein interaction, are described in Subheading 4.

2. Materials
1. Ultraviolet-laser: The most commonly used lasers are YAG lasers, e.g., the Spec-

tra-Physics Quanta-Ray GCR series lasers, which emit infrared light of 1064 nm.
Two consecutive passes through a frequency-doubling crystal yields high-inten-
sity light of 266 nm, which is sufficiently close to the absorption maximum of
nucleic acid bases. Frequency doublers are a standard add-on for virtually all
commercially available YAG lasers. The laser power should be between 30 and
50 mJ per pulse at 266 nm and a pulse duration of 5 ns is standard. The energy of
one 30-mJ pulse represents about 4 × 1016 photons (i.e., 67 nmol photons).

2. Power meter to measure the energy of the laser beam.
3.  Thermostated water bath.
4. Spectrophotometer.
5. Water pump and 0.45-µM filter device for washing E. coli cells.
6. Phosphoimager: A phospho-storage device is ideal for quantifying sequencing

gels. The most commonly used instruments are sold by Molecular Dynamics,
Fuji, or by Bio-Rad.

7. IHF binding buffer: 50 mM Tris-HCl, pH 7.5, 70 mM KCl, 7 mM MgCl2, 3 mM
CaCl2, 1 mM EDTA, 10% glycerol, 200 mg/mL bovine serum albumin (BSA),
and 1 mM β-mercaptoethanol.

8. IHF: working stock solution at 3–5 µM in 50 mM Tris-HCl, pH 7.4, 800 mM KCl,
40 mM K-phosphate, 2 mg/mL BSA, and 10% glycerol.

9. Plasmid pBluescriptII (Strategene) containing the IHF binding site cloned into
the multicloning site (MCS). Stock solution in water at 100 nM.
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10. Primer extension reaction. Annealing buffer: 1 M Tris-HCl, pH 7.6, 100 mM
MgCl2, and 160 mM dithiothreitol (DTT). Elongation mix for 2 µL: 2 U of T7
DNA polymerase in 2.4 mM of each deoxyribonucleotide, 3 mM Tris-HCl,
pH 7.5, 0.75 mM DTT, 15 mg/mL BSA, and 0.75% glycerol (see Subheading 3.
for the annealing and elongation steps). Stop solution: 95% formamide, 20 mM
EDTA, 0.05% bromophenol blue, and 0.05% xylene cyanol.

11. Sequencing reaction. Enzyme dilution buffer: 20 mM Tris-HCl, pH 7.5, 5 mM DTT,
0.1 mg/mL BSA, and 5% glycerol. Stop solution: 95% formamide, 1 mM EDTA,
0.05% bromophenol blue, 0.05% xylene cyanol.

12. Sequencing gel: Sequencing reactions are analyzed on 40-cm-long denaturing
(7 M urea) 8% polyacrylamide (ratio acrylamide:bis acrylamide 19:1) gels in 90 mM
Tris–borate, and 2 mM EDTA (TBE), and TBE used as running buffer. Gels were
transferred onto Whatman (3MM Chr) paper and dried at 80°C for 40 min in a gel
dryer (Bio-Rad model 583) linked to a vacuum pump.

13. Extraction of plasmid DNA. Solution I: 100 mM Tris-HCl, pH 7.5, 10 mM EDTA,
400 µg/mL RNase I. Solution II: 0.2 N NaOH, and 1% sodium dodecyl sulfate
(SDS) made freshly. Solution III: 3 M potassium, and 5 M acetate solution, made
by adding 11.5 mL of glacial acetic acid and 28.5 mL of H2O to 60 mL of 5 M
potassium acetate.

14. LB and minimal M9 media are used to grow and wash E. coli cells, respectively (16).

3. Methods
3.1. In Vitro UV-Laser Footprinting

1. Arrange the laser beam, using appropriate mirrors, such that it is directed verti-
cally into a water bath.

2. Align, and fix firmly, an Eppendorf holder in the water bath such that the laser
beam enters precisely in the center of an open Eppendorf tube. A piece of black
paper stuck into the bottom of the Eppendorf tube can help align the tube with the
laser beam; the impact of the laser light is very audible and “burns” the site of
impact, whitening the otherwise black paper.

3. Operate the laser in repetition mode (see Note 1) for at least 10 min and adjust the
doubling crystals to obtain a laser power at 266 nm of at least 30 mJ per pulse.
This laser power is measured during the warm-up period with an appropriate
power meter, before the actual footprinting reaction.

4. Incubate IHF at the desired concentration with 5 nM plasmid DNA in 40 µL
binding buffer for 20 min at 25°C (see Note 2). It is best to use a flat-bottomed
Eppendorf tube, but regular 1.5-mL Eppendorf tubes are adequate. The laser beam
generally has a diameter of 5 mm, and for maximal use of the light energy, the
sample should have roughly the same dimensions. Care should be taken to ensure
that all of the sample is irradiated by the laser beam.

5. Place the sample under the laser beam and irradiate with one pulse of UV-laser
light. It is best to operate the laser in repetition mode (i.e., continuously emitting
around 10 pulses per second). Most lasers also have the possibility to emit a
single pulse of light. However, the power of such a pulse is not very well con-
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trolled, because the yield of the doubling crystals is extremely sensitive to
temperature. Continuous emission of laser pulses at a frequency of about 10 Hz
ensures a constant temperature of the crystals and therefore a stable pulse energy.
An electronically controlled shutter is used to obstruct the beam. The shutter
opening is coordinated with the emission of the laser pulses to ensure that only
one pulse of laser light passes for each opening of the shutter.

6. After irradiation, remove the protein from the irradiated DNA by incubating with
50 µg/mL proteinase K for 15 min at 50°C. Extract the samples with half a vol-
ume of a phenol/chloroform solution (made by adding equal volumes of phenol
pH 8 and chloroform), precipitate with 2 vol of ethanol, and resuspend the DNA
in 18.5 µL of H2O.

7. Primer extension (see Note 3): Add 2 µL of a solution of 0.2 µM radiolabeled
primer (5'-[32P] labeled using T4-kinase) to 18.5 mL of DNA. (Increasing the
primer concentration beyond this twofold excess over template will increase the
strength of the primer extension signals only marginally.) Denature the samples
by heating to 100°C for 3 min and chill on ice for 5 min. After the addition of 2.5 µL
of annealing buffer, incubate the samples for 3 min at 50°C (to anneal primer)
and chill again for 5 min on ice. Add 2 µL of the elongation mix (see Note 4) and
incubate the reaction for 10 min at 37°C. The mix is prepared freshly but can be
kept on ice for several hours.

8. Precipitate the DNA by adding 150 µL of ethanol and incubating for 10 min at
–20°C. Centrifuge for 10 min at full speed (about 12,000g) in a microcentrifuge.
Resuspend the DNA in 10 µL of loading dye.

9. Analyze 3 µL by gel electrophoresis on a denaturing 8% polyacrylamide sequenc-
ing gel. After electrophoresis, transfer the gel onto Whatman paper and vacuum
dry at 80°C for 40 min.

10. To determine precisely the location of the footprint, a reference ladder is gener-
ated by sequencing the same plasmid DNA using the same radiolabeled primer
(see Note 5). Denature 15 nM of plasmid DNA in a volume of 8 µL by heating to
100°C for 2 min. Chill on ice for 5 min. Add 1 µL of radiolabeled primer (0.25 µM)
and 1 µL of annealing buffer. Incubate for 3 min at 50°C. Chill annealing reac-
tion on ice for 5 min. Add 2.8 µL of each Deaza G/A T7 Sequencing™ Mixes
(Pharmacia) to four termination reaction tubes and prewarm at 37°C. Dilute 1 µL
of T7 DNA polymerase with 4 µL of enzyme dilution buffer. Add 2 µL of diluted
T7 DNA polymerase to the annealing reaction. Dispense 2.8 µL of annealing
reaction in each of the termination tubes. Incubate for 5 min at 37°C. Add 4 µL of
the stop solution.

11. Expose the dried gel to a phospoimager screen overnight and scan the screen
using the phospho-imager and its associated software (e.g., ImageQuant from
Molecular Dynamics).

12. Deduce a line profile of the different lanes using the Phospho-Imager software.
13. Transfer the data to Microsoft Excel and superimpose the scans on the same graph

in order to visualize and quantify the footprint (see Notes 6–11).
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3.2. In Vivo UV-Laser Footprinting

1. Grow cultures of IHF+ (W3110) and IHF– (W3110 hip) strains (12) transformed
with the plasmid carrying the ihf site in LB medium to the desired OD600 (0.6 or
to saturation).

2. Wash the cells in minimal M9 medium (optically transparent buffer), resuspend
in minimal M9 medium to a final OD600 of 1, and incubate the cells at 37°C (see
Note 12).

3. Irradiate as described above a large number (40–60), of 50-µL cell aliquots (see
Note 13). Freeze the cells immediately after irradiation in a dry-ice bath.

4. Pool the cells and extract plasmid DNA from 2–3 mL of cells using the following
alkaline lysis procedure. Centrifuge the bacteria for 5 min in a tabletop Eppendorf
centrifuge. Resuspend the pellet in 100 µL of solution I and add 100 µL of solu-
tion II. Mix by inversion several times. Add 100 µL of solution III and mix by
inverting the tube several times. Centrifuge the tubes at full speed in a tabletop
Eppendorf centrifuge (>10,000g) for 5 min. Transfer the supernatant to a clean
tube and add 210 µL of isopropanol. Incubate for 5 min at room temperature and
centrifuge the tubes at full speed for 10 min. Wash the pellet with 70% ethanol
and dissolved the DNA in 37 µL of H2O.

5. For primer extension, add 2 µL of a solution of 0.2 µM primer (5'-[32P] labeled)
to 18.5 mL of DNA and process and analyze the samples in the same way as for
the in vitro reactions, steps 7–13 of Subheading 3.1. (see Notes 10 and 11).

4. Notes

1. Laser setup. As mentioned in the Subheading 3. in order to obtain a stable laser
power it is best to operate the laser in repetition mode. If a single-pulse mode is
used the energy of a particular pulse is ill-defined and the absence of a
footprinting signal may simply be the consequence of diminishing laser power.

All lasers provide an electrical signal that allows external equipment to be
coordinated with the laser pulse. To our knowledge, shutters are not commer-
cially available. However, it is an easy task for a good mechanics shop to con-
struct such a shutter. We used a shutter made of a small sheet of blackened Teflon
obstructing a hole of approx 8-mm in diameter through which the laser beam had
to pass in order to reach the sample. Any material can be used, but it should be
kept in mind that the laser will eventually burn a hole into the material and that it
is best to use a black material in order to minimize hazardous reflections of the
laser light. A simple electronic circuit controlled the opening of the shutter by
activating an electomagnet that pulled the Teflon sheet (via an attached piece of
metal) away from the hole. After the light had passed, the current to the magnet
was cut and a spring pulled the sheet back over the hole.

2. The binding buffer described is the standard buffer used for measuring DNA
binding of IHF. Other proteins may require different buffer conditions. The buffer
may be adjusted with certain limitations. The salt concentration should not be too
low in order to avoid nonspecific binding of the protein to DNA. The buffer
should not include a high concentration of reagents that absorb at 266 nm. For
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example, the interaction of the cyclic AMP receptor protein (CRP) with DNA
requires the presence of cAMP in the buffer (17). Keep the concentration of such
nucleotides below 100 µM. As mentioned in Subheading 3., one laser pulse con-
tains the equivalent of about 100 nmol in photons. A typical reaction volume is
50 µL; therefore 100 µM ATP absorbs about 5 nmol of photons. A more physi-
ological concentration of ATP in the millimolar range would dramatically
decrease the yield of the photoreaction.

3. The procedure describes the footprinting reaction for only one strand of DNA.
Evidently, the other strand can be analyzed in the same way using the appropriate
primer. The primers should be chosen such that the region of interest is within
200 nucleotides from the primer. Most photoreactions have a quantum efficiency
below 1%, the formation of thymine dimers reaching several percent. Therefore,
on average, there will be roughly 1 photoreaction per 100 base pairs (bp).
Considering only the 100-bp region downstream of a primer assures single-hit
conditions. If the DNA carries too many photoreactions, the primer extension
will stop at the first defect and the signal of a photoreaction further downstream
will pass undetected.

4. The detection of photoreactions. All DNA polymerases are very sensitive to dam-
aged bases. It is not important to use T7 DNA polymerase in the primer extension
reaction, any other DNA polymerase (e.g., Klenow, Taq) gives equivalent sig-
nals. However, signals obtained with different polymerases may not necessarily
be identical because some may be more sensitive to particular photodamaged
bases than others. Even RNA polymerases can be used if the template harbors an
appropriate promoter. We have successfully used T7 RNA polymerase to tran-
scribe the region of interest from a T7 promoter located on the vector DNA. The
major signal of the IHF footprint remained unchanged, but, instead of a single
band, T7 RNA polymerase generates a doublet of bands (15).

5. To determine the location of termination sites precisely, we generated a refer-
ence DNA ladder consisting of a sequencing reaction of the same DNA region
(see Subheading 3.). In general, it is assumed that the primer extension reaction
of the irradiated DNA stops just before the modified base. For example, if the
sequence of the DNA read on the gel is 5'-GGAC-3' and the primer extension
reaction of the irradiated DNA shows a band at the position of the A in the
sequencing reaction (run in parallel on the gel), then the photoreaction most likely
took place on the following base pair (the C in the above sequence). Because the
primer extension reaction reads the opposite strand, the photoreaction actually
damaged the G marked with an asterisk:

5'-GGAC-3'
3'-CCTG*-5'

6. There are several possible reasons for not detecting a UV-laser footprinting sig-
nal. The most obvious problem is that the protein does not bind to the DNA.
Generally, we verify binding by a gel retardation assay. The second reason may
be that protein binding does not change the photoreactivity of the bases in the
recognition site. This is the case, for example, for CRP, which yields very weak
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signals in UV-laser footprinting despite a strong interaction measured by other
techniques (J. Geiselmann, unpublished results). Because photoreactivity
depends on the sequence, a particular site might not be photosensitive; for
example, the main IHF signal had not been observed for the ssb site, probably
because the sequence of this site does not contain the highly reactive TC pyrimi-
dine doublet (15).

7. A trivial reason for not detecting a photoreaction is that the laser did not hit the
sample. The best control, and a control to include in all laser footprinting reac-
tions, is to analyze the primer extension reaction of DNA alone. Two DNA-alone
samples should always be included: one irradiated sample and an identical sample
that has not been exposed to UV-laser light. The irradiated sample should yield
readily visible bands all along the lane (Fig. 2, lane f), whereas the nonirradiated
sample should show no elongation arrests (Fig. 2, lane e).

8. The irradiated DNA does not give any elongation arrests with T7 DNA poly-
merase. Verify the primer extension mix. Perform a control primer extension
reaction using the nonirradiated plasmid template, but cut about 100 bp down-
stream of the primer with a convenient restriction enzyme. Primer extension using
this template should give a very strong band corresponding to the elongation
reaction reaching the end of the fragment.

9. Artifactual footprinting signals. A contaminated template preparation or a dam-
aged DNA template could be misinterpreted as giving a footprinting signal. It is
very important to verify that the nonirradiated template does not produce any
bands during the primer extension reaction. This is particularly important for in
vivo reactions because the plasmid preparation could partially damage the plas-
mid and lead to artifactual bands (Fig. 2, lanes c and d).

10. Comparing signals obtained under different conditions in vitro, or comparing in
vitro to in vivo signals. The efficiency of sample preparation or of the primer exten-
sion reaction can vary from sample to sample. In order to compare different lanes
we run a small portion (10%) of the primer extension reactions on a sequencing gel
and quantify the lanes using a phosphoimager. We then load the same samples on a
second sequencing gel, but equilibrating the amounts loaded according to the sig-
nal intensities on the first gel. For example, if one of the reactions was only half as
efficient as the other ones, we load two times more of this sample on the second
gel. This readjustment should not be allowed to exceed a factor of 2.

11. Quantifying lanes. Once an intensity equilibrated gel exposure is obtained, we
obtain line profiles of all lanes using the Phospo-Imager software and compare
lanes by superimposing the line profiles in Microsoft Excel. Remaining small
(several percent) differences in the intensities of the lanes should be normalized
by multiplying the scans with a scaling factor between 0.9 and 1.1 that is deter-
mined subjectively by the user in such a way that the global patterns superim-
pose. Lanes containing a high background of nonspecific radioactivity cannot be
quantified with confidence.

12. It is important to keep in vivo samples at the physiological temperature (37°C for
E. coli) to ensure optimal binding.
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Fig. 2. UV-laser footprinting. (A) Primer extension profile of a UV-laser foot-
printing experiment showing the binding of IHF to a specific binding site. The
four lanes on the left, labeled TCGA, are a sequencing reaction using the same
primer as the one used for the primer extension of the UV-laser footprinting reac-
tion (only the T lane is clearly visible on the picture). Increasing amounts of IHF
(0–200 nM, lanes f to l) are incubated with 5 nM plasmid and footprinted in vitro,
as described in Subheading 3. The arrow points to the major footprinting signal.
Lane e is identical to lane f, but the DNA has not been irradiated. The in vivo
reactions are carried out as described in the protocol. Lane a is derived from wt
cells expressing IHF, lane b is a footprinting reaction from a strain lacking IHF.
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The control lanes c and d show that the preparation of the plasmid DNA is suffi-
ciently clean for an efficient primer extension and that the bands seen in lanes a
and b are due to the UV irradiation. (B) Superposition of line profiles from lanes f,
h, and l, corresponding to the indicated concentrations of IHF. The intensities of
the bands are in arbitrary units. (C) An equivalent superposition of the in vivo
profiles and the in vitro profile corresponding to the 50-nM IHF lane shows that
E. coli contains roughly the same amount of free IHF in stationary-phase cells as
was present in the in vitro sample using 50 nM (total) IHF. As expected, the foot-
print in a strain lacking functional IHF shows the same profile as DNA alone in
the in vitro reaction.
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13. In vivo footprinting. Primer extension of the irradiated template can only be per-
formed in vitro. It is therefore necessary to extract the irradiated DNA from the
bacteria. Our current technology allows the measurement of protein binding to
specific binding sites carried on a multicopy plasmid. In principle, a primer
extension reaction on chromosomal DNA should work as well. In practice the
signals obtained from chromosomal DNA are too weak. Increasing the number
of samples irradiated does not remedy the problem. Because of the large excess
of chromosomal DNA with respect to the primer extension product, we observe
abnormal migration of the band in the sequencing gel.

The sample for in vivo UV-laser footprinting must be prepared such that a
single pulse of the laser (typically about 30 mJ per pulse, corresponding to
4 × 1016 photons [i.e., 67 nmol of photons]) delivers more photons than there are
absorbing molecules in the sample. For an in vivo experiment, the absorbing
molecules are mostly made up of cellular DNA and RNA, as well as free nucleo-
side phosphates. An upper estimate of the concentration of absorbing molecules
within an Escherichia coli cell is about 100 mM, corresponding to 6 × 108

absorbers per cell. Because a single pulse delivers 4 × 1016 photons and because
we want an excess of photons over absorbers, we want to irradiate less than about
108 E. coli cells per pulse. This numbers corresponds to about 100 µL of a sus-
pension at 1 OD600. A large number of 50-µL samples are therefore irradiated
and the cells are frozen immediately after irradiation.
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In Vivo DNA Analysis

Régen Drouin, Jean-Philippe Therrien, Martin Angers,
and Stéphane Ouellet

1. Introduction
The in vivo analysis of DNA–protein interactions and chromatin structure

can provide several kinds of critical information regarding regulation of gene
expression and gene function. For example, DNA sequences spanned by
nuclease-hypersensitive sites or bound by transcription factors often corre-
spond to genetic regulatory elements. Using the ligation-mediated polymerase
chain reaction (LMPCR) technology it is possible to map such DNA sequences
and to demonstrate the existence of unusual DNA structures directly in living
cells. LMPCR analyses can thus be used as a primary investigative tool to
identify the regulatory sequences involved in gene expression. Once specific
promoter sequence sites are shown to be bound by transcription factors in liv-
ing cells, it is often possible to establish the identity of these factors simply by
comparison with the consensus binding sites of known factors such as Sp1,
AP-1, NF-1, and so forth. The identity of each factor can then be confirmed
using in vitro gel shift (electrophoretic mobility shift assay [EMSA]) or
footprinting assays.

Clearly, gene promoters are best studied in their natural state in the living
cell and, thus, it is not surprising that in vivo DNA footprinting is one of the
most accurate predictors of the state of transcriptional activity of genes (1–3).
The native state of a gene and most of the special DNA structures are unavoid-
ably lost when DNA is cloned or purified (1–4). Hence, the commonly used in
vitro methods, such as in vitro footprinting and EMSAs, cannot demonstrate
that a given DNA–protein interaction actually occurs within the cells of inter-
est. With the advent of in vivo DNA footprinting, in vitro studies have been
extended to the situation in living cells, revealing the cellular processes impli-
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cated in the regulation of gene expression. LMPCR is the method of choice for
in vivo footprinting and DNA structure studies because it can be used to inves-
tigate complex animal genomes, including that of human. The quality and use-
fulness of the information obtained from any in vivo DNA analysis, however,
depends on three parameters: (1) the integrity of the native chromatin substrate
used in the experiment, (2) the structural specificity of the chromatin probe,
and (3) the sensitivity of the assay. The ideal chromatin substrate is, of course,
that found inside intact cells. However, a near-ideal chromatin substrate is still
to be found in permeabilized cells, allowing the application of a wider range of
DNA cleavage agents, including DNase I.

In vivo footprinting assesses the local reactivity of modifying agents on the
DNA of living cells as compared to that on purified DNA (see Figs. 1–4). Two
steps characterize an in vivo footprinting analysis: (1) the treatment of purified
DNA and of cells with a given DNA modifying agent and (2) the visualization
of nucleotide modifications on a DNA sequencing gel. The latter step requires
that the modifying agent either directly induces DNA strand breaks or modi-
fies DNA nucleotides such that strand breaks can subsequently be induced in
vitro. A comparison is then made between the modification frequency on puri-
fied DNA and that on the DNA in living cells. For example, each guanine
residue of purified DNA has a near-equivalent probability of being methylated
by dimethylsulfate (DMS) and, thus, the cleavage pattern of in vitro modified
DNA appears on a sequencing gel as a ladder of bands of roughly equal inten-
sity. However, as a result of the presence of DNA-binding proteins, all guanine
residues do not show the same accessibility to DMS in living cells (Fig. 1).
Thus, differences between banding patterns obtained from in vitro and in vivo
modified DNA can be used to infer the sites of protein binding in living cells.
As will be seen, it is always advisable to validate such interpretations using
more than one footprinting agent.

The step of visualizing in vivo footprints has historically been problematic
because of the dilute nature of the sequences of interest and the complexity of
the genomes of higher eukaryotes. The development of an extremely sensitive
and specific technique, such as LMPCR, was thus necessary. The LMPCR tech-

Fig. 1. (opposite page) Overall scheme for in vivo DNA analysis using DMS. The
methylation of guanine residues following DMS treatment of purified DNA (in vitro)
and cells (in vivo) is shown by vertical arrows and methylated residues (Me). When
purified DNA is treated with DMS, every guanine residue has a similar probability of
being methylated. However, the guanine residue in intimate contact with a sequence-
specific DNA-binding protein illustrated by the dotted oval is protected from DMS
methylation, whereas the guanine residues localized close to the boundary of a DNA–
protein contact that modifies DNA structure, allowing a better accessibility to DMS, is
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methylated more frequently. The methylated guanine residues are cleaved by hot pip-
eridine leaving phosphorylated 5' ends. On the sequencing ladder following LMPCR,
guanine residues that are protected from methylation appear as missing or less intense
bands when compared with the sequencing ladder from the same DNA sequence
obtained after DMS treatment of purified DNA. On the other hand, guanine residues
that undergo enhanced DMS methylation appear as darker bands in the sequencing
ladder relative to the purified DNA control.



178 Drouin et al.

Fig. 2. Overall scheme for in vivo DNA analysis using UVC and CPD formation.
The CPD formation following UVC exposure of purified DNA (in vitro) and cells (in
vivo) is shown with curved arrows and brackets linking two adjacent pyrimidines (Y).
When purified DNA is irradiated with UVC, the frequency of CPD formation at
dipyrimidine sites is determined by the DNA sequence. However, the presence of a
sequence-specific DNA-binding protein illustrated by the dotted oval as well as DNA
structure can prevent (negative photofootprint) or enhance (positive photofootprint)
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nique quantitatively maps single-strand DNA breaks having phosphorylated 5'
ends within single-copy DNA sequences. It was first developed by Mueller
and Wold (5) for DMS footprinting, and, subsequently, Pfeifer and colleagues
adapted it to DNA sequencing (6), methylation analyses (1,6,7), DNase I
footprinting (2), nucleosome positioning (2), and UV photofootprinting (4,8).
LMPCR can be combined with a variety of DNA-modifying agents used to
probe the chromatin structure in vivo. It is our opinion that no single technique
can provide as much information on the DNA–protein interactions and DNA
structures existing within living cells as can LMPCR.

1.1. General Overview of LMPCR

Genomic sequencing techniques such as that developed by Church and Gil-
bert (9) can be used to map strand breaks in mammalian genes at nucleotide
resolution. However, by incorporating an exponential amplification step,
LMPCR (outlined in Fig. 5) constitutes a genomic sequencing method orders
of magnitude more sensitive than the direct technique of Church and Gilbert. It
uses 20 times less DNA than this latter technique to obtain a nucleotide-resolu-
tion banding pattern and allows short autoradiographic exposure times. The
unique aspect of LMPCR is the blunt-end ligation of an asymmetric double-
stranded linker (5' overhanging to avoid self-ligation or ligation in the wrong
direction) onto the 5' end of each cleaved blunt-ended DNA molecule (5,6).
The blunt end is created by the extension of a gene-specific primer (primer 1 in
Fig. 5) until a footprinting strand break is reached. Because the generated
breaks will be randomly distributed along the genomic DNA and thus have 5'
ends of unknown sequence, the asymmetric linker adds a common and known
sequence to all 5' ends. This then allows exponential PCR amplification from
an adjacent genomic sequence to that of the generated breaks using the longer
oligonucleotide of the linker (linker-primer) and a second nested gene-specific
primer (primer 2, see Fig. 5). After 20–22 cycles of PCR, the DNA fragments
are size-fractionated on a sequencing gel. LMPCR preserves the quantitative
representation of each fragment in the original population of cleaved molecules
(10–13), allowing quantification on a phosphorimager (14–17). Thus, the band
intensity pattern obtained by LMPCR directly reflects the frequency distribu-

CPD formation. The CPDs are cleaved by T4 endonuclease V digestion and photolyase
photoreactivation leaving phosphorylated 5' ends. On the sequencing ladder following
LMPCR, the negative photofootprints appear as missing or less intense bands when
compared with the sequencing ladder from the same DNA sequence obtained after
UVC irradiation of purified DNA. On the other hand, positive photofootprints appear
as darker bands in the sequencing ladder relative to the purified DNA control.
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Fig. 3. Overall scheme for in vivo DNA analysis using UVC and 6–4PP formation.
The 6–4PP formation following UVC exposure of purified DNA (in vitro) and cells
(in vivo) is shown with curved arrows and brackets linking two adjacent pyrimidines
(Y). When purified DNA is irradiated with UVC, the frequency of 6–4PP formation at
dipyrimidine sites is determined by the DNA sequence. However, the presence of a
sequence-specific DNA-binding protein illustrated by the dotted oval as well as DNA
structure can prevent (negative photofootprint) or enhance (positive photofootprint)
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tion of 5'-phosphoryl DNA breaks along a 200-bp sequence adjacent to the
nested primer.

Two methods exist to reveal the sequence and footprinting ladders created
by LMPCR. Pfeifer and colleagues (6) took advantage of electroblotting DNA
onto a nylon membrane followed by hybridization with a gene-specific probe
to reveal sequence ladders, otherwise known as “indirect end labeling”. On the
other hand, Mueller and Wold (5) used a nested third radiolabeled primer for
the last one or two cycles of the PCR amplification step. We find Pfeifer’s
method much more sensitive than Mueller and Wold’s (unpublished data). In
this chapter, we will describe our LMPCR protocol as modified from the pro-
tocol of Pfeifer and colleagues.

In summary, LMPCR is the method of choice to study the in vivo structure
of promoters with respect to the positions of DNA–protein interactions, of
special DNA structures and of chromatin structures such as nucleosomes. To
perform in vivo DNA analysis, three probing agents are regularly combined
with LMPCR: DMS, ultraviolet (UV) and DNase I (Figs. 1–4, Table 1). These
probing agents provide complementary information and each has its associated
advantages and drawbacks (Table 2). To best characterize DNA–protein
interactions, it is often necessary to use two or even all three of these methods.
Treatments with any probing agents must produce either strand breaks
or modified nucleotides that can be converted to DNA strand breaks with a
5'-phosphate in vitro (Figs. 1–4, Table 3). In this chapter, we describe protocols
routinely used in our laboratory for DMS, UV, and DNase I in vivo treatments
as well as the associated LMPCR technology. These protocols may also be
adapted to footprinting with other probing agents, such as KMnO4 and OsO4
(see Chapters 6 and 9), although a detailed description is beyond the scope of
the present chapter.

1.2. In Vivo Dimethylsulfate (DMS) Footprint Analysis (Fig. 1)

Dimethylsulfate is a small, highly reactive molecule that easily diffuses
through the outer cell membrane and into the nucleus. It preferentially methy-
lates not only the N7 position of guanine residues via the major groove but, to
a lesser extent, also the N3 position of adenine residues via the minor groove.

6–4PP formation. First, CPDs are photoreactivated by photolyase and then 6–4PPs are
cleaved by hot piperidine treatment leaving phosphorylated 5' ends. On the sequenc-
ing ladder following LMPCR, the negative photofootprints appear as missing or less
intense bands when compared with the sequencing ladder from the same DNA
sequence obtained after UVC irradiation of purified DNA. On the other hand, positive
photofootprints appear as darker bands in the sequencing ladder relative to the puri-
fied DNA control.
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Fig. 4. Overall scheme for in vivo DNA analysis using DNase I. The DNase I
enzyme (the solid black) digestion of purified DNA (in vitro) and cells (in vivo) is
shown. When purified DNA is digested with DNase I, the cleavage pattern shows that
sites of the nucleotide sequence have similar probabilities of being cleaved. However,
the presence of a sequence-specific DNA-binding protein illustrated by the dotted oval
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The most significant technical advantage of in vivo DMS footprinting is that
DMS can be simply added to the cell culture medium, requiring no cell
manipulation (see Table 2 for advantages and drawbacks). Each guanine resi-
due of purified DNA displays about the same probability of being methylated
by DMS. Because DNA inside living cells forms chromatin and is often found
associated with a number of proteins, it is expected that its reactivity toward
DMS will differ from purified DNA. Figures 6 and 7 show in vivo DMS treat-
ment patterns compared to the treatment of purified genomic DNA. Proteins in
contact with DNA either decrease accessibility of specific guanines to DMS
(protection) or, as frequently observed at the edges of a footprint, increase
reactivity (hyperreactivity) (1). Hyperreactivity can also indicate a greater
DMS accessibility of special in vivo DNA structures (19). Hot piperidine
cleaves the glycosylic bond of methylated guanines and adenines, leaving a
ligatable 5'-phosphate (20).

Genomic footprinting using DMS reveals DNA–protein contacts located in
the major groove of the DNA double helix (Table 1). However, it should be
noted that in vivo DNA studies using DMS alone may not detect some DNA–
protein interactions (21). First, no DNA–protein interaction will be detected in
the absence of guanine residues. Second, some proteins do not affect DNA
accessibility to DMS. Third, certain weak DNA–protein contacts could actually
be disrupted because of the high reactivity of the DMS. Thus when using DMS,
it is often important to also apply alternative footprinting approaches (21,22).

1.3. Photofootprint Analysis (Figs. 2 and 3)

Ultraviolet light (UVC: 200–280 nm; UVB: 280–320 nm) can also be used
as a modifying agent for in vivo footprinting (4,8,23–25). When cells are sub-
jected to UV light (UVC or UVB), two major classes of lesions may be intro-
duced into the DNA at dipyrimidine sequences (CT, TT, TC, and CC): the
cyclobutane pyrimidine dimer (CPD) and the pyrimidine (6–4) pyrimidone
photoproduct (6–4PP) (26). CPDs are formed between the 5,6 bonds of any
two adjacent pyrimidines, whereas a stable bond between positions 6 and 4
of two adjacent pyrimidines characterizes 6–4PPs. 6–4PP are formed at a rate
15–30% of that of CPDs (27) and are largely converted to their Dewar valence

as well as DNA structure can prevent (protection) or enhance (hypersensitive) DNase
I cleavage. The DNase I cleavage leaves phosphorylated 5' ends. On the sequencing
ladder following LMPCR, DNA sequences that are protected from DNase I cleavage
appear as missing or less intense bands when compared with the sequencing ladder
from the same DNA sequence obtained after DNase I digestion of purified DNA. On
the other hand, hypersensitive sites that undergo enhanced DNase I cleavage appear as
darker bands in the sequencing ladder relative to the purified DNA control.
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isomers by direct secondary photolysis (photoisomerization) (27). In living
cells, the photoproduct distribution is determined both by sequence context
and chromatin structure (28). In general, CPDs and 6–4PPs appear to form
preferentially in longer pyrimidine runs. Because UVB and UVC radiation are
primarily absorbed in the cell by the DNA, there are relatively few perturba-
tions of other cellular processes, and secondary events that could modify the
chromatin structure or release DNA–protein interactions. Furthermore, intact
cells are exposed for a short period of time only to a high-intensity UV irradia-
tion. Thus, UV irradiation is probably one of the least disruptive footprinting
method and, hence, truly reflects the in vivo situation (Table 2). As for DMS,
DNA-binding proteins influence the distribution of UV photoproducts in a sig-
nificant way (23). When the photoproduct spectrum of irradiated purified DNA
is compared with that obtained after irradiation of living cells, some striking
differences become apparent. These are referred to as “photofootprints” (23).
The photoproduct frequency within sequences bound by sequence-specific
DNA-binding proteins (transcription factors) is suppressed or enhanced in com-
parison to purified DNA (4,8,29). Effects of chromatin structure may be sig-
nificant in regulatory gene regions that bind transcription factors (Fig. 6).
Mapping of CPDs at the single-copy gene level can reveal positioned nucleo-
somes because CPDs are modulated in a 10-bp periodicity within nucleosome
core DNA (30,31). 6–4PPs form more frequently in linker DNA than in core
DNA (32).

Photofootprints reveal variations in DNA structure associated with the pres-
ence of transcription factors or other proteins bound to the DNA. UV light has
the potential to reveal all DNA–protein interactions provided there is a
dipyrimidine sequence on either DNA strand within a putative protein-binding
sequence. Because photofootprints can be seen outside protein-binding sites,

Fig. 5. (previous page) Outline of the LMPCR procedure. Step I: specific conver-
sion of modified bases to phosphorylated 5' single-strand breaks; Step II: denaturation
of genomic DNA; Step III: annealing and extension of primer 1 (although both strands
can be studied, each LMPCR protocol only involves the analysis of either the
nontranscribed strand or the transcribed strand); Step IV: ligation of the linker;
Step V: first cycle of PCR amplification, this cycle is a linear amplification because
only the gene-specific primer 2 can anneal; Step VI: cycles 2 to 22 of exponential PCR
amplification of gene-specific fragments with primer 2 and the linker primer (the
longer oligonucleotide of the linker); Step VII: separation of the DNA fragments on a
sequencing gel, transfer of the sequence ladder to a nylon membrane by electroblotting,
and visualization of the sequence ladder by hybridization with a labeled single-
stranded probe; Step VIII: preparation and isotopic or nonisotopic labeling of single-
stranded probe.
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UV light should not be used as the only in vivo footprinting agent. The precise
delimitations of the DNA–protein contact are difficult to determine with the
simple in vivo UV probing method.

The distribution of UV-induced CPDs and 6–4PPs along genomic DNA can
be mapped at the sequence level by LMPCR following conversion of these
photoproducts into ligatable 5'-phosphorylated single-strand breaks. CPD are
enzymatically converted by cleavage with T4 endonuclease V followed by
UVA (320–400 nm) photoreactivation of the overhanging pyrimidine using
photolyase (Fig. 2) (8). Because the 6–4PPs and their Dewar isomers are hot
alkali-labile sites, they can be cleaved by hot piperidine (Fig. 3) (29).

1.4. In Vivo DNase I Footprint Analysis (Fig. 4)

DNase I treatment of permeabilized cells gives clear footprints when the
DNase I-induced breaks are mapped by LMPCR (2). Both living cells (in vivo)
and purified DNA (in vitro) are treated with DNase I. As with DMS and UV,
footprint analyses are obtained by comparing in vivo DNase I digestion
patterns to patterns obtained from the digestion of purified genomic DNA
(Fig. 7). When compared to purified DNA, permeabilized cells show protected
bands at DNA–protein interaction sequences and DNase I hypersensitive bands
in regions of higher-order nucleoprotein structure (2). Compared to DMS,
DNase I is less base selective, is more efficient at detecting minor groove
DNA–protein contacts, provides more information on chromatin structure, dis-
plays larger and clearer footprints, and better delimits the boundaries of DNA–
protein interactions (Fig. 7). The nucleotides covered by a protein are almost
completely protected on both strands from DNase I nicking, allowing a better

Table 1
Purposes of the Three Main In Vivo Footprinting Approaches

Approaches Activities

1. Dimethylsulfate i. Localizes in vivo DNA–protein contacts located in the major
(DMS) groove of the DNA double helix

ii. Can detect special DNA structures

2. UV irradiation i. Localizes in vivo DNA–protein interactions and shows how
(UVB or UVC) DNA structure is affected in the presence of transcription factors

ii. Can detect special DNA structures
iii. Can show evidence of positioned nucleosomes

3. DNase I i. Localizes in vivo DNA–protein contacts
ii. Precisely maps in vivo DNase I hypersensitive sites

iii. Shows evidence of nucleosomes and their positions;
can differentiate core DNA from linker DNA
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Table 2
Advantages and Drawbacks of the Three Main In Vivo Footprinting Approaches

Approaches Advantages Drawbacks

DMS Treatment is technically easy to carry out; the 1. Requires guanines, therefore is sequence dependent.
DMS is a small molecule that penetrates very 2. Does not detect all DNA–protein interactions.
easily into living cells with little disruption.

UV irradiation 1. Treatment is technically easy to carry out; 1. Requires two adjacent pyrimidines, therefore is
(UVB or UVC) UV light penetrates through the outer sequence dependent.

membrane of living cells without disruption. 2. The interpretation of the results is sometime difficult;
2. Detects many DNA–protein interactions. to differentiate between DNA–protein interactions.
3. Very sensitive to particular and DNA structures. and special DNA structures can be very difficult.

DNase I 1. Little sequence dependency. 1. Technically difficult to carry out; reproducibility is
2. No conversion of modified bases required. often a problem.
3. Detects all DNA-protein contacts. 2. DNase I is a protein that can penetrate in living cells
4. Very sensitive to particular DNA structures. only following membrane permeabilization, thus

causing some cell disruption.



188 Drouin et al.

delimitation of the boundaries of DNA–protein contacts. However, it should
be underlined that the relatively bulky DNase I molecule cannot cleave the
DNA in the immediate vicinity of a bound protein because of steric hindrance.
Consequently, the regions protected from cutting can extend beyond the actual
DNA–protein contact site. On the other hand, when DNA is wrapped around a
nucleosome-size particle, DNase I cutting activity is increased at 10-bp inter-
vals and no footprint is observed (Tables 1 and 2).

DNase I, a relatively large 31-kDa protein, cannot penetrate cells without
previous cell-membrane permeabilization. Cells can be efficiently permeabi-
lized by lysolecithin (2) or Nonidet P40 (33). It has been shown that cells
permeabilized by lysolecithin remain intact, replicate their DNA very
efficiently, and show normal transcriptional activities (34,35). There are
numerous studies showing that lysolecithin-permeabilized cells maintain a nor-
mal nuclear structure to a greater extent than isolated nuclei, because the
chromatin structure can be significantly altered during the nuclear isolation
procedures (2). Indeed, DNase I footprinting studies using isolated nuclei
can be flawed because transcription factors are lost during the isolation of
nuclei in polyamine containing buffers (2). Even though other buffers may be
less disruptive, factors can still be lost during the isolation procedure, leading
to the loss of footprints or partial loss of footprints.

DNase I digestion of DNA leaves ligatable 5’-phosphorylated breaks, but
the 3’-ends are free hydroxyl groups. Pfeifer and colleagues (2,36) observed
that these genomic 3'-OH ends can be used as primers and be extended by the
DNA polymerases during the initial extension and/or PCR steps of LMPCR,
thereby reducing significantly the overall efficiency of LMPCR and giving a

Table 3
Mapping Schemes Used with the Three Main In Vivo Footprinting Approaches

Conversion of modified
 Strand bases to DNA

Approaches  breaks Modified bases single-strand breaks

DMS Few Guanine: methylated guanines Hot piperidine
at N7 position

Adenine: to a much lesser
extent, methylated adenines
at N3 position

UV irradiation Very  (i) Cyclobutane pyrimidine  (i) T4 endonuclease V
(UVB or UVC) few dimers followed by photolyase

(ii) 6–4 Photoproducts (ii) Photolyase followed
by hot piperidine

DNase I Yes None No conversion required
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background smear on sequencing gels. To avoid the nonspecific priming of
these 3'-OH ends, three alternative solutions have been applied: (1) blocking
these ends by the addition of a dideoxynucleotide (2,36); (2) enrichment of
fragments of interest by extension product capture using biotinylated gene-
specific primers and magnetic streptavidin-coated beads (18,37–39); and (3)
performing primer 1 hybridization and primer 1 extension at a higher tempera-
ture (52–60°C vs 48°C, and 75°C vs 48°C, respectively) using a thermostable

Fig. 6. LMPCR analysis of methylated guanines and CPD along the nontranscribed
strand of the c-jun promoter following DMS treatment, and UVB and UVC irradiation
respectively. (A) The membrane was hybridized with an isotopic [32P]-dCTP-labeled
probe. The membrane was exposed on film between two intensifying screens for 25 min
at –70°C. (B) The membrane was hybridized with a digoxigenin-labeled probe and
exposed on film for 40 min at room temperature. For this experiment, one LMPCR
protocol was carried out and only one gel was run on which all the samples (20 in
total) were loaded symmetrically in duplicate. Each symmetrical well of each set of
samples was loaded with exactly the same amount of DNA. Lanes 1–4: LMPCR of
DNA-treated with chemical cleavage reactions. These lanes represent the sequence
of the c-jun promoter analyzed with JD primer set (18). Lanes 5–6: LMPCR of DMS-
treated naked DNA (T: in vitro) and fibroblasts (V: in vivo) followed by hot piperidine
treatment. Lanes 7–10: LMPCR of UVC- and UVB-irradiated naked DNA (T) and
fibroblasts (V) followed by T4 endonuclease V/photolyase digestion. On the right, the
consensus sequences of transcription factor binding sites are delimited by brackets.
The numbers indicate their positions relative to the major transcription initiation site.
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Fig. 7. LMPCR analysis of methylated guanines and DNA strand breaks along the
transcribed strand of the c-jun promoter following DMS treatment and DNase I diges-
tion, respectively. The membrane was hybridized with an isotopic [32P]-dCTP-labeled
probe. Lanes 1–2: LMPCR of DMS-treated purified DNA (t: in vitro) and fibroblasts
(v: in vivo) followed by hot piperidine treatment. Lanes 3–6: LMPCR of DNA-treated
with chemical cleavage reactions. These lanes represent the sequence of the c-jun pro-
moter analyzed with JC primer set (18). Lanes 7–8: LMPCR of DNase I-digested
permeabilized fibroblasts (v) and purified DNA (t). As a reference, a small portion
of the chemically derived sequence is shown on the right of the autoradiogram, the
AP-1-like binding sequence is enclosed by a box, and the numbers indicate its posi-
tion relative to the major transcription initiation site. Open circles represent guanines
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enzyme such as Vent exo– DNA polymerase and cloned Pfu DNA polymerase
(3,40–42). Although effective, the first two alternatives involve additional
manipulations that are time-consuming. Because of its simplicity, we select
primer 1 with a higher Tm (52–60°C) and use the cloned Pfu DNA polymerase
for the primer 1 extension.

1.5. Choice of DNA Polymerases for LMPCR

Ligation-mediated PCR involves the PCR amplification of a mixture of
genomic DNA fragments of different size. During the LMPCR procedure, DNA
polymerases are required for two steps: primer extension (PE) and PCR ampli-
fication. For the PE step, the best DNA polymerase would be one that (1) is
thermostable and very efficient, (2) has no terminal transferase activity, (3) is able
to efficiently polymerize about 0.75 kb of DNA even when the DNA is very
GC rich, and (4) is able to polymerize through any DNA secondary structures.
For the PCR step, the best DNA polymerase would be (1) thermostable, (2)
very efficient, (3) able to amplify indiscriminately a mixture of DNA frag-
ments of different lengths (between 50 and 750 bp) and of varying GC-rich-
ness (from 5% to 95%), and (4) able to efficiently resolve DNA secondary
structures. We find cloned Pfu DNA polymerase that corresponds to Pfu exo–

is the best enzyme for the PE and PCR steps of LMPCR (42). In this chapter,
LMPCR protocols using cloned Pfu DNA polymerase for PE and PCR steps
will be described in detail. However, because the more frequently used combi-
nation of DNA polymerases is Sequenase™ 2.0 for the PE step and Taq DNA
polymerase for the PCR step, a description of an alternative LMPCR protocol
using Sequenase 2.0 and Taq DNA polymerase will also be included.

2. Materials
2.1. DNA Purification (for 107 to 108 cells)

1. Any types of cells (i.e., fibroblasts, lymphocytes, etc.).
2. Trypsin–EDTA (Gibco-BRL).
3. Hank’s Balanced Salt Solution (HBSS) (Gibco-BRL).
4. Buffer A: 300 mM sucrose, 60 mM KCl, 15 mM NaCl, 60 mM Tris-HCl, pH 8.0,

0.5 mM spermidine, 0.15 mM spermine, and 2 mM EDTA. Store at –20°C.
5. Buffer A + 1% Nonidet P40. Store at –20°C.
6. Conical tissue culture tubes, 50 mL.
7. Buffer B: 150 mM NaCl and 5 mM EDTA pH 7.8.

that are protected against DMS-induced methylation (negative DMS footprints) in
vivo. The black bar shows the protected sequence against DNase I-induced cleavage
in vivo. Thus, in vivo DNase I footprinting analysis delimits much better the DNA–
protein interactions.
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8. Buffer C: 20 mM Tris-HCl, pH 8.0, 20 mM NaCl, 20 mM EDTA, and 1% sodium
dodecyl sulfate (SDS).

9. Proteinase K from Tritirachium album (Roche Molecular Biochemicals).
10. RNase A from bovine pancreas (Roche Molecular Biochemicals).
11. Phenol, equilibrated with 0.1 M Tris-HCl, pH 8.0 (Roche Molecular Biochemicals,

cat. no. 108-95-2).
12. Chloroform.
13. 5 M NaCl.
14. Precooled absolute ethanol (–20°C).
15. Precooled 70% ethanol (–20°C).
16. N-2-Hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES).
17. 4'–6-Diamidino-2-phenylindole (DAPI).
18. Nanopure H2O should be used in making any buffers, solutions, and dilutions,

unless otherwise specified.

2.2. Chemical Cleavage for DNA-Sequencing Products

1. Potassium tetrachloropalladate(II) (K2PdCl4, Aldrich).
2. K2PdCl4 solution: 10 mM K2PdCl4 and 100 mM HCl, pH 2.0 (adjusted with

NaOH). Store at –20°C.
3. K2PdCl4 stop: 1.5 M sodium acetate, pH 7.0, and 1 M β-mercaptoethanol.
4. Dimethylsulfate (DMS, 99+%, Fluka). Considering its toxic and carcinogenic nature,

DMS should be manipulated in a well-ventilated hood. DMS is stored under nitrogen at
4°C and should be replaced every 12 mo. DMS waste is detoxified in 5 M NaOH.

5. DMS buffer: 50 mM sodium cacodylate and 1 mM EDTA pH 8.0. Store at 4°C.
6. DMS stop: 1.5 M sodium acetate pH 7.0 and 1 M β-mercaptoethanol. Store at –20°C.
7. Hydrazine (Hz, anhydrous, Aldrich). Considering its toxic and carcinogenic

potentials, Hz should be manipulated in a well-ventilated hood. Hz is stored under
nitrogen at 4°C in an explosion-proof refrigerator and the bottle should be
replaced at least every 6 mo. Hz waste is detoxified in 3 M ferric chloride.

8. Hz stop: 300 mM sodium acetate pH 7.0 and 0.1 mM EDTA. Store at 4°C.
9. 5 M NaCl.

10. 3 M Sodium acetate pH 7.0.
11. Precooled absolute ethanol (–20°C).
12. Precooled 80% ethanol (–20°C).
13. Dry ice.
14. Piperidine (99+%, Fluka or Sigma): 10 M stock diluted to 2 M with H2O just

before use by adding 250 µL stock under 1 mL H2O in a 1.5-mL microtube on
ice. Cap immediately to minimize evaporation. Considering its toxic and carci-
nogenic potentials, piperidine should be manipulated in a well-ventilated hood.
Piperidine 10 M is stored at 4°C under nitrogen atmosphere.

15. Teflon tape.
16. Lock caps.
17. 3 M Sodium acetate pH 5.2.
18. 20 µg/µL glycogen.
19. Vacuum concentrator (SpeedVac concentrator, Savant).
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2.3. Treatment of Purified DNA and Living Cells 
with Modifying Agents

2.3.1. DMS Treatment

1. DMS (99+%, Fluka).
2. Trypsin–EDTA (Gibco-BRL).
3. Hank’s Balanced Salt Solution (HBSS).

2.3.2. 254-nm UV and UVB Irradiation

1. Germicidal lamp (254 nm) for UVC irradiation (Philips G15 T8, TUV 15W).
2. UVB light for UVB irradiation (Philips, FS20T12/UVB/BP).
3. UVX digital radiometer (Ultraviolet Products, Upland, CA).
4. 0.9% NaCl.
5. UV irradiation buffer: 150 mM KCl, 10 mM NaCl, 10 mM Tris-HCl, pH 8.0, and

1 mM EDTA.
6. Buffer A + 0.5% Nonidet P40. Store at –20°C.
7. Scraper.

2.3.3. DNase I Treatment

1. Deoxyribonuclease I (DNase I, Worthington biochemical corporation; 45A134).
2. Trypsin–EDTA (Gibco-BRL).
3. Hank’s Balanced Salt Solution (HBSS).
4. L-α-Lysophosphatidylcholine (L-α-Lysolecithin).
5. Nonidet P40.
6. Solution I: 150 mM sucrose, 80 mM KCl, 35 mM HEPES, pH 7.4, 5 mM MgCl2,

and 0.5 mM CaCl2.
7. Solution II: 150 mM sucrose, 80 mM KCl, 35 mM HEPES, pH 7.4, 5 mM MgCl2,

and 2 mM CaCl2.
8. Conical tubes, 15 and 50 mL.
9. Buffer B: 150 mM NaCl and 5 mM EDTA, pH 7.8.

10. Buffer C: 20 mM Tris-HCl, pH 8.0, 20 mM NaCl, 20 mM EDTA, and 1% SDS.
11. Proteinase K from Tritirachium album (Roche Molecular Biochemicals).
12. RNase A from bovine pancreas (Roche Molecular Biochemicals).
13. Phenol (see Subheading 2.1., item 11).
14. Chloroform.
15. 5 M NaCl.
16. Precooled absolute ethanol (–20°C).
17. Precooled 80% ethanol (–20°C).

2.4. Conversion of Modified Bases
to DNA Single-Strand Breaks

2.4.1. DMS-Induced Base Modifications

Piperidine (99+%, see Subheading 2.2., item 14).
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2.4.2. UV-Induced Base Modifications

1. 10X dual buffer: 500 mM Tris-HCl, pH 7.6, 500 mM NaCl, and 10 mM EDTA.
2. 1 M 1,4-Dithiothreitol (DTT, Roche Molecular Biochemicals).
3. 5 mg/mL nuclease-free bovine serum albumine (BSA, Roche Molecular

Biochemicals).
4. T4 endonuclease V enzyme (Epicentre Technologies). The saturating amount of

T4 endonuclease V enzyme can be estimated by digesting UV-irradiated genomic
DNA with various enzyme quantities and separating the cleavage products on
alkaline agarose gel (43). The saturating amount of the enzyme is the next to the
minimum quantity that produces the maximum cleavage frequency as evaluated
on the alkaline agarose gel.

5. E. coli photolyase enzyme (Pharmingen). The saturating amount of photolyase
can be estimated by photoreactivating UV-irradiated genomic DNA with various
enzyme quantities, digestion with T4 endonuclease V, and separating the cleav-
age products on alkaline agarose gel (43). The saturating amount of photolyase is
the next to the minimum enzyme quantity which produces no cleavage following
T4 endonuclease V digestion as evaluated on the gel. Because photolyase is light
sensitive, all steps involving photolyase should be carried out under yellow light.

6. UVA black light (UV F15T8BLB 360 nm, Philips, 15W).
7. Plastic film (plastic wrap).
8. 0.52% SDS solution.
9. Phenol (see Subheading 2.1., item 11).

10. Chloroform.
11. 5 M NaCl.
12. Precooled absolute ethanol (–20°C).
13. Precooled 80% ethanol (–20°C).
14. Piperidine (99+%, see Subheading 2.2., item 14).

2.5. Ligation-Mediated Polymerase Chain Reaction Technology

2.5.1. Primer Extension (Steps II and III, Fig. 5)

1. A gene-specific primer (primer 1) is used to initiate primer extension. The primer
1 used in the first-strand synthesis are 15- to 22-mer oligonucleotides and have a
calculated melting temperature (Tm) of 50–60°C. They are selected using a com-
puter program (Oligo 4.0 software, National Biosciences) (44) and, optimally,
their Tm, as calculated by a computer program (GeneJockey software), should be
about 10°C lower than that of subsequent primers (see Note 1) (45). The first-
strand synthesis reaction is designed to require very little primer 1 with a lower
Tm so that this primer does not interfere with subsequent steps (11–13,46). The
primer 1 concentration is set at 50 µM in H2O and then diluted 1:100 in H2O to
give 0.5 pmol/µL.

2. Siliconized microtubes (0.625 µL) (National Scientific Supply Co, Inc.).
3. Thermocycler (PTC™, MJ research, Inc.).
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4. 10X cloned Pfu buffer: 200 mM Tris-HCl, pH 8.8, 20 mM MgSO4, 100 mM
NaCl, 100 mM (NH4)2SO4, 1% (v/v) Triton X-100, and 1 mg/mL nuclease-free
BSA (see Note 2).

5. Cloned Pfu mix: 1.5 mM of each dNTP and 1.5 U cloned Pfu DNA polymerase,
also named Pfu exo– (2.5 U/µL, Stratagene).

6. 5X Sequenase buffer: 200 mM Tris-HCl, pH 7.7, and 250 mM NaCl.
7. Mg–dNTPs mix: 20 mM MgCl2, 20 mM DTT, and 0.375 mM of each dNTP.
8. T7 Sequenase V.2 (Amersham).
9. 310 mM Tris-HCl, pH 7.7.

2.5.2. Ligation (Step IV, Fig. 5)

1. The DNA molecules that have a 5' phosphate group and a double stranded blunt
end are suitable for ligation. A DNA linker with a single blunt end is ligated
directionally onto the double-stranded blunt end of the extension product using
T4 DNA ligase. This linker has no 5' phosphate and is staggered to avoid self-
ligation and provide directionality. Also, the duplex between the 25-mer
(5' GCGGTGACCCGGGAGATCTGAATTC) and 11-mer (5' GAATTCAGATC)
is stable at the ligation temperature, but denatures easily during subsequent PCR
reactions (5,46). The linker was prepared in aliquots of 500 µL by annealing in
250 mM Tris-HCl, pH 7.7, 20 pmol/µL each of the 25-mer and 11-mer, heating at
95°C for 3 min, transferring quickly at 70°C, and cooling gradually to 4°C over a
period of 3 h. Linkers are stored at –20°C and thawed on ice before use. Linker:
L25 (60 pmol/µL, 5'-GCGGTGACCCGGGAGATCTGAATTC), L11 (60 pmol/µL,
5'-GAATTCAGATC), 2 M Tris-HCl, pH 7.7, and 1 M MgCl2.

2. T4 DNA ligase (1 U/µL, Roche Molecular Biochemicals).
3. Ligation mix: 30 mM DTT, 1 mM ATP, 83.3 µg/mL of BSA, 100 pmol of linker,

and 3.25 U/microtube of T4 DNA ligase. If cloned Pfu DNA polymerase was
used for primer extension (step III, Fig. 5), the ligation mix is prepared by adding
per microtube: 1.35 µL of 1 M DTT, 0.5 µL of 100 mM ATP, 0.15 µL of 5 µg/µL
BSA, 1.1 µL of Tris-HCl, pH 7.4, 5.0 µL of 20 pmol/µL linker, 3.25 µL of 1 U/µL
T4 ligase, and 33.65 µL of H2O. If Sequenase was used for primer extension
(step III, Fig. 5), the ligation mix is prepared by adding per microtube: 1.35 µL of
1 M DTT, 0.5 µL of 100 mM ATP, 0.75 µL of 5 µg/µL BSA, 5.0 µL of 20 pmol/µL
linker, 3.25 µL of 1 U/µL T4 ligase, and 34.15 µL of H2O.

4. 7.5 M ammonium acetate.
5. 0.5 M EDTA, pH 8.0.
6. 20 µg/µL glycogen.
7. Precooled absolute ethanol (–20°C).
8. Precooled 80% ethanol (–20°C).

2.5.3. Polymerase Chain Reaction (Steps V and VI, Fig. 5)

1. At this step, gene-specific fragments can be exponentially amplified because
primer sites are available at each end of the target fragments (i.e., primer 2 on one
end and the longer oligonucleotide of the linker on the other end). Primer 2 may
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or may not overlap with primer 1. The overlap, if present, should not be more
than seven to eight bases (11–13,46). Primer 2 is diluted in H2O to give 50 pmol/µL.

2. 10X cloned Pfu buffer: 200 mM Tris-HCl, pH 8.8, 20 mM MgSO4, 100 mM
NaCl, 100 mM (NH4)2SO4, 1% (v/v) Triton X–100, and 1 mg/mL nuclease-free
BSA (see Note 2).

3. Cloned Pfu DNA polymerase, also named Pfu exo– (2.5 U/µL, Stratagene).
4. Cloned Pfu DNA polymerase mix per microtube: 2X cloned Pfu buffer, 0.5 mM

of each dNTP, 10 pmol of LP25 (Linker Primer), 10 pmol of primer 2, and 3.5 U
of cloned Pfu DNA polymerase.

5. Mineral oil.
6. Cloned Pfu DNA polymerase stop: 1.56 M sodium acetate pH 5.2 and 20 mM

EDTA.
7. Formamide loading dye: 94% formamide, 2 mM EDTA, pH 7.7, 0.05% xylene

cyanole FF, and 0.05% bromophenol blue (11–13). The formamide loading dye
is freshly premixed by adding 1 part H2O to 2 parts formamide loading dye.

8. 5X Taq buffer: 50 mM Tris-HCl, pH 8.9, 200 mM NaCl, and 0.05% [w/v] gelatin
(see Note 2).

9. Taq DNA polymerase (5 U/µL, Roche Molecular Biochemicals).
10. Taq DNA polymerase mix per microtube: 2X Taq buffer, 4 mM MgCl2, 0.5 mM

of each dNTP, 10 pmol LP25 (Linker Primer), 10 pmol primer 2, and 3 U Taq
DNA polymerase.

11. Taq DNA polymerase stop: 1.56 M sodium acetate pH 5.2 and 60 mM EDTA.
12. Phenol (see Subheading 2.1., item 11) premixed with chloroform in a ratio of 92 µL

of phenol for 158 µL of chloroform.
13. Precooled absolute ethanol (–20°C).
14. Precooled 80% ethanol (–20°C).

2.5.4. Gel Electrophoresis and Electroblotting (Step VII, Fig. 5)

1. 60-cm-long × 34.5-cm-wide sequencing gel apparatus (Owl Scientific).
2. Spacers (0.4-mm thick).
3. Plastic well-forming comb (0.4-mm thick, Bio-Rad).
4. 5X (0.5 M) Tris–borate–EDTA (TBE) buffer: 500 mM Tris, 830 mM boric acid,

and 10 mM EDTA, pH 8.3. Use this stock to prepare 1X (100 mM) TBE buffer.
5. 8% Polyacrylamide, to prepare 1 L, add 77.3 g of acrylamide, 2.7 g of bis-

acrylamide, 420.42 g of urea, and 200 mL of 0.5 M TBE dissolved in H2O. Poly-
acrylamide solution should be kept at 4°C.

6. Gel preparation: Mix 100 mL of 8% polyacrylamide with 1 mL of 10% ammo-
nium persulfate (APS) and 30 µL of N,N,N',N'-tetra-methylethylenediamide
(TEMED). This mix is prepared immediately before pouring the solution between
the glass plates. Without delay, take the gel mix into a 50-mL syringe and inject
the mix between the plates, maintaining a steady flow. During pouring, the plates
should be kept at a 30° angle and tilted to the side into which the mix is injected.
Any air bubbles should be avoided and removed if they form. The gel should be
left to polymerize for a minimum of 3 h before use. If the gel is to be left over-
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night, 45 min after pouring, place a moistened paper tissue over the comb, and
cover the upper end of the assembly with a plastic film to prevent the gel from
drying out.

7. Flat gel loading tips (National Scientific Supply Co).
8. Power supply (Bio-Rad PowerPac 3000).
9. Electroblotting apparatus (HEP3, Owl Scientific Inc.) used according to the

manufacturer’s instructions.
10. Whatman 3MM Chr paper (Fisher Scientific).
11. Plastic film (plastic wrap).
12. Whatman 17 Chr papers (Fisher Scientific).
13. Nylon membrane, positively charged (Roche Molecular Biochemicals, cat.

no. 1 417 240).
14. Power supply (Bio-Rad, model 200/2.0).
15. UVC (254 nm) germicidal lamp.

2.5.5. Hybridization (Step VII, Fig. 5)

The hybridization is performed in a rolling 8-cm-diameter × 22 cm long
borosilicate glass hybridization tubes in a hybridization oven (Hoefer). The
nylon membrane is soaked in 100 mM TBE and, using a 25-mL pipet, placed in
the tube so that the membrane sticks completely to the wall of the hybridiza-
tion tube. Following hybridization and washing, the membranes are placed in
an autoradiography cassette FBAC 1417 (Fisher Scientific) and exposed to
Kodak X-ray film (XAR-5, 35 × 43 cm, Kodak Scientific Imaging Film) with
intensifying screens (35 × 43 cm, Fisher Scientific, cat. no. FB-IS-1417) at
–70°C when a radiolabeled probe has been hybridized and without intensify-
ing screens at room temperature when a digoxigenin-labeled probe has been
hybridized.

2.5.5.1. RADIOLABELED PROBE

1. Hybridization buffer: 250 mM sodium phosphate pH 7.2, 1 mM EDTA, 7% SDS,
and 1% BSA.

2. Radiolabeled probe diluted in 6–7 mL of hybridization buffer.
3. Washing buffer I: 20 mM sodium phosphate pH 7.2, 1 mM EDTA, 0.25% BSA,

and 2.5% SDS.
4. Washing buffer II: 20 mM sodium phosphate pH 7.2, 1 mM EDTA, and 1% SDS.
5. Plastic film (plastic wrap).

2.5.5.2. DIGOXIGENIN-LABELED PROBE

1. Prehybridization buffer: 5X SSC (750 mM NaCl and 75 mM sodium citrate
pH 7.0), 1% casein, 0.1% N-lauroylsarcosin, and 0.02% SDS.

2. Digoxigenin-labeled probe diluted in 15 mL of prehybridization buffer (use only
7.5 mL for hybridization).

3. 2X washing solution: 2X SSC and 0.1% SDS.
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4. 0.5X washing solution: 0.5X SSC and 0.1% SDS.
5. Buffer 1: 150 mM NaCl and 100 mM maleic acid, pH 7.5.
6. Buffer 2: buffer 1 + 1% (w/v) casein.
7. Antidigoxigenin antibodies (Roche Molecular Biochemicals).
8. Buffer 1 + 0.3% Tween-20.
9. Buffer 3: 100 mM Tris-HCl, pH 9.5, 100 mM NaCl, and 50 mM MgCl2.

10. CSPD® [disodium 3-(4-methoxyspiro {1,2-dioxetane–3,2'-(5' chloro)tricyclo
[3.3.1.13,7]decan}–4-yl)phenyl phosphate] substrate (Roche Molecular Bio-
chemicals, cat. no. 1 655 884).

11. Acetate sheets.
12. Doubleseal (Model 855, Decosonic).

2.6. Preparation of Single-Stranded Hybridization Probes
(Step VIII, Fig. 5)

2.6.1. Template Preparation: PCR Products

2.6.1.1. PCR AMPLIFICATION

1. 5X Taq buffer: 50 mM Tris-HCl, pH 8.9, 200 mM NaCl, and 0.05% (w/v) gelatin
(see Note 2).

2. Taq DNA polymerase (5 U/µL, Roche Molecular Biochemicals).
3. One primer 2 (50 pmol/µL) for each strand of the DNA fragment to be amplified

distant from 150 to 450 bp.
4. Taq DNA polymerase mix per microtube: 2X Taq buffer, 4 mM MgCl2, 0.4 mM

of each dNTP, 10 pmol of each primer 2, and 3 U Taq DNA polymerase.
5. Mineral oil.
6. Taq DNA polymerase stop: 1.56 M sodium acetate, pH 5.2, and 60 mM EDTA.
7. Phenol (see Subheading 2.1., item 11) premixed with chloroform in a ratio of 92 µL

of phenol to 158 µL of chloroform.
8. Precooled absolute ethanol (–20°C).
9. Precooled 80% ethanol (–20°C).

10. 5X TAE loading buffer: 5X TAE (200 mM Tris base, 100 mM glacial acetic
acid, and 5 mM EDTA, pH 8.0), 0.025% bromophenol blue, 30% Ficoll 400,
and 2% SDS.

2.6.1.2. PURIFICATION AND QUANTIFICATION OF PCR PRODUCTS

1. Agarose.
2. 1X TAE buffer: 40 mM Tris base, 20 mM glacial acetic acid, and 1 mM EDTA,

pH 8.0.
3. DNA size standards (φX 174 RF, Canadian life technologies, cat. no. 15611-015).
4. Ethidium bromide.
5. Siliconized microtubes (0.625 mL) and 1.5-mL microtubes.
6. Glass wool.
7. 3 M sodium acetate, pH 7.0.
8. Precooled absolute ethanol (–20°C).
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9. Precooled 80% ethanol (–20°C).
10. Low DNA mass ladder (Gibco-BRL, cat. no. 10068-013).
11. 5X universal neutral loading buffer: 0.25% bromophenol blue, 0.25% xylene

cyanol FF, and 30% glycerol in H2O. Store at 4°C.

2.6.2. Labeling of Single-Strand Hybridization Probes

2.6.2.1. ISOTOPIC LABELING

1. Siliconized microtubes (0.625 mL) and 1.5-mL microtubes.
2. 5X Taq buffer: 50 mM Tris-HCl, pH 8.9, 200 mM NaCl, and 0.05% (w/v) gelatin

(see Note 2).
3. 100 mM MgCl2.
4. DNA templates: PCR products (10 ng/µL) or DNA plasmids (20 ng/µL).
5. Primer 2 (50 pmol/µL).
6. dNTP (dATP, dGTP, dTTP) mix (200 µM of each).
7. dNTP (dATP, dGTP, dTTP) mix diluted 1:10 in H2O. This mix is changed every

2 wk.
8. Taq DNA polymerase (5 U/µL, Roche Molecular Biochemicals).
9. α-[32P]dCTP (3000 Ci/mmol, New England Nuclear).

10. 7.5 M ammonium acetate.
11. 20 µg/µL glycogen
12. Precooled absolute ethanol (–20°C)
13. Geiger counter.
14. TE buffer pH 8.0: 10 mM Tris-HCl, pH 8.0, and 1 mM EDTA, pH 7.8.
15. Hybridization buffer: 250 mM sodium phosphate, pH 7.2, 1 mM EDTA, 7% SDS,

and 1% BSA.

2.6.2.2. DIGOXIGENIN (NONISOTOPIC) LABELING

1. Siliconized microtubes (0.625 mL) and 1.5-mL microtubes.
2. 5X Taq buffer: 50 mM Tris-HCl, pH 8.9, 200 mM NaCl, and 0.05% (w/v)

gelatin (see Note 2).
3. 100 mM MgCl2.
4. DNA templates: PCR products (10 ng/µL) or DNA plasmids (20 ng/µL).
5. Primer 2 (50 pmol/µL).
6. dNTP mix (A:G:C:T = 25 mM : 25 mM : 25 mM : 20 mM).
7. dNTP mix diluted 1:8.3 in H2O. This mix is changed every 2 wk.
8. 1 mM digoxigenin-11-dUTP (Roche Molecular Biochemicals) diluted 1:2 in H2O.
9. Taq DNA polymerase (5 U/µL, Roche Molecular Biochemicals).

10. 7.5 M ammonium acetate.
11. 20 µg/µL glycogen.
12. Precooled absolute ethanol (–20°C).
13. TE buffer pH 8.0: 10 mM Tris-HCl, pH 8.0, and 1 mM EDTA, pH 7.8.
14. Prehybridization buffer: 5X SSC (750 mM NaCl and 75 mM sodium citrate

pH 7.0), 1% casein, 0.1% N-lauroylsarcosine, and 0.02% SDS.
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3. Methods
3.1. DNA Purification (for 107 to 108 Cells)

1. Detach cells using trypsin (if needed) and sediment the cell suspension by cen-
trifugation in 50-mL conical tubes.

2. Resuspend the cells in 5–15 mL of buffer A.
3. Add 1 volume (5–15 mL) of buffer A containing 1% Nonidet P40.
4. Incubate on ice for 5 min.
5. Sediment nuclei by centrifugation at 4500g for 10 min at 4°C.
6. Remove the supernatant. Resuspend nuclei in 1–10 mL of buffer A by gentle

vortexing. Resediment nuclei at 4500g for 10 min at 4°C.
7. Remove supernatant. It is recommended to leave a small volume (100–500 µL)

of buffer A to facilitate resuspension of nuclei.
8. Dilute the nuclei in 1–2 mL of buffer B.
9. Add an equivalent volume of buffer C and proteinase K to a final concentration

of 450 µg/mL.
10. Incubate at 37°C for 3 h, shake occasionally (see Note 3).
11. Add RNase A to a final concentration of 150 µg/mL.
12. Incubate at 37°C for 1 h.
13. Purify DNA by extraction with 1 vol phenol (one to two times as needed), 1 vol

phenol:chloroform (one to two times as needed), and 1 vol chloroform. Phenol
extraction and phenol-chloroform extraction should be repeated if the aqueous
phase is not clear (see Note 3).

14. Precipitate DNA in 200 mM NaCl and 2 vol of precooled absolute ethanol. Ethanol
should be added slowly and to facilitate DNA recovery, rock the tube very gently.

15. Recover DNA by spooling the floating DNA filament with a micropipet tip. If
DNA is in small pieces or not clearly visible, recover DNA by centrifugation
(5000g for 30 min at 4°C), but expect RNA contamination (see Note 4). RNA
contamination does not cause any problems for LMPCR. RNase digestion can be
repeated if needed.

16. Remove supernatant and wash DNA once with 10 mL of 70% ethanol.
17. Centrifuge the DNA (5000g for 10 min at 4°C).
18. Remove supernatant and air-dry DNA pellet.
19. Dissolve DNA in 10 mM HEPES, pH 7.4, and 1 mM EDTA (HE buffer) at an

estimated concentration of 60–100 µg/mL. The quantity of DNA can be esti-
mated based upon the number of cells that were initially used for DNA purifica-
tion. About 6 µg of DNA should be purified from 1 × 106 cells.

20. Carefully measure DNA concentration by spectrophotometry at 260 nm. Alter-
natively, DNA can be measure by fluorometry after staining with DAPI. Only
double-strand DNA concentration has to be measured, be careful if there is RNA
contamination (see Note 5).

3.2. Chemical Cleavage for DNA Sequencing Products

In vivo DNA analysis using LMPCR requires complete DNA sequencing
ladders from genomic DNA. Base-specific chemical modifications are per-
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formed according to Iverson and Dervan (47) for the A reaction and Maxam
and Gilbert for the G, T+C, and C reactions. DNA from each of these base-
modification reactions is processed by LMPCR concomitantly with the ana-
lyzed samples and loaded in adjacent lanes on the sequencing gel to allow the
identification of the precise location and sequence context of footprinted regions.
The chemical modifications induced by DMS, Hz, and K2PdCl4 and cleaved by
piperidine destroy the target base. Therefore, one must bear in mind that when
analyzing a chemical-sequencing ladder, each band corresponds to a DNA frag-
ment ending at the base preceding the one read. In this section, we will describe
the chemical sequencing of genomic DNA. The cleavage protocol below works
optimally with 10–50 µg of genomic DNA per microtube. Before chemical
sequencing, the required amount of DNA per microtube is ethanol precipitated
and the pellet is air-dried. For each base-specific reaction, we usually carried
out the treatment in three microtubes containing 50 µg of genomic DNA for
three different incubation times with the modifying agent in order to obtain
low, medium and high base-modification frequencies.

3.2.1. A Reaction

1. Add 160 µL of H2O and 40 µL of K2PdCl4 solution to the DNA pellet and care-
fully mix on ice using a micropipet.

2. Incubate at 20°C for 5, 10, or 15 min.
3. Add 50 µL of K2PdCl4 stop.
4. Add 750 µL of precooled absolute ethanol.

3.2.2. G Reaction

1. Add 5 µL of H2O, 200 µL of DMS buffer, and 1 µL of DMS to the DNA pellet
and carefully mix on ice using a micropipet.

2. Incubate at 20°C for 30, 45, or 60 s.
3. Add 50 µL of DMS stop.
4. Add 750 µL of precooled absolute ethanol.

3.2.3. T+C Reaction

1. Add 20 µL of H2O and 30 µL of Hz to the DNA pellet and carefully mix on ice
using a micropipet.

2. Incubate at 20°C for 120, 210, or 300 s.
3. Add 200 µL of Hz stop.
4. Add 750 µL of precooled absolute ethanol.

3.2.4. C Reaction

1. Add 5 µL of H2O, 15 µL of 5 M NaCl, and 30 µL of Hz to the DNA pellet and
carefully mix on ice using a micropipet.

2. Incubate at 20°C for 120, 210, or 300 s.
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3. Add 200 µL of Hz stop.
4. Add 750 µL of precooled absolute ethanol.

All samples are processed as follows:

1. Mix samples well and place on dry ice for 15 min.
2. Centrifuge for 15 min at 15,000g at 4°C.
3. Remove supernatant, then recentrifuge for 1 min and remove all the liquid using

a micropipet.
4. Carefully dissolve pellet in 405 µL of H2O.
5. Add 45 µL of 3 M sodium acetate pH 7.0.
6. Add 1 mL of precooled absolute ethanol.
7. Leave on dry ice for 15 min.
8. Centrifuge for 15 min at 15,000g at 4°C.
9. Take out supernatant and then respin.

10. Wash with 1 mL of precooled 80% ethanol; spin 5 min at 15,000g in a centrifuge
at 4˚C.

11. Remove the supernatant, spin quickly, remove the liquid with a micropipet and
air-dry pellet.

12. Dissolve pellet in 50 µL of H2O, add 50 µL of freshly prepared 2 M piperidine,
and mix well using a micropipet.

13. Secure caps with Teflon™ tapes and lock the caps with “lock caps”.
14. Incubate at 82°C for 30 min.
15. Pool all three microtubes of the same chemical reaction in a new 1.5-mL

microtube.
16. Add H2O until a volume of 405 µL is reached, then add 10 µL of 3 M sodium

acetate pH 5.2, 1 µL of glycogen, and 1 mL of precooled absolute ethanol.
17. Leave on dry ice for 15 min.
18. Spin 10 min at 15,000g at 4°C.
19. Take out the supernatant and wash twice with 1 mL of precooled 80% ethanol,

then respin for 1 min and remove all the liquid using a micropipet.
20. Add 200 µL of H2O and remove traces of remaining piperidine by drying the

sample overnight in a Speedvac concentrator.
21. Dissolve DNA in H2O to a concentration of 0.5 µg/µL.
22. Determine the DNA strand break frequency by running the samples on a 1.5%

alkaline agarose gel (43). The size range of the fragments should span 100–
500 bp.

3.3. Treatment of Purified DNA and Cells
with Modifying Agents

3.3.1. DMS Treatment

1. If cells are grown to confluence as monolayer, replace the cell culture medium
with a freshly prepared serum-free medium containing 0.2% DMS and incubate
at room temperature for 6 min. If cells are grown in suspension, sediment the
cells by centrifugation and remove the cell culture medium. The cells are diluted
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in a freshly prepared serum-free medium containing 0.2% DMS and are then
incubated at room temperature for 6 min.

2. Remove the DMS-containing medium and quickly wash the cell monolayer with
10–20 mL of cold HBSS. Sediment cells by centrifugation if they are treated in
suspension and remove the DMS-containing medium and wash the cells with 10 mL
of cold HBSS.

3. Detach cells using trypsin for cells grown as monolayer.
4. Nuclei are isolated and DNA purified as described in Subheading 3.1.
5. Purified DNA obtained from the same cell type is treated as described in Sub-

heading 3.2.2. Usually, a DMS treatment of 45 s should give a break frequency
corresponding to that of the in vivo treatment described in this section. This DNA
is the in vitro treated DNA used to compare with DNA DMS-modified in vivo
(see Notes 5 and 6).

3.3.2. 254-nm UV and UVB Irradiation

1. If cells are grown as monolayer in Petri dishes, replace cell culture medium with
cold 0.9% NaCl. If cells are grown in suspension, sediment the cells by centrifu-
gation and remove the cell culture medium. The cells are diluted in cold 0.9%
NaCl at a concentration of 1 × 106 cells/mL (see Note 7) and, to avoid cellular
shielding, a thin layer of the cell suspension is placed in 150-mm Petri dishes.

2. Expose the cells to 0.5–2 kJ/m2 of UVC (254-nm UV) or 25–100 kJ/m2 of UVB.
The cells should be exposed on ice in uncovered Petri dishes. The UV intensity is
measured using a UVX digital radiometer.

3. Remove the 0.9% NaCl by aspiration for cells grown as monolayer in Petri dishes
or by sedimentation for cell suspensions.

4. If cells were irradiated in suspension; follow the procedure described in Sub-
heading 3.1. to isolate nuclei and purify DNA. After DNA purification, DNA is
dissolved in H2O at a concentration of 0.2 µg/µL. For cells cultured in Petri dishes,
add in each dish 8 mL of buffer A containing 0.5% Nonidet P40.

5. Incubate on ice for 5 min.
6. Scrape the cells and transfer them in a conical 50-mL tube. In the same conical

50-mL tube, pool cells from Petri dishes that undergo the same procedure.
7. Wash the dishes twice with 8 mL of buffer A + 0.5% Nonidet P40 per each of

three identical Petri dishes.
8. Continue from step 5 of Subheading 3.1. After DNA purification, DNA is dis-

solved in H2O at a concentration of 0.2 µg/µL.
9. Expose purified DNA to the same UVC or UVB dose as the cells. Purified DNA

should be irradiated on ice and diluted in the UV irradiation buffer at a concen-
tration of 60–75 µg/mL (see Note 6). Purified DNA should be obtained from the
same type of cells as the type irradiated in vivo (see Note 8). This DNA is used as
control DNA to compare with DNA UV modified in vivo (see Notes 6 and 7).

10. Following UV irradiation, DNA is ethanol precipitated and DNA is resuspended
in H2O at a concentration of 0.2 µg/µL.
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3.3.3. DNase I Treatment

Genomic footprinting with DNase I requires cell permeabilization (see
Note 9). Cells grown as a monolayer can be permeabilized while they are still
attached to the Petri dish or in suspension following trypsinization. Here, we
will describe cell permeabilization using lysolecithin applied to monolayer cell
cultures (steps labeled a). For monolayer cultures, cells are grown to about
80% of confluency. Alternatively, we describe cell permeabilization using
lysolecithin or Nonidet P40 applied to cells in suspension (steps labeled b). For
cells in suspension, cells are diluted at a concentration of approx 1 × 106

cells/mL. To permeabilize the vast majority of cells in suspension, they must
not be clumped and not form aggregates during the permeabilization step and
subsequent DNase I treatment. To achieve this, we gently flick the microtubes
during permeabilization and DNase I treatment and keep the cell concentration
below 2 × 106/µL.

1a. For cells in monolayers, permeabilize the cells by treating them with 4 mL of
0.05% lysolecithin in solution I (prewarmed) at 37°C for 1–2 min (48).

2a. Remove the lysolecithin and wash with 10 mL of solution I. Add 3 mL of DNase I
(2–4 U/mL) to solution II and incubate at room temperature for 3–5 min. DNase I
concentration and incubation times may have to be adjusted for different cell
types. During this incubation, no more than 10% of the cells should be released
from the dish.

3a. Stop the reaction and lyse the cells by removal of the DNase I solution and addi-
tion of 1.5 mL of buffer C containing 600 µg/mL of proteinase K. Add 1.5 mL of
buffer B and mix gently by rocking the flask or the Petri dish. Transfer lysis
solution to a 15-mL tube (then continue to step 4).

Alternatively:

1b. Sediment the cell suspension by centrifugation. Wash the cells with HBSS.
Resuspend the cells in solution II at a concentration of 20 × 106/mL and aliquote
by transferring 100 µL of the cell suspension per 1.5-mL microtube. Add to each
microtube 100 µL of solution II prewarmed at 37°C containing 0.1% lysolecithin or
0.25% Nonidet P40. Mix gently by flicking. Incubate at room temperature for 3 min.

2b. Quickly spin to pellet the cells. Add 50 µL of 2000 U/mL DNase I and mix gently
by flicking. Incubate at room temperature for 5 min.

3b. Quickly spin and remove supernatant, resuspend the cells in 1.5 mL of buffer B,
and, using a pipet, rapidly transfer to a 15-mL tube in which there are and 1.5 mL
of buffer C containing 600 µg/mL of proteinase K (then continue to step 4).

4. Incubate at 37°C for 3 h, shake occasionally.
5. Add RNase A to a final concentration of 200 µg/mL and incubate at 37°C for 1 h.
6. Purify DNA by phenol-chloroform extraction (see Subheading 3.1., step 13).
7. Precipitate DNA in 200 mM NaCl and 2 volumes of precooled absolute ethanol.
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8. Leave on dry ice for 20 min.
9. Recover DNA by centrifugation (5000g for 30 min at 4°C), but expect RNA

contamination. RNA contamination does not cause any problems for LMPCR.
RNase A digestion can be repeated if needed.

10. Remove supernatant and wash DNA once with 10 mL of precooled 80% ethanol.
11. Centrifuge the DNA (5000g for 10 min at 4°C). Remove supernatant and air-dry

DNA pellet.
12. Dissolve DNA in H2O and carefully measure DNA concentration (see Subhead-

ing 3.1., step 20).
13. To obtain purified DNA controls (see Notes 6 and 8), digest 50 µg of purified

DNA in solution II with 4–8 U/µL of DNase I at room temperature for 10 min.
Stop the reaction by adding 400 µL of phenol. Extract once with phenol–chloroform
and once with chloroform. Dissolve DNA in H2O at a concentration of 0.5 µg/µL.

3.4. Conversion of Modified Bases to DNA Single-Strand Breaks

When purified DNA or cells are treated with DMS and UV, DNA base modi-
fications are induced (Table 3). These modifications must be converted to
single-strand breaks before running LMPCR. Following UV exposure, CPDs
and 6–4PPs are converted individually because they use different conversion
procedures (Table 3). On the other hand, DNase I digestion generates DNA
strand breaks suitable for LMPCR without any conversion procedures. Before
running LMPCR, the DNA strand break frequency must be determined by run-
ning the samples on a 1.5% alkaline agarose gel (43). The size range of the
fragments should span 200–2000 bp (see Note 6).

3.4.1. DMS-Induced Base Modifications (see Fig. 1)

1. Dissolve DNA (10–50 µg) in 50 µL H2O, add 50 µL of 2 M piperidine and mix
well using a micropipet.

2. Samples are processed as described in Subheading 3.2., steps 13–20.
3. Dissolve DNA in H2O to a concentration of 0.2 µg/µL.

3.4.2. UV-Induced Base Modifications

3.4.2.1. CPD (SEE FIG. 2)

1. To specifically cleave CPDs, dissolve 10 µg of UV-irradiated DNA in 50 µL H2O,
add 50 µL of a solution containing 10 µL of 10X dual buffer, 0.1 µL of 1 M DTT,
0.2 µL of 5 mg/mL BSA, a saturating amount of T4 endonuclease V and complete with
H2O to a final volume of 50 µL. Mix well by flicking the microtube and quick spin.

2. Incubate at 37°C for 1 h.
3. To perform the photolyase digestion to remove the overhanging dimerized base

that would otherwise prevent ligation (8), add 10 µL of the following mix: 1 µL
of 10X dual buffer, 1 µL of 1 M DTT, 0.2 µL of 5 mg/mL BSA, a saturating
amount of photolyase, and complete with H2O to a final volume of 10 µL. Mix
well by flicking the microtube and quick spin.
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4. Preincubate the microtubes at room temperature for 3–5 min under yellow light
with their caps opened.

5. Leaving their caps open, cover the microtubes with a plastic film to prevent UVB-
induced damage and place open ends 2–3 cm from a UVA black light for 1 h.

6. Add 290 µL of 0.52% SDS, mix well, and extract DNA using 1 vol (400 µL)
phenol, 1 vol phenol:chloroform, and 1 volume chloroform.

7. To precipitate DNA, add 18 µL of 5 M NaCl and 1 mL of precooled absolute ethanol.
8. Leave 15 min on dry ice, spin 20 min at 15,000g in a centrifuge at 4°C.
9. Wash once with 1 mL of precooled 80% ethanol.

10. Spin 8 min at 15,000g in a centrifuge at 4°C.
11. Air-dry the pellet and dissolve DNA in H2O to a concentration of 0.2 µg/µL.

3.4.2.2. 6–4PP (SEE FIG. 3)

1. Dissolve DNA (10–50 µg) in 50 µL of H2O, add 50 µL of 2 M piperidine and mix
well using a micropipet.

2. Samples are processed as described in Subheading 3.2., steps 13–20.
3. Dissolve DNA in H2O to a concentration of 0.2 µg/µL.

3.5. Ligation-Mediated Polymerase Chain Reaction Technology

The LMPCR protocol using cloned Pfu DNA polymerase for primer exten-
sion and PCR steps is labeled with a in Subheadings 3.5.1. and 3.5.3. An
alternative LMPCR protocol using Sequenase for primer extension steps and
Taq DNA polymerase for PCR steps is labeled b in Subheadings 3.5.1. and
3.5.3. Aside from the ligation mix (see Subheading 2.5.2.), the ligation step
(Subheading 3.5.2.) is identical with both enzyme combinations. The primer
extension, ligation, and PCR steps are carried out in siliconized 0.625-mL
microtubes and a thermocycler is used for all incubations.

3.5.1. Primer Extension (Steps II and III, Fig. 5)

1a. Mix 0.5–2 µg of genomic DNA, 3 µL of cloned Pfu buffer, and 1 pmol of primer
1 in a final volume of 25 µL.

2a. Denature DNA at 98°C for 3 min.
3a. Incubate for 20 min at 45°C to 55°C, depending of the Tm of the primer 1.
4a. Cool to 4°C.
5a. Add 5 µL of the cloned Pfu mix. Flick and quick spin.
6a. Incubate the samples at the annealing temperature for 30 s, then increase the

temperature to 75°C at a rate of 0.3°C/s and incubate at 75°C for 10 min. Finally,
the samples are cooled to 4°C.

Alternatively:

1b. Mix 0.5–1.6 µg of DNA in Sequenase buffer with 1 pmol of primer 1 in a final
volume of 15–18 µL.

2b. Denature DNA at 98°C for 3 min.
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3b. Incubate for 20 min at 45°C to 50°C, depending of the Tm of the primer 1.
4b. Cool to 4°C.
5b. Add 9 µL of the following mix: 7.5 µL of Mg–dNTP mix, 1.1 µL of H2O, and 0.4 µL

of T7 Sequenase V.2. Flick and quick spin.
6b. Incubate at 48°C for 5 min, 50°C for 1 min, 51°C for 1 min, 52°C for 1 min, 54°C

for 1 min, 56°C for 1 min, 58°C for 1 min, and 60°C for 1 min. Then, the samples
are cooled to 4°C.

7b. Add 6 µL of cold 310 mM Tris-HCl, pH 7.7.
8b. Incubate at 67°C for 15 min to inactivate the Sequenase, then cool to 4°C.

3.5.2. Ligation (Step IV, Fig. 5)

1. To the primer extension reaction, add 45 µL of the ligation mix and mix well with
the pipet. Note that the composition of the ligation mix (see Subheading 2.5.2.)
is different whether Sequenase or cloned Pfu DNA polymerase was used for the
primer extension (Section 3.5.1 and Step III in Fig. 5).

2. Incubate at 18°C overnight.
3. On ice, precipitate DNA by adding 28.75 µL of 7.5 M ammonium acetate, 0.25 µL

of 0.5 M EDTA, pH 8.0, 1 µL of 20 µg/µL glycogen, and 275 µL of precooled
absolute ethanol.

4. Leave 15 min on dry ice and spin 20 min at 15,000g in a centrifuge at 4°C.
5. Wash once with 500 µL of precooled 80% ethanol.
6. Spin 8 min at 15,000g in a centrifuge at 4°C.
7. Air-dry DNA pellets and dissolve DNA pellets in 50 µL of H2O.

3.5.3. Polymerase Chain Reaction (Steps V and VI, Fig. 5)

1a. Add 50 µL of the cloned Pfu DNA polymerase mix and mix with a pipet. The
reaction mix is overlaid with 50 µL of mineral oil.

2a. Cycle 22 times as described in Table 4 for cloned Pfu DNA polymerase. The last
extension should be done for 10 min to fully extend all DNA fragments.

3a. Add 25 µL of cloned Pfu DNA polymerase stop under the mineral oil layer. Then,
continue to step 4.

Alternatively:

1b. Add 50 µL of the Taq DNA polymerase mix and mix with the pipet. The reaction
is overlaid with 50 µL of mineral oil.

2b. Cycle 22 times as described in Table 4 for Taq DNA polymerase. The last exten-
sion should be done for 10 min to fully extend all DNA fragments.

3b. Add 25 µL of Taq DNA polymerase stop mix under the mineral oil layer. Then,
continue to step 4.

4. Extract with 250 µL of premixed phenol–chloroform (92 µL :158 µL) and trans-
fer to 1.5-mL microtubes.

5. Add 400 µL of precooled absolute ethanol.
6. Leave 15 min on dry ice; spin 20 min at 15,000g in a centrifuge at 4˚C.
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7. Wash once with 500 µL of precooled 80% ethanol.
8. Spin 8 min at 15,000g in a centrifuge at 4°C.
9. Air-dry DNA pellets.

10. Dissolve DNA pellets in 7.5 µL of premixed formamide loading dye in preparation
for sequencing gel electrophoresis. For the sequence samples G, A, T+C, and C, it is
often advisable to dissolve DNA pellets in 15 µL of premixed formamide loading dye.

3.5.4. Gel Electrophoresis and Electroblotting (Step VII, Fig. 5)

The PCR-amplified fragments are separated by electrophoresis through a
8% polyacrylamide/7 M urea gel, 0.4 mm thick and 60–65 cm long, then trans-
ferred to a nylon membrane by electroblotting (11–13).

1. Prerun the 8% polyacrylamide gel until the temperature of the gel reaches 50°C.
Running buffer is 100 mM TBE. Before loading the samples, wash the wells
thoroughly using a syringe.

2. To denature DNA, heat the samples at 95°C for 2–3 min, then keep them on ice
prior to loading.

3. Load an aliquot of 3–3.5 µL using flat tips.
4. Run the gel at the voltage or power necessary to maintain the temperature of the

gel at 50°C. This will ensure that the DNA remains denatured.

Table 4
Exponential Amplification Steps Using Cloned Pfu DNA Polymerase
or Taq DNA Polymerase

Polymerization
Annealing (D in s)

(T is the Tm of the T is the same for all
Denaturation oligonucleotide cycles: 75°C for Pfu

T in °C for D in s) for D in s) and 74°C for Taq

Cycle Pfu Taq Pfu or Taq —

0 — 93 for 120 — —
1 98 for 300 98 for 150 Tm for 180 180
2 98 for 120 95 for 60 Tm –1°C for 150 180
3 98 for 60 95 for 60 Tm –2°C for 120 180
4 98 for 30 95 for 60 Tm –3°C for 120 180
5 98 for 20 95 for 60 Tm –4°C for 90 150

Repeat cycle 5, 13 more times (add 5 s per cycle for annealing and polymerization)

19 98 for 20 95 for 60 Tm –3°C for 240 240
20 98 for 20 95 for 60 Tm –2°C for 240 240
21 98 for 20 95 for 60 Tm –1°C for 240 240
22 98 for 20 95 for 60 Tm for 240 600

Note: Temperature (T) and duration (D) of the denaturation, annealing and polymerization steps.
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5. Stop the gel when the green dye (xylene cyanole FF) reaches 1–2 cm from the
bottom of the gel.

6. Separate the glass plates using a spatula, then remove one of the plates by lifting
it carefully. The gel should stick to the less treated plate (see Note 10).

7. Cover the lower part of the gel (approx 40–42 cm) with a clean Whatman 3MM
Chr paper, carefully remove the gel from the glass plate and cover it with a plas-
tic film (see Note 10).

8. On the bottom plate of the electroblotter, individually layer three sheets of
Whatman 17 CHR paper, 43 cm × 19 cm, presoaked in 100 mM TBE, and squeeze
out the air bubbles between the paper layers by rolling with a bottle or pipet.

9. Add 150 mL of 100 mM TBE on the top layer and place the gel quickly on the
Whatman 17 CHR papers before TBE is absorbed. Before removing the plastic
film, remove all air bubbles under the gel by gentle rolling with a 10-mL pipet.

10. Remove the plastic film and cover the gel with a positively charged nylon mem-
brane presoaked in 100 mM TBE, remove all air bubbles by gently rolling a 10-mL
pipet, then cover with three layers of presoaked Whatman 17 CHR paper and
squeeze out air bubbles with rolling bottle. Paper sheets can be reused several
times except for those immediately under and above the gel.

11. Place the upper electrode onto the paper.
12. Electrotransfer for 45 min at 2 A. The voltage should settle at approximately 10–15 V.
13. UV-crosslink (1000 J/m2 of UVC) the blotted DNA to the membrane, taking care

to expose the DNA side of the membrane. If probe stripping and rehybridization
are planned, keep the membrane damp.

3.5.5. Hybridization (Step VII, Fig. 5)

3.5.5.1. RADIOLABELED PROBE

1. Prehybridize with 15 mL of hybridization buffer at 60–68°C for 20 min. The
prehybridization temperature is based on the Tm of the primer used to prepare the probe.

2. Decant the prehybridization buffer and add the labeled probe in 6–8 mL of
hybridization buffer.

3. Hybridize at 60–68°C (2°C below the calculated Tm of the probe) overnight.
4. Wash the membrane with prewarmed washing buffers. The buffers should be

kept in an incubator or water bath set at a temperature of 4°C higher than the
hybridization temperature. The membrane is placed into a tray on an orbital
shaker. Wash with buffer I for 10 min and with buffer II three times for about 10 min
each time.

5. Wrap the membrane in plastic film (see Note 10). Do not let the membrane
become dry if stripping and rehybridization are planned after exposure to the film.

6. Expose membrane to X-ray films with intensifying screens at –70°C. Although
longer exposure might be necessary, an exposure of 0.5–8 h is usually enough to
produce a sharp autoradiogram. Nylon membranes can be rehybridized if more
than one set of primers have been included in the primer extension and amplifica-
tion reactions (11–13). Probes can be stripped by soaking the membranes in boil-
ing 0.1% SDS solution twice for 5–10 min each time.
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3.5.5.2. DIGOXIGENIN-LABELED PROBE

1. Prehybridize with 20 mL of prehybridization buffer at 60–68°C for at least 3 h.
2. Decant the prehybridization buffer and add 7.5 mL of digoxigenin-labeled probe

in prehybridization buffer.
3. Hybridize at 60–68°C (2°C below the calculated Tm of the probe) overnight.
4. Wash the membrane twice with 20 mL of 2X washing solution for 5 min each at

room temperature, followed by two washes with 20 mL of 0.1X washing solution
for 15 min each at 65°C. The membrane is placed into a rolling 8-cm-diameter ×
22-cm-long borosilicate glass hybridization tube in a hybridization oven.
Manipulate the membrane exclusively with tweezers (see Note 11) and do not let
it dry following the hybridization step.

5. Wash the membrane with 50 mL of buffer 1 for 1 min at room temperature.
6. Transfer the membrane to a new hybridization tube and incubate with 20 mL of

buffer 2 for 1 h at room temperature.
7. Replace buffer 2 with 20 mL of buffer 2 containing the antidigoxigenin anti-

body diluted 1:10,000 (prepared 5 min before use) and incubate for 30 min at
room temperature.

8. Remove the antibody solution and wash the membrane with 20 mL of buffer 1.
9. Transfer the membrane to a new hybridization tube and incubate with 20 mL of

buffer 1 containing 0.3% Tween-20 for 15 min at room temperature.
10. Replace the solution with 20 mL of buffer 3 and incubate for 5 min at room temperature.
11. Place the membrane between two cellulose acetate sheets and pour 0.5 mL:100 cm2

of CSPD® diluted 1:100 in buffer 3 onto the membrane between the acetate sheet
sandwich. Carefully remove the air bubbles and seal the acetate sheets using heat
(Doubleseal). Incubate the membrane for 15 min at 37°C.

12. Expose membrane to X-ray films for 40 min at room temperature (see Note 11).

3.6. Preparation of Single-Stranded Hybridization Probes
(Step VIII, Fig. 5)

The [32P]-dCTP or digoxigenin-labeled single-stranded probe is prepared
by 30 cycles of repeated linear primer extension using Taq DNA polymerase.
Primer 2 (or primer 3, see Note 12) is extended on a double-stranded template
which can be a plasmid or a PCR product. The latter is produced using two
opposing primers 2, separated by a distance of 150–450 bp. Alternatively, any
pair of gene specific primers suitable for amplifying a DNA fragment contain-
ing a suitable probe sequence (see Note 12) can be employed.

3.6.1. Template Preparation: PCR Products

3.6.1.1. PCR AMPLIFICATION

1. To 50 µL of purified genomic DNA (100 ng) in H2O, add 50 µL of the Taq DNA
polymerase mix and mix with the pipet. The reaction is overlaid with 50 µL of
mineral oil.
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2. Cycle 35 times at 95°C for 1 min (97°C for 3 min for the first cycle), 61–73°C
(1–2°C below the calculated Tm of primer 2 with the lowest Tm) for 2 min, and
74°C for 3 min. The last extension should be done for 10 min.

3. Add 25 µL of Taq DNA polymerase stop under the mineral oil layer.
4. Extract with 250 µL of premixed phenol–chloroform (92 µL:158 µL) and trans-

fer to 1.5-mL microtubes.
5. Add 400 µL of precooled absolute ethanol.
6. Leave 15 min on dry ice, spin 20 min at 15,000g in a centrifuge at 4°C.
7. Wash once with 1 mL of precooled 80% ethanol.
8. Spin 8 min at 15,000g in a centrifuge at 4°C.
9. Air-dry DNA pellets.

10. Resuspend DNA pellets in 25 µL of 1X TAE loading buffer.

3.6.1.2. PURIFICATION AND QUANTIFICATION OF PCR PRODUCTS

1. Load 25 µL of PCR products per well along with an appropriate DNA mass ladder.
2. Migrate the PCR products on a neutral 1.2–1.5% agarose gel.
3. Stain the gel with ethidium bromide and recover the band containing the DNA fragment

of expected molecular weight on a UV transilluminator using a clean scalpel blade. Mini-
mize the size of the slice by removing as much extraneous agarose as possible.

4. Crush the slice and put it in a 0.625-mL microtube pierced at the bottom and
containing a column of packed dry glass wool (see Note 13).

5. Insert the 0.625-mL microtube containing the column in a 1.5-mL microtube and
spin 15 min at 7000g. Transfer the flowthrough to a new 1.5-mL microtube. If
there is still some visible agarose remaining, repeat step 5.

6. Add 50 µL of H2O to wash the column of any remaining DNA by spinning 8 min
at 7000g. Pool all of the flowthrough contents in one 1.5-mL microtube.

7. Complete the volume to 405 µL with H2O, add 45 µL of 3 M sodium acetate
pH 7.0, and 1 mL of precooled absolute ethanol to precipitate DNA. Leave 15 min
on dry ice, spin 20 min at 15,000g in a centrifuge at 4°C.

8. Wash once with 1 mL of precooled 80% ethanol and spin 8 min at 15,000g in a
centrifuge at 4°C.

9. Air-dry DNA pellet.
10. Dissolve DNA pellets in 103 µL of H2O.
11. Load aliquots of 1 and 2 µL of the DNA template dissolved in 1X universal neu-

tral loading buffer along with a quantitative DNA molecular-weight ladder and
electrophorese on a neutral 1.5% agarose gel.

12. Stain the gel with ethidium bromide and photograph on a UV transilluminator.
The DNA concentration of the aliquots is estimated by comparison with the DNA
ladder band intensities and H2O is added to obtain a final concentration of tem-
plate DNA of 3 ng/µL. The DNA template is aliquoted and stored at –20˚C.

3.6.2. Labeling of Single-Strand Hybridization Probes

3.6.2.1. ISOTOPIC LABELING

1. Prepare 150 µL of the following mix: 30 µL of 5X Taq buffer, 3 µL of 100 mM
MgCl2, 1 µL of dNTPs mix diluted 1:10 in H2O, 20–40 ng of plasmid or 10–20 ng
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of PCR products, 1.5 µL of 50 pmol/µL primer 2, 2.5 U of Taq DNA polymerase,
and 10 µL of α-[32P]-dCTP (3000 ci/mmol).

2. Cycle 30 times at 95°C for 1 min (97°C for 3 min for the first cycle), 60–68°C for
2 min, and 74°C for 3 min.

3. Transfer the mixture to a conical 1.5-mL microtube with screw cap.
4. Precipitate the probe by adding 50 µL of 10 M ammonium acetate, 1 µL of glyco-

gen, and 420 µL of precooled absolute ethanol.
5. Leave 5 min at room temperature and spin 5 min at 15,000g in a centrifuge at

room temperature.
6. Transfer the supernatant to into a new 1.5-mL microtube. Using a Geiger counter,

compare the counts per minute between the pellet (probe) and the supernatant,
count from the probe should be more than or equal to the supernatant for
optimal results.

7. Dissolve the probe in 100 µL of TE buffer.
8. Add the probe to 6–8 mL of hybridization buffer and keep the probe at 65°C.

3.6.2.2. DIGOXIGENIN (NONISOTOPIC) LABELING

1. Prepare 150 µL of the following mix: 30 µL of 5X Taq buffer, 3 µL of 100 mM
MgCl2, 1 µL of dNTP mix diluted 1:8.3, 20–40 ng of plasmid or 10–20 ng of PCR
products, 1.5 µL of 50 pmol/µL primer 2, 2.5 U of Taq DNA polymerase, and 1.2 µL
of 0.5 mM digoxigenin–11-dUTP.

2. Cycle 30 times at 95°C for 1 min (97°C for 3 min for the first cycle), 60–68°C for
2 min, and 74°C for 3 min.

3. Precipitate the probe by adding 50 µL of 10 M ammonium acetate, 1 µL of glyco-
gen, and 420 µL of precooled absolute ethanol. Spin for 10 min at 15,000g in a
centrifuge at room temperature.

4. Check the incorporation of the digoxigenin-labeled nucleotide by a dot blot (see
Note 14).

5. Resuspend the probe in 100 µL of TE buffer.
6. Add the probe to 15 mL of prehybridization buffer.

4. Notes
1. Primers should be selected to have a higher Tm at the 5' end than in the 3' end.

This higher annealing capacity of the 5' end lowers false priming, thus allowing a
more specific extension and less background (49). A guanine or a cytosine resi-
due should also occur at the 3' end. This stabilizes the annealing and facilitates
the initiation of the primer extension. It is important that the selected primer does
not have long runs of purines or pyrimidines, does not form loops or secondary
structure, and does not anneal with itself. If primer dimerization occurs, less
primer will be available for annealing and polymerization will not be optimal.
The purity of the primers is verified on a 20% polyacrylamide gel (to prepare a
500-mL mix, dissolve 96.625 g of acrylamide, 3.375 g of bis-acrylamide, 210.21 g
of urea corresponding to 7 M, in 100 mM TBE); if more than one band is found,
the primer is reordered. The primers are also tested in a conventional PCR to
prepare the template for the probe synthesis (see Note 12).
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2. Originally, Pfu and Taq buffers were prepared using KCl, which was, however,
shown to stabilize secondary DNA structures, thus preventing an optimal poly-
merization (50). The use of NaCl prevents, to some extent, the ability of DNA to
form secondary structures. This is particularly helpful when GC-rich regions of
the genome are being investigated.

3. The genomic DNA used for LMPCR needs to be very clean and undegraded. Any
shearing of the DNA during preparation and handling before the first primer
extension must be avoided. After an incubation of 3 h, if clumps of nuclei are still
visible, proteinase K at a final concentration of 300 µg/mL should be added and
the sample reincubated at 37˚C for another 3 h.

4. If no DNA can be seen, add glycogen (1–2 µg) to the DNA solution and put
the DNA on dry ice for 20 min and centrifuge the DNA (5000g for 20 min at
4°C). This should help DNA recovery but increases the probability of RNA
contamination.

5. Because in vivo DNA analysis is based on the comparison of DNA samples modi-
fied in vivo with DNA control modified in vitro, given the quantitative character-
istic and high sensitivity of LMPCR technology, the DNA concentrations should
be as accurate as possible. Indeed, it is critical to start LMPCR with similar
amounts of DNA in every sample to be analyzed. The method used to evaluate
DNA concentration should measure only double-stranded nucleic acids. RNA
contamination does not affect LMPCR, although it can interfere with the precise
measurement of the DNA concentration.

6. The DNA frequency of DNA breakage is even more critical than the DNA con-
centration. For DMS and UV, the base-modification frequency determines the
break frequency following conversion of the modified bases to single-strand
breaks, whereas for DNase I, the frequency of cleavage is exactly the break fre-
quency. The break frequency must be similar among the samples to be analyzed.
It should not average more than one break per 150 bp for in vivo DNA analysis,
the optimal break frequency varying from one break per 200 bp to one break per
2000 bp. When the break frequency is too high, we typically observe dark bands
over the bottom half of the autoradiogram and very pale bands over the upper
half, reflecting the low number of long DNA fragments. In summary, to make the
comparison of the in vivo modified DNA sample with a purified DNA control
easily interpretable and valid, the amount of DNA and the break frequency must
be similar between the samples to be compared. On the other hand, it is not so
critical that the break frequency of the sequence ladders (G, A, T+C, and C) be
similar to that of the samples to be studied. However, to facilitate sequence read-
ing, the break frequency should be similar between the sequence reactions. It is
often necessary to load less DNA for the sequence ladders.

7. If the cell density is too high, multiple cell layers will be formed and the upper
cell layer will obstruct the lower ones. This will result in an inhomogeneous DNA
photoproduct frequency.

8. It is imperative that the purified DNA samples used as DNA control and the in
vivo DNA samples come from the same cell type. For instance, differing cytosine
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methylation patterns of genomic DNA from different cell types affect photoprod-
uct formation (17,29) and give altered DNase I cleavage patterns (2).

9. A nearly ideal chromatin substrate can be maintained in permeabilized cells.
Nonionic detergents such as lysolecithin (48) and Nonidet P40 (33) permeabilize
the cell membrane sufficiently to allow the entry of DNase I. Conveniently, this
assay can be performed with cells either in a suspension or in a monolayer. One
concern is that permeabilized cells will lyse after a certain time in a detergent,
thus care must be taken to monitor cell integrity by microscopy during the course
of the experiment. A further difficulty with the permeabilization technique con-
cerns the relatively narrow detergent concentration range over which the treat-
ment can be performed. Each cell type appears to require specific conditions for
the detergent cell permeabilization. Furthermore, the DNase I concentration must
be calibrated for each cell type to produce an appropriate cleavage frequency.
Optimally, the in vivo DNase I protocol works better if the enzyme has cleaved
the DNA backbone every 1.5–2 kb. Cutting frequencies greater than 1 kb are
associated with higher LMPCR backgrounds because the number of 3'-OH ends
is much higher, making suppression of the extension of these ends more difficult.

10. To facilitate sequencing gel removal following migration, it is crucial to siliconize
the inner face of both glass plates prior to pouring the gel. For security, cost-
effectiveness, efficiency, and time-saving, we recommend treating the glass
plates with RAIN-AWAY® solution (Wynn’s Canada, product no. 63020). We
apply 0.75 mL on one plate and 1.5 mL on the other before each five utilizations
as specified by the manufacturer. In this way, the gel is easier to pour and tends to
stick on the less siliconized plate.

Whenever plastic film is needed, we recommend plastic wrap brand. This
brand was found to be less permeable to liquids and more resistant to tears than
other brands. This is particularly important when membranes are exposed on the
phosphorimager plate in order to avoid the moistening of the plate and irrevers-
ibly damaging it.

11. We adapted the nonisotopic digoxigenin-based probe labeling method and chemi-
luminescent detection system (Roche Molecular Biochemicals) to reveal DNA
sequence ladders after LMPCR amplification, sequencing gel electrophoresis,
and electroblotting. Compared to the isotopic method, the nonisotopic method
has a higher specificity, higher sensitivity, lower background, and lower cost,
and is therefore a highly recommendable alternative. As shown in Fig. 6B, the
sequence ladder revealed by nonisotopic labeling was clearer, sharper and pre-
sented lesser background compared to the isotopic labeling method (Fig. 6A).
Unlike isotopic probes, digoxigenin-labeled probes are innocuous, can be easily
disposed of, can be stored for long periods, and can even be reused. It is worth
noting, however, that this nonisotopic detection method requires some minor pre-
cautions. First, the nylon membrane used for this type of detection must bear a
specific density and homogeneous distribution of positive charge. Among mem-
branes we tested, the one sold by Roche Molecular Biochemicals, unquestion-
ably gave the best results. Secondly, care should be taken with the manipulation
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of the membrane. The use of tweezers is strongly recommended in order to reduce
nonspecific spots and background. As seen in Fig. 6B, in spite of taking every
precaution, some small spots are still observed on the “chemiluminogram.” These
might be explained by the powder from gloves. An alternative explanation for
these spots could be the presence of nondissolved crystals in the antibody solu-
tion (to minimize this problem, this solution can be spun for 15–30 s before use)
or in the detection buffer. However, the use of an appropriate membrane and
meticulous manipulations can produce very good results with the nonisotopic
detection method.

12. To avoid long probes, (i.e., greater than 200 bp), plasmid DNA is cut with an
appropriate restriction enzyme (e.g., see ref. 16). If a third primer (primer 3) is
used to make the probe, it should be selected from the same strand as the ampli-
fication primer (primer 2) just 5' to primer 2 sequence and with no more than
seven to eight bases of overlap on this primer, and should have a Tm of 60–68°C.
As first reported by Hornstra and Yang (41,51,52), we simply use the primer 2
employed in the amplification step and we produce the probe from PCR prod-
ucts. Such probes cost less (no primer 3), are more convenient (the preparation of
the PCR products permits the testing of primers) and simplify the assay because
no cloning requirement is needed as long as the sequence is known.

13. The bottom of a capless 0.625-mL siliconized microtube can be easily pierced
with a heated needle. It is important to emphasize that the hole should be made as
small as possible for the column to efficiently retain agarose. The pierced
microtube is packed with wetted glass wool. Three successive centrifugation steps
of 1 min each at 16,000g are necessary to compact and dry the glass wool. The
water is recuperated in a capless 1.5-mL microtube. If glass wool is found with
the effluent, the column should be discarded. A final 5-min centrifugation at
16,000g should be carried out to ensure the glass wool is fully compacted and
dry. The glass wool column is stored at room temperature in a new capless
1.5-mL microtube and covered with a plastic film to protect the column from
dust. In this way, the column can be stored indefinitely until it is used.

14. To verify whether digoxigenin was incorporated in the probe, use an aliquot of 1 µL
from the 100-µL probe preparation and pipet onto a small piece of positively
charged membrane (see Subheading 2.5.4., item 13). Expose the membrane to
1000 J/m2 of 254-nm UV to crosslink the probe onto the membrane. Place the
membrane in a Petri dish and add 15 mL of buffer 1 (see Subheading 2.5.5.2.,
item 5). Discard the buffer 1, add 20 mL of buffer 2 (see Subheading 2.5.5.2.,
item 6), and place the dish on a shaker for 10 min at room temperature. Discard
the buffer 2, add 20 mL of digoxigenin-antibody coupled with a peroxidase (anti-
Digoxigenin-AP, Roche Molecular Biochemicals, cat. no. 1 093 274) diluted 1:5 000
in buffer 2. Incubate 10 min at room temperature. Add 20 mL of buffer 1 in a new
Petri dish, transfer the membrane to this new dish and wash the membrane for
10 min at room temperature. Always manipulate the membrane with tweezers
(see Note 11). Remove the buffer 1 and add 20 mL of buffer 3 (see Subheading
2.5.5.2., item 9). Wait 5 min to allow the membrane to reach the appropriate pH
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(pH 9.5) for the detection. During this time, prepare the detection solution by
adding 90 µL of NBT (4-Nitroblue tetrazolium chloride, Roche Molecular
Biochemicals, cat. no. 1 383 213) and 70 µL of BCIP (X-phosphate/5-bromo-4-
chloro-3-indolyl-phosphate, Roche Molecular Biochemicals, cat. no. 1 383 221)
to 20 mL of buffer 3. Discard buffer 3 and add the detection solution to the dish
containing the membrane and place it in a dark room. Check occasionally and
monitor the appearance of staining. If no staining appears after 1 h, this means
that the incorporation of DIG was not efficient. The detection solution is very
toxic, manipulate it carefully and eliminate this solution as toxic waste.
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Identification of Protein–DNA Contacts
with Dimethyl Sulfate

Methylation Protection and Methylation Interference

Peter E. Shaw and A. Francis Stewart

1. Introduction
Dimethyl sulfate (DMS) is an effective and widely used probe for sequence-

specific protein–DNA interactions. It is the only probe routinely used both for
in vitro (methylation protection, methylation interference) and in vivo (DMS
genomic footprinting) applications because it rapidly reacts with DNA at room
temperature and readily penetrates intact cells (1). DMS methylates predomi-
nantly the 7-nitrogen of guanine and the 3-nitrogen of adenine. Thus reactivity
with G residues occurs in the major groove and with A residues in the minor
groove. In standard Maxam and Gilbert protocols (2), the methylated bases are
subsequently converted to strand breaks and displayed on sequencing gels.

Methylation protection and interference are essentially combinations of the
gel retardation assay or electrophoretic mobility shift assay (EMSA) (3,4)
(Chapter 2) with the DMS reaction of the Maxam and Gilbert sequencing pro-
cedure. Protein–DNA interactions are reflected either as changes in DMS reac-
tivities caused by bound protein (methylation protection) or as selective protein
binding dictated by methylation (methylation interference).

In methylation protection, protein is first bound to DNA that is uniquely end
labeled and the complex is reacted with DMS. DMS reactivities of specific
residues are altered by bound protein either by exclusion, resulting in reduced
methylation, or by increased local hydrophobicity, resulting in enhanced
methylation, or by local DNA conformational changes, such as unwinding,
resulting in altered reactivity profiles (5–7). After the DMS reaction, free DNA
is separated from protein-bound DNA by gel retardation and both DNA
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fractions are recovered from the gel. Methylated residues are converted into
strand scissions and the free and bound DNA fractions are compared on a
sequencing gel. A complete analysis requires the examination of both strands.
This is accomplished by preparing two DNA probes, each uniquely labeled at
one end, and carrying both probes through the protocols. A binding site char-
acterized by methylation protection will therefore appear as a cluster of altered
DMS reactivities.

In methylation interference (8,9), DNA is first reacted with DMS, purified
and then presented to protein. Under the reaction conditions used methylation
is partial, yielding approximately one methylated base per DNA molecule.
Thus, the protein is presented with a mixture of DNA molecules that differ
with respect to the positions of methyl groups. Some methyl groups will
interfere with protein binding because they lie in or near the binding site. Gel
retardation separates the mixture into two fractions: free DNA, which, as long
as DNA is in excess over binding activity, represents the total profile of methy-
lation reactivity, and bound DNA, which will not contain any molecules with
methyl groups incompatible with binding. Both free and bound DNA fractions
are recovered, methylated residues are converted to strand scissions, and the
fractions are compared on a sequencing gel. The binding site is observed as
the absence of bands in the bound sample corresponding to the positions where
methylation interferes with binding.

It is obvious that these two uses of DMS may not deliver identical results.
For example, Fig. 1 presents a comparison obtained from experiments with the
serum response element binding factors p67SRF p62TCF and their binding site in
the human c-fos promoter (SRE). Because the use of DMS in vivo for genomic
footprinting is limited to the equivalent of methylation protection, a direct com-
parison between in vivo and in vitro data excludes the more widely used
methylation interference assay.

The two techniques are, however, very similar in practical terms and thus
are presented together. Both techniques rely on preestablished conditions that
permit a protein–DNA complex to be resolved in a gel retardation assay
(Chapter 2) and on chemical DNA sequencing methodologies, for which the
reader is advised to consult ref. 2 for a detailed treatment.

2. Materials
1. Dimethyl sulfate (DMS) (Merck), analytical grade.
2. Piperidine (Sigma), analytical grade; use freshly made 1:10 dilution in double-

distilled water.
3. Phenol/chloroform 50% v/v, buffered with 50 mM Tris-HCl, pH 8.0.
4. NA45 paper (Schleicher & Schuell).
5. 3MM paper (Whatman) or GB 002 paper (Schleicher & Schuell).
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6. Electrophoresis equipment suitable for gel retardation or EMSA.
7. Electroblotting apparatus for Western transfer (e.g., Bio-Rad Trans-Blot).
8. Standard DNA sequencing gel electrophoresis equipment.
9. Vacuum gel drier (optional).

10. TBE buffer: 89 mM Tris base, 89 mM boric acid, and 2 mM EDTA. Make 10X
stock as 108 g Tris base, 55 g boric acid, and 40 mL of 0.5 M EDTA pH 8.3
per liter.

11. NA45 elution buffer: 10 mM Tris-HCl, pH 8.0, 1 mM EDTA, and 1 M NaCl.
12. Carrier DNA: Salmon testis DNA or calf thymus DNA (Sigma), dissolved at

3 mg/mL in 10 mM Tris-HCl, pH 8.0, and 1 mM EDTA, and sheared.
13. Sequencing loading buffer: 90% formamide, 10 mM EDTA, and 0.1% (w/v)

bromophenol blue, 0.1% (w/v) xylene cyanol blue.
14. Gel retardation loading buffer: 20% Ficoll, 20 mM EDTA, 0.1% w/v bromophe-

nol blue.
15. 2X DMS buffer: 120 mM NaCl, 20 mM Tris-HCl, pH 8.0, 20 mM MgCl2, and

2 mM EDTA.
16. DMS stop buffer: 1.5 M NaAc, pH 7.0, and 1 M 2-mercapto-ethanol, store frozen.
17. X-ray film (e.g., Kodak X-Omat) or imaging plate for phosphorimager.

3. METHOD
3.1. Methylation Protection

1. Incubate 300,000 cpm of uniquely end-labeled DNA probe (see Note 1) and a
corresponding amount of protein together in a total volume of 100 µL, as previ-
ously optimized for gel retardation analysis.

2. Add 1 µL of DMS and incubate at room temperature (the incubation time depends
on the length of the DNA probe and is empirical; as a guide for a 200-bp frag-
ment, 1.5 min, for a 50-bp oligonucleotide duplex, 3 min).

3. Add 1/10 vol of 250 mM dithiothreitol (DTT), mix gently, add 1/10 vol of gel
retardation loading buffer, mix gently, load onto a 2-mm-thick retardation gel in

Fig. 1. Comparison of methylation interference and protection patterns formed by
factors binding at the c-fos serum response element (SRE) in vitro and in vivo. G
residues identified by methylation interference (9), methylation protection and in vivo
genomic footprinting (7) are indicated. An additional G on both the upper and lower
strands is implicated in the protein–DNA interaction by methylation protection.
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1X TBE (or an alternative buffer as determined to be best for the given complex)
and run as optimized for analytical gels. The load may need to be spread over up
to 10 times more well area as compared with an analytical retardation assay (see
Note 2).

4. After electrophoresis, separate the glass plates carefully so that the gel adheres to
one plate and cover the gel with cling film. Expose to X-ray film long enough to
reveal complexes clearly (i.e., 6 h to overnight). The alignment of the film to the
gel must be reliably marked.

5. Put the developed film on a light box. Remove the gel from the cling film and
realign it on the X-ray film. Cut pieces of NA45 paper sufficiently large to cover
individual complexes in the gel yet small enough to fit into 1.5-mL tubes when
rolled up. Wet the paper pieces in retardation gel running buffer and, with the
help of tweezers, position one over each complex of interest in the gel, as
visualized from the underlying film. Also position a similar sized piece of paper
over (some of) the uncomplexed DNA. NA45 paper can be labeled with pencil
before wetting.

6. Carefully cover the gel and paper pieces with two sheets of 3MM paper wetted in
1X TBE (or alternative gel running buffer from step 3). Lay a ScotchBrite pad
from the electroblotting apparatus on top of the paper and turn the gel over. Care-
fully remove the second glass plate, cover the other side of the gel with 3MM
paper and ScotchBrite as before and insert the package into an electrotransfer
apparatus as described in the manufacturer’s instructions with the NA45 paper
toward the anode. Transfer in 1X TBE (or the alternative retardation gel buffer)
at 80 V for 1.5 h (see Note 3).

7. Stop the transfer, unpack the gel carefully with the NA45 paper on top and trans-
fer each piece to a labeled 1.5-mL tube containing 600 µL of elution buffer (check
that the radioactivity has transferred to the paper). Incubate at 70°C for 1 h.

8. Remove NA45 paper from each tube, check that at least half the radioactivity has
eluted into the buffer (do not expect quantitative elution, but at least 50% should
come off), add 20 µg carrier DNA, extract with phenol/chloroform and precipi-
tate with 1 volume of isopropanol. Wash precipitate once in 70% ethanol and dry
under vacuum. (See Notes 4 and 5.)

9a. To reveal modified Gs: Dilute piperidine 1:10 in water and add 50 µL to each
pellet. Vortex briefly and incubate at 90oC for 30 min (tubes must be clamped
or weighted down to prevent the lids opening); then dry under a good vacuum.
Take up the samples in 100 µL of water and repeat the drying process. This
strand scission protocol should not convert methylated A residues into strand
breaks. It is often observed, however, that breakages at As do occur with reason-
able efficiency.

9b. To reveal modified As and Gs: The following modification will produce efficient
cleavage at both methyl-G and methyl-A residues. After the preparative retarda-
tion gel, resuspend the dried, purified DNA in 30 µL of 10 mM sodium phosphate
pH 6.8, and 1 mM EDTA. Incubate for 15 min at 92°C. Then add 3 µL of 1 M
NaOH and incubate for 30 min at 92°C, followed by 320 µL of 500 mM NaCl,
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50 µg/mL carrier DNA, and 900 µL ethanol. Chill and centrifuge to pellet the
radioactivity. Wash the pellet in 70% ethanol and dry.

10. Measure the Cerenkov counts in each tube, then redissolve the samples in water
(e.g., 10 cpm/µL) and transfer equivalent counts (1000 cpm in each case would
be optimal) from each into fresh tubes. Dry down and redissolve in 5 µL
sequencing loading buffer.

11. Prepare and pre-electrophorese a standard sequencing gel (5–12% acrylamide,
depending on probe length). Denature probes at 95oC for 5 min, snap cool in ice
and load onto the gel. Run the gel until optimal separation of sequence is
achieved. (See Notes 6–8.)

12. Stop electrophoresis, remove the gel from the tank and lift off one glass plate. Fix
the gel in 20% ethanol and 10% acetic acid for 10 min. Drain briefly and then
overlay the gel with two sheets of 3MM paper and carefully peel it off the glass
plate. Cover the gel surface with cling film and dry on a vacuum gel drier (see
Note 9). Expose the dry gel to X-ray film with intensifying screens as necessary,
or to an imaging plate.

3.2. Methylation Interference

1. Mix 300,000 cpm of end-labeled probe (see Note 1); 100 µL of 2X DMS buffer
and water to 200 µL. Add 2 µL of DMS and incubate at room temperature (the
same guidelines as given in Subheading 3.1.2. apply for the reaction time). Stop
the reaction by the addition of 50 µL cold DMS stop mix and precipitate with 850 µL
cold ethanol. Redissolve in 200 µL cold 0.3 M NaAc pH 7.0, add 700 µL cold
ethanol, and reprecipitate. Wash twice in 80% ethanol and redissolve the probe
in water or binding buffer (about 20,000 cpm/µL).

2. Incubate the probe with protein for gel retardation as previously optimized for
gel retardation analyses of the complexes in question in a total volume of 100 µL.

3. Add 1/10 vol of gel retardation loading buffer, mix gently and load onto a
2-mm-thick retardation gel in 1X TBE (or alternative buffer); then, run as opti-
mized for analytical gels. However, the load should be spread over up to 10 times
more well area (see Note 2).

4. Continue with step 4 and all subsequent steps as described for methylation pro-
tection (Subheading 3.1.).

4. Notes
1. To have sufficient counts to complete the procedure, proceed with at least 10

times the amount of material required for a simple gel retardation analysis (i.e., at
least 300,000 cpm).

2. A common difficulty with these methods is the persistence of contaminants that
accompany DNA after the preparative retardation gel. These contaminants inter-
fere with the migration of DNA on the sequencing gel, producing blurred and
distorted patterns. In order to minimize this problem it is worth ascertaining the
load limit of the retardation gel so that the protein–DNA complex will not smear
but be well resolved and therefore concentrated in the gel before elution.
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3. It is also possible to use a semidry electrotransfer apparatus (e.g., Bio-Rad Trans-
blot SD) to transfer the DNA from the gel retardation gel onto NA45 paper. In
this case, both the transfer time and potential are reduced.

4. In some instances, it may prove difficult to elute the DNA from the NA45 paper,
in which case raising the salt concentration or the temperature may improve elu-
tion. (Extending the incubation time does not seem to help.) If not, the batch of
NA45 may be to blame or it is even conceivable that the DNA–protein complex
in question is adsorbed too tightly onto the paper. It is not possible to phenol
extract the NA45 paper in order to remove bound protein–DNA.

5. Retain the isopropanol supernatants until you are sure the samples have precipi-
tated quantitatively. Add more carrier DNA if required.

6. It is similarly advisable to load as little material onto the sequencing gel as prac-
ticable. With the advent of the phosphorimager, the lower limit for the sequenc-
ing gel is well under 1000 cpm/lane.

7. If the end-labeled DNA fragment is relatively long and multiple binding sites are
to be resolved, a gradient or wedge sequencing gel can be used in step 11 of
Subheading 3.1.

8. An appropriate complement for the final result is to perform the Maxam and
Gilbert G+A reactions on the end-labeled probe. On the sequencing gel, these
reactions should provide unambiguous sequence information and, in case diffi-
culties are encountered, clues as to the steps that are problematic.

9. It is not essential to dry down the sequencing gel because after one glass plate has
been removed, it can be covered with cling film and exposed to X-ray film at
–70°C with one screen. This alternative should only be considered if the signal is
sufficiently strong or if a gel drier is not available.
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Ethylation Interference

Iain W. Manfield and Peter G. Stockley

1. Introduction
Structural studies of DNA–protein complexes have now made it clear that

specific sequence recognition in these systems is accomplished in two ways,
either directly by the formation of hydrogen bonds to base-pair edges from
amino acid side chains located on a DNA-binding motif, such as a helix–turn–
helix, or indirectly as a result of sequence-dependent distortions of the DNA
conformation (1). These contacts occur in the context of oriented complexes
between macromolecules that juxtapose the specific recognition elements. As
part of these processes, proteins make a large number of contacts to the
phosphodiester backbone of DNA, as was predicted from biochemical assays
of the ionic strength dependence of DNA binding.

Contacts to phosphate groups can be inferred by the ethylation interference
technique (2). Ethylnitrosourea (EtNU) reacts with DNA to form, principally,
phosphotriester groups at the nonesterified oxygens of the otherwise
phosphodiester backbone. Minor products are the result of the reactions of
EtNU with oxygen atoms in the nucleotide bases themselves (see Note 1).
Under alkaline conditions and at high temperature, the backbone can be cleaved
at the site of the modification to form a population of molecules carrying either
3'-OH or 3'-ethylphosphate groups.

The length of the ethyl group (approx 4.5 Å) means that at a number of
positions along a DNA molecule encompassing the binding site for a protein,
complex formation will be inhibited by the presence of such a modification. At
other sites, outside the binding site, no interference with protein binding at the
specific site will be observed. Addition of the DNA-binding protein to a
randomly ethylated DNA sample, followed by some procedure to separate the
complexes formed from unbound DNA, will fractionate the DNA sample into
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those molecules able to bind protein with high affinity and those for which the
ethylation has lowered the affinity (Fig. 1). In practice, modification at differ-
ent sites produces molecules with a spectrum of affinities for the protein. It is,
therefore, not possible to prove conclusively that a particular phosphate is con-
tacted by the protein, but only that ethylation at that site interferes with com-
plex formation.

Only occasionally are large amounts of pure protein readily available for in
vitro biochemical assay of DNA-binding activity and, often, only small
amounts of crude nuclear extracts are available. In many commonly used
assays, complex formation could not easily be detected in such situations. For
example, using DNase I or hydroxyl radicals, a high level of binding-site occu-
pancy is required for a footprint to be detected. Fractional occupancy is readily
detected by gel retardation of complexes (electrophoretic mobility shift
[EMSA]; see Chapter 2) but offers only limited characterization of the details
of the protein–DNA interaction. Interference techniques, such as the ethylation
and hydroxyl radical interference (see Chapter 16) techniques (3), do allow the
molecular details of complex formation to be studied even when only small
amounts of crude protein are available (4). Whatever the level of saturation,
DNA fragments modified at sites reducing the affinity of protein for DNA are
less likely to form complexes. Therefore, the bound fraction on gel retardation
assays will always give an indication of the sites that do not inhibit complex
formation when modified. The groups on the DNA recognized by the protein
can then be inferred. Ethylation can also be used to analyze RNA–protein com-
plexes (5,6).

We have used the ethylation interference technique to probe the interaction
of the Escherichia coli methionine repressor, MetJ, with its binding site in
vitro. Binding sites for MetJ consist of two, or more, immediately adjacent
copies of an 8-bp site with the consensus sequence 5'-AGACGTCT-3', which
has been termed a “met box.” X-ray crystallography has been used to deter-
mine the structure of the MetJ dimer, the complex with corepressor, S-adenosyl
methionine (SAM), and a complex of the holorepressor with a 19-mer oligo-
nucleotide containing two met boxes (7,8). The structure of the protein–DNA
complex in the crystal reveals two MetJ dimers (one per met box) binding to
the DNA by insertion of a β-ribbon into the major groove. The general features
of this model are corroborated by the results of the ethylation interference
experiments and by data from a range of other footprinting techniques.

2. Materials
2.1. Preparation of Radioactively End-Labeled DNA

1. Plasmid DNA carrying the binding site for a DNA-binding protein on a conve-
nient restriction fragment (usually <200 bp).
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Fig. 1. Diagrammatic outline of the ethylation interference experiment. The upper
section shows ethylation of end-labeled DNA (ethyl groups represented by small solid
triangles) and complex formation with protein (represented by large open triangles).
The expected mobility of each species on nondenaturing gels is shown in the middle
section. In idealized form, the pattern of cleavage products that might be expected
from recovery of each species after gel retardation assay is shown in the lower section.
In practice, samples represented by 1 + 3 and 2 + 4 migrate to the same position on the
retardation gel and are, therefore, not separated. The resultant pattern is shown in Fig. 2.

2. Restriction enzymes and the appropriate buffers as recommended by the suppliers.
3. Phenol: redistilled phenol equilibrated with 100 mM Tris-HCl, pH 8.0.
4. Chloroform.
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Fig. 2. Ethylation interference of MetJ–DNA interaction. Samples for denaturing
gel electrophoresis were prepared following the methods given here. “Stock” indi-
cates nonethylated DNA that has been through the cleavage reaction. “G/A” and
“C/T” are the products of the purine- and pyrimidine-specific Maxam–Gilbert chemi-
cal cleavage reactions, respectively. “Free” and “Bound” are the DNA fractions that
can and cannot form complexes, respectively. The two sets of data represent results
obtained with DNA ethylated for 30 min (left-hand lanes) or 60 min (right-hand lanes).
The sequence of the MetJ binding site is indicated along the side of the autoradio-
graph. The phosphate ethylation that interferes most strongly with complex formation
is indicated by a large solid triangle. Small, open triangles indicate the minor reaction
products of the cleavage reaction, which, for small fragments, are resolved on these gels.
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5. Solutions for ethanol precipitation of DNA: 4 M NaCl and ethanol (absolute and
70% v/v).

6. Alkaline phosphatase (AP), from calf intestine (CIAP) or shrimp.
7. 10X AP reaction buffer: 0.5 M Tris-HCl, pH 9.0, 0.1 M MgCl2, and 0.001 M ZnCl2.
8. TE buffer: 10 mM Tris-HCl, pH 8.0, and 1 mM ethylenediaminetetraacetic acid

(EDTA).
9. Sodium dodecyl sulfate (SDS) 20% w/v.

10. EDTA (0.25 M, pH 8.0).
11. T4 polynucleotide kinase (T4-PNK).
12. 10X T4-PNK reaction buffer: 0.5 M Tris-HCl, pH 7.6, 0.1 M MgCl2, and 0.05 M

dithiothreitol (DTT).
13. Radioisotope: [γ-32P]-ATP.
14. 30% w/v Acrylamide stock: 29:1 :: acrylamide: N,N'-methylene–bis-acrylamide.
15. Polyacrylamide gel elution buffer: 0.3 M sodium acetate, 0.2% (w/v) SDS,

and 2 mM EDTA.
16. Polymerization catalysts: ammonium persulfate (APS) (10% w/v) and N,N,N',N'-

tetramethylethylenediamine (TEMED).

2.2. Ethylation Modification and Fractionation of DNA

1. End-labeled DNA in TE: 250,000 cpm are required per ethylation reaction to be
performed (roughly 20 ng DNA fragment/reaction). Ethylation of more DNA
allows a range of protein concentrations to be used when protein–DNA binding
reactions are prepared. Standard safety procedures should be used when handling
radiolabeled DNA (e.g., work behind Lucite shields).

2. Cacodylate buffer: 50 mM sodium cacodylate (used without adjustment of the
pH, which is usually close to 8.0). Cacodylate buffer contains arsenic and there-
fore should be handled with caution. It is only necessary to prepare small vol-
umes (approx 10 mL) of this solution. Passing the solution through a 0.45-µm
filter is the preferred method of sterilization.

3. Ethylnitrosourea (EtNU): This reagent is readily synthesized (9) provided, the
appropriate safety measures are used. Commercial suppliers do not appear to
provide this material at present. The solid material should be stored at –20°C and
allowed to warm to room temperature before use. EtNU should be handled in a
fume hood and contaminated waste stored there until disposal. Wear two pairs of
latex gloves when handling samples containing EtNU.

4. tRNA (1 mg/mL).
5. Solutions for ethanol precipitation of DNA: 4 M NaCl and ethanol (absolute and

70% v/v).
6. Complex buffer: for MetJ, for example, 10 mM Tris-HCl, pH 7.4, 150 mM NaCl,

and 1 mM S-adenosyl methionine p-toluene sulfonate salt (SAM). Add glycerol
to this buffer to 10% (v/v).

7. Purified DNA-binding protein or protein extract.
8. Nondenaturing gel acrylamide stock solution: 30% (w/v) (37:1 acrylamide:

N,N'-methylene–bis-acrylamide).
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9. Electrophoresis buffer stock solution: 1.0 M Tris-HCl, pH 8.0, and solid SAM.
10. Ammonium persulfate (APS) (10% w/v).
11. TEMED.
12. Glass plates: 150 × 150 × 1.5 mm.
13. Peristaltic pump capable of recirculating buffer at 5–10 mL/min.
14. X-ray film.
15. Autoradiography cassette.
16. X-ray film developer and fixer.
17. Plastic wrap.
18. Scalpel blade.
19. Syringe needle.
20. Polyacrylamide gel elution buffer: 0.3 M sodium acetate, 0.1% (w/v) SDS,

and 1 mM EDTA.
21. 10 mM sodium phosphate, pH 7.0, and 1 mM EDTA.
22. 1.0 M NaOH (freshly prepared).
23. Acetic acid solutions: 1.0 M and 10% v/v.
24. Sequencing gel loading buffer: 80% (v/v) formamide, 0.5X TBE, 0.1% (w/v)

xylene cyanol, 0.1% (w/v) bromophenol blue.
25. Acrylamide stock solutions for sequencing gel: 19% (w/v) acrylamide, 1% (w/v)

N,N'-methylene–bis-acrylamide, and 50% (w/v) urea in TBE.
26. TBE (1X): 89 mM Tris, 89 mM boric acid, and 10 mM EDTA, pH 8.3.

2.3. Maxam–Gilbert Chemical DNA Sequencing Reactions

There is insufficient space to cover these methods in detail here, but exten-
sive information, materials, methods, and troubleshooting guides are readily
available in published literature (10,11).

3. Methods
3.1. Preparation of End-Labeled DNA

1. Digest the plasmid (e.g., 10 µg of the plasmid in a reaction volume of 200 µL
with one of the pair of restriction enzymes used to release a suitably sized
DNA fragment [usually <200 bp]). Extract the digest with an equal volume of
buffered phenol and then add 2.5 vol of ethanol to the aqueous layer to precipi-
tate the DNA.

2. Add 50 µL 1X AP reaction buffer to the ethanol-precipitated DNA pellet (<50 µg).
Add 1 U AP, incubate at 37°C for 30 min, followed by addition of a further
aliquot of enzyme, and incubate for a further 30 min. Terminate the reaction by
adding SDS and EDTA to 0.1% (w/v) and 20 mM, respectively, in a final volume
of 200 µL and incubate at 65°C for 15 min. Extract the digest with an equal
volume of buffered phenol, then with 1:1 phenol:chloroform, and finally ethanol
precipitate the DNA from the aqueous phase by addition of 2.5 vol of ethanol.

3. Redissolve the DNA pellet (~2.5 µg) in 18 µL 1X T4-PNK buffer. Add 20 µCi
[γ–32P]-ATP and 10 U T4-PNK, and incubate at 37°C for 30 min. Terminate the
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reaction by phenol extraction (followed by ethanol precipitation and a second
restriction enzyme digest) or by addition of nondenaturing gel loading buffer,
and electrophoresis on a nondenaturing polyacrylamide gel. We use 12% (w/v)
polyacrylamide gels (19:1, acrylamide:bis-acrylamide) with 1X TBE as the elec-
trophoresis buffer.

4. After electrophoresis, locate the required DNA fragments by autoradiography of
the wet gel. Excise slices of the gel containing the bands of interest using the
autoradiograph as a guide. Elute the DNA into 500 µL elution buffer overnight
(at least) at 37°C. Ethanol precipitate the DNA, wash the pellet thoroughly with
70% (v/v) ethanol, dry under vacuum, and rehydrate in a small volume of TE
buffer (e.g., 50 µL). Determine the radioactivity of the sample by liquid scintilla-
tion counting of a 1 µL aliquot.

3.2. Ethylation Modification and Protein-Binding Assay

3.2.1. Ethylation Reaction

1. Dispense the required volume containing approx 250,000 cpm of radiolabeled
DNA solution into an Eppendorf tube, add cacodylate buffer to a final volume of
100 µL and heat the solution to 50°C in a heating block. Prepare the minimum
volume of EtNU-saturated ethanol (at 50°C) for the required reactions, add 100 µL
of this to the DNA, mix, and incubate at 50°C for 60 min (see Notes 1 and 2).

2. Add to the sample 5 µL of 4 M NaCl, 2 µg of tRNA, and 150 µL of ethanol. Mix
and place at –20°C for 60 min or in a dry ice/ethanol bath for 15 min. Pellet the
DNA by centrifugation in a microfuge for 15 min and remove the supernatant
(store separately to be destroyed by incineration). Add 500 µL of 70% ethanol,
mix thoroughly, recentrifuge, and remove the supernatant. Dry the pellet briefly
under vacuum.

3.2.2. Fractionation of DNA by Gel Retardation Assay

The following procedure allows the separation of free and bound DNA by
means of gel retardation. The precise conditions will depend on the protein
under investigation (see Notes 3–6).

1. Mix 10 mL of nondenaturing acrylamide stock solution, 1.5 mL of 1.0 M
Tris-HCl, pH 8.0, 29.5 mL of distilled water, 0.2 mL of APS, 15 µL of TEMED,
and 1.5 mg of SAM, and pour into gel frame. Insert the well former and leave to
polymerize for 1–2 h.

2. When polymerized, insert the gel into the tank and connect peristaltic pump tub-
ing such that buffer is pumped in both directions (i.e., top to bottom and bottom
to top reservoirs). Pre-electrophorese gel for 30 min at 100 V.

3. Redissolve the pellet of ethylated DNA in complex buffer plus glycerol (see
Note 6). Set aside 10% of the ethylated DNA sample, which will be used as an
unfractionated control to indicate the variation in level of modification at each
residue. Dry this sample under vacuum and store at –20°C until step 1 of Sub-
heading 3.2.4. Add DNA-binding protein to a concentration that would saturate
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unmodified DNA and incubate at 37°C for 15 min to allow complex formation.
Note: Exact conditions will vary depending on the protein being studied.

4. Load the DNA–protein complex solution onto the gel and electrophorese into the
gel at 250 V for 2 min. Reduce the voltage to 100 V and continue electrophoresis
until a small amount of bromophenol blue dye loaded into an unused lane has
reached the bottom of the gel.

3.2.3. DNA Recovery

1. After electrophoresis, remove one plate and wrap the gel and remaining plate in
clear plastic wrap film (we use Saran Wrap™). Cut a piece of X-ray film large
enough to cover the lanes used on the gel and fix it to the gel firmly with masking
tape. Using a syringe needle, make a number of holes through the film and gel
that will serve to orient the developed film with respect to the gel. Alternatively,
align the film and the gel using fluorescent marker strips.

2. Place the assembly in an autoradiography cassette and leave at 4°C overnight.
3. Take the film off the gel and develop as usual. When dry, align the film and gel

using the holes created previously. Using a syringe needle, make a series of holes
into the gel around the fragments of interest using the bands on the film as a
guide. Remove the film and excise the marked regions of polyacrylamide. Place
gel fragments (10 × 5 mm) in Eppendorf tubes, add 600 µL of gel elution buffer,
and incubate at 37°C overnight (at least).

4. Transfer 400 µL of the eluate to a fresh tube, add 2 µg of tRNA and 1 mL of
ethanol, mix, and place at –20°C for 60 min. Pellet DNA by centrifugation in a
microfuge for 15 min. Discard the supernatant (check for absence of radioactiv-
ity), wash the pellet with 500 µL of 70% ethanol, recentrifuge, and discard the
supernatant. Dry the pellet briefly under vacuum. If the DNA does not pellet
readily, incubate the sample at –20°C for longer or recentrifuge at 4°C.

3.2.4. Phosphotriester Cleavage and DNA Sequencing

1. Redissolve each pellet in 15 µL sodium phosphate buffer and add 2.5 µL of 1 M
NaOH. Seal tube with plastic film (e.g., Parafilm) and incubate at 90°C for
30 min. Centrifuge samples briefly to collect any condensation. Add 2.5 µL
of 1.0 M acetic acid, 2 µL of 4 M NaCl, 1 µg of tRNA, and 70 µL of ethanol.
Leave samples at –20°C for 60 min. Pellet DNA as described in step 4 of Sub-
heading 3.2.3.

2. Redissolve the pellet in 4 µL of sequencing gel loading buffer. Heat to 90°C for
2 min and load samples onto a 12% w/v polyacrylamide sequencing gel along-
side Maxam–Gilbert sequencing reaction markers. Electrophorese at a voltage
that will warm the plates to around 50°C. After electrophoresis, fix the gel in
1 L of 10% (v/v) acetic acid for 15 min. Transfer the gel to 3MM paper and
dry under vacuum at 80°C for 60 min. Autoradiograph the gel at –70°C with an
intensifying screen.

3. Compare lanes corresponding to bound, free, and control DNA for differences in
intensity of bands at each position. A dark band in the “free fraction” (and a
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corresponding reduction in the intensity of the band in the “bound fraction”)
indicates a site where ethylation interferes with complex formation. This is inter-
preted as meaning that this residue is contacted by the protein or a portion of the
protein comes close to the DNA at this point. For 5' end-labeled DNA, the
ethylation reaction products migrate slightly more slowly than the Maxam–
Gilbert chemical sequencing products (see Notes 7 and 8, and also Fig. 1).

3.3. Results and Discussion

The result of an ethylation interference experiment with MetJ is shown in
Fig. 2 along with densitometer traces showing quantitative comparisons of the
distribution of products in bound and free fractions (Fig. 3) (13). Visual
examination of the autoradiograph shows that ethylation at 5'-pG2 results in
total exclusion of such fragments from protein–DNA complexes. Densitom-
etry indicates that ethylation at other sites inhibits complex formation to vary-
ing degrees and that there are more sites in the 3' half-site than in the 5' half-site
for which ethylation inhibits complex formation. These data can be interpreted
in terms of the MetJ-DNA crystal structure (8). The site at which ethylation
completely inhibits complex formation corresponds to the phosphate 5' to the
guanine at position 2 of each met box. The crystal structure shows a contact to
this phosphate from the N-terminus of the repressor B-helix. Indeed, at the
center of the operator site, sequence-dependent distortions of the oligonucle-
otide fragment away from B-DNA result in displacement of this 5' G2 phos-
phate by up to 2 Å in the direction of the protein. Thus, this site of complete
inhibition of complex formation corresponds to an important contact between
the DNA and a secondary structural element in the protein, which presumably
is unable to adjust to the presence of a bulky ethyl group. The other sites of
ethylation interference effects are contacted by amino acid side chains and pep-
tide backbone groups in extended loops of the repressor. It might be expected
that side chains and loops could be flexible enough to reorient in order to reduce
steric hindrance between the protein and the ethyl group, thus explaining the
partial interference effects. Similar good correlations between the contacts
identified by ethylation interference experiments and those seen in crystals
have been demonstrated in other systems, such as the phage 434 repressor (14)
and the phage Lambda repressor (15).

MetJ shows a high level of sequence specificity; therefore, clear interfer-
ence effects are observed. However, we have observed that proteins with low-
sequence specificity show weak interference effects. Densitometry and
quantitation may be necessary to resolve these effects from the background of
cleavage from fragments shifted by nonspecifically bound proteins. Addition-
ally, proteins binding to DNA asymmetrically (e.g., to sites which do not show
the dyad symmetry common to prokaryotic repressor proteins) will show dif-
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Fig. 3. Summary of the results. Top: Densitometer traces of ethylated DNA from
the bound and free fractions. DNA from the free fraction is indicated by the trace with
solid lines and DNA from the bound fraction by the trace with dashed lines. The posi-
tion of each binding site is indicated at the bottom of the trace. The sequence within
each box is 5'-AGACGTCT–3'. Note that the greatest inhibitory effect is at the second
residue (G2) of each box and that the number of positions, ethylation of which inhibits
complex formation, is greater in the 3' box than in the 5' box. Bottom: Space filling
representation of the operator site showing the positions where ethylation results in
complete inhibition of complex formation (starred phosphates).

ferent interference effects on each strand, again providing valuable informa-
tion on the structure of the protein–DNA complex.

The two nonesterified oxygens at each phosphate are nonequivalent diaste-
reoisomers, one of which projects toward the major groove while the other
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projects toward the minor groove. Although, upon modification, both isomers
will show the same charge-neutralization effects, the steric effects on protein–
nucleic acid complex formation will be markedly different. The effect has been
investigated by incorporation of unique diastereoisomers of ethyl and methyl
phosphonates into synthetic oligonucleotides. These modified target sites have
then been used in binding assays for restriction enzymes and repressors using
standard gel retardation or filter binding assays. Ethylated phosphotriesters
have been shown to reduce the Tm of a d[GGAA(Et)TTCC] duplex with the
Rp–Rp duplex melting 11ºC lower than the unmodified duplex, as a result of
steric clashes (16). Therefore, incorporation of methyl phosphonates may be a
better approach and has been used to probe lac repressor–operator interactions.
Modification of phosphates outside the binding site had no effect on complex for-
mation, whereas sites shown to be important by biochemical assays showed differ-
ent effects for each isomer. In one case, the alkyl group blocked direct interaction
with the phosphate or close approach of the protein, whereas in the other case,
ionic or hydrogen bonded interactions with phosphate remained possible (17).

4. Notes
1. Modification at secondary (nonphosphate) sites: Early work on the reaction of

alkylating agents with DNA showed that a number of products are obtained. With
EtNU, phosphotriester groups comprise 60–65% of the reaction products (9).
The remaining products are the result of reactions at base oxygen groups with
relative abundance in the order thymine O2 = guanine O6 > thymine O4 >>
cytosine O2 for double-stranded DNA (12). To our knowledge, the effects of
such modifications on DNA binding by proteins have not been addressed in the
literature on ethylation interference experiments. However, some prediction of
the effects might be made based on a knowledge of the structure of DNA. Thym-
ine O2 and cytosine O2 are in the minor groove, and guanine O6 and thymine O4
are in the major groove. For sequence-specific DNA-binding proteins interacting
with DNA via the major groove, it would be expected that the presence of an
ethyl group would inhibit complex formation, but that a modification in the minor
groove would be less inhibitory.

2. Level of modification of DNA by EtNU: A similar intensity of each band (sub-
ject to the position-dependent variation of reactivity observed with EtNU) is the
required level of modification. We have used a single batch of “home-produced”
EtNU for all our ethylation interference experiments. The conditions of time and
temperature used with this batch give an appropriate level of probe modification.
There may be variations in the reactivity of EtNU from different sources leading
to undermodification or overmodification. The correct modification conditions
can readily be determined by performing a test ethylation on a small amount of
DNA, such as 20,000 cpm, followed by alkaline cleavage (omitting the gel frac-
tionation step), sequencing gel electrophoresis, and autoradiography. Over-
modification will produce a bias toward short fragments.
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3. Choice of fractionation method: The original report of the use of the phosphate
ethylation reaction used the filter binding assay to fractionate protein-bound and
protein-free DNA (2); see also Chapter 1. Filter-bound DNA is then eluted by
washing the filter in a high-salt buffer containing SDS. For other experiments,
we find that TE + 0.1 % (w/v) SDS efficiently elutes DNA from nitrocellulose
filters. The rapid recovery of DNA from filters is an advantage of using the filter
binding assay compared with the gel retardation assay. Despite this, fractionation
by gel retardation assay has proven to be by far the most popular method in the
literature. The advantage of the gel retardation assay is that both the presence and
amounts of multiple complexes can be determined, and these complexes recov-
ered separately, something not possible by filter binding. Parallel binding reac-
tions with ethylated and unethylated DNA and separation on nondenaturing
polyacrylamide gels readily demonstrate any differences in the mobility of com-
plexes formed with each DNA sample.

4. Cofactor requirements: High-affinity DNA binding in our system (MetJ) is
dependent on the presence of S-adenosyl methionine at millimolar concentra-
tions. This cofactor is present in binding reactions and is included in the gel mix,
but it would be prohibitively expensive also to include it in the electrophoresis
buffer. This does not seem to affect the results obtained by this technique. Elec-
trophoresis for extended times does deplete the lower region of the gel of core-
pressor, leading to some complex dissociation. Another feature specific to this
system is the hydrolysis of the corepressor to presumably inactive products. For
this reason, gels were not left to polymerize for more than 2 h.

In other systems where a cofactor is not required or in which the cofactor is
cheap and/or stable over extended periods, the conditions used for the gel-
retardation-assay fractionation step should be optimized by a consideration of
the specific features of the system under study. For further details, consult
Chapter 2.

5. Effects of salt precipitates: During ethanol precipitation of DNA, salt is often
also precipitated. This white crystalline precipitate is readily distinguished from
the almost clear nucleic acid pellets. The interaction of DNA-binding proteins
with their sites is strongly ionic strength dependent, and therefore the presence of
a high concentration of salt following ethanol precipitations will inhibit complex
formation in addition to any ethylation interference effects. After the cleavage
reaction at modified sites, another ethanol precipitation is performed. The pres-
ence of a large amount of salt at this stage will prevent complete dissolution of
the pellet and will interfere with subsequent electrophoresis. A dark background
between each band was often observed on autoradiographs. It is believed that this
is caused by the presence of salt in the sample. Reprecipitation as described below
helps to reduce this problem.

To remove any salt precipitate, the pellet can be dissolved in a small volume
of TE (e.g., 100 µL) and precipitated by addition of 2 volumes of ethanol without
addition of further amounts of salt. The DNA can be pelleted as described in step
4 in Subheading 3.2.3.
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6. Recommended controls for the gel-retardation-assay (EMSA) fractionation step:
With a precomplex formation modification reaction such as ethylation, it is
important to perform appropriate control reactions especially for the gel retarda-
tion step. For such binding reactions, we use 20,000-cpm unmodified DNA in the
presence and absence of MetJ at the concentration used in the binding reaction
with ethylated DNA samples. The specific activity of protein samples may vary
from batch to batch. The control reaction outlined above will confirm that the
protein sample used is active for DNA binding. In gel retardation assays, the
mobility of complexes is a function of a number of properties of the system, such
as charge and molecular weight of the protein, stoichiometry of the complex, and
bending of the DNA induced by binding of the protein. Demonstration that the
mobility of complexes formed with ethylated and unethylated DNA is the same
is probably good evidence that there are no significant differences between
the complexes.

The protein concentration used in the fractionation step dictates how many
interfering sites are reported. Because the ethyl groups at different sites affect
protein binding to differing degrees, increasing the protein concentration can
mask any weak interference effects such that only the most strongly interfering
sites will be detected. Comparison of the yield of complex on modified DNA
with the control complex on unmodified DNA will show the level of binding-site
saturation and, therefore, indicate the level of discrimination between strongly
and weakly interfering sites that can be expected. Using a range of protein con-
centrations in the binding reaction with aliquots of the ethylated DNA should
therefore allow the strength of the inhibitory effect at each site to be placed in
rank order. This is valuable structural information, as it might be expected that
the strongest effects will be observed at sites that are in closest contact to the
protein in the complex.

7. The presence of multiple cleavage products at each phosphate: The products
of the cleavage reaction at phosphotriester groups carry either 3'-OH or
3'-ethylphosphate groups. For large fragments on low-percentage polyacrylamide
gels, these two species are not resolved. However, for short fragments on high-
percentage gels, two bands are observed at each residue. In practice, this does not
produce problems with data analysis.

8. Troubleshooting: We have experienced few problems with this technique. Most
problems have been associated with the specific properties of the proteins we
have studied. However, it is possible to envisage a number of potential problems
and explanations for these, and remedies are presented here.

Of the available structures of DNA-binding proteins complexed to DNA frag-
ments, there are none in which the protein does not make some contacts to the
phosphodiester backbone. Thus, it is expected that because of the size of the
ethyl group, an interference effect will always be observed. In the event that no
inhibition of complex formation is observed, it should be confirmed that
ethylation has occurred by performing a titration of the ethylation reaction as
discussed in Note 2.
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It is possible that an increase in free DNA is observed on the gel retardation
(EMSA) assay but that no cleavage products are observed on the sequencing gel,
although the full-length DNA is present. This could be caused by an error with
the buffer used to resuspend the eluted DNA pellet, the NaOH solution used to
perform strand scission, or the temperature of the reaction, all of which can be
readily checked.
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Hydroxyl Radical Interference

Peter Schickor, Evgeny Zaychikov, and Hermann Heumann

1. Introduction
Interference studies are just the inverse approach of “footprinting” experi-

ments. In one type of experiment, the effect of a chemical modification of a
single base on the subsequent binding of a sequence-specific protein is deter-
mined, whereas in the other, it is the accessibility of the protein-bound DNA to
modification that is determined. Thus, the experiments necessarily differ in
the order in which the protein binding and DNA modification steps occur. The
“interference” approach is characterized first by chemical modification of the
DNA and by subsequent protein binding. Such studies provide information on
the change of the binding strength following single-base modification. This
change can either be positive or negative and can be quantified by the gel shift
assay (1) (see Chapters 2 and 5).

Here, we describe the use of hydroxyl radicals as the modifying reagent.
This probe has a number of advantages compared to the most commonly used
probes, such as dimethylsulfate (DMS) or ethylnitrosourea. Hydroxyl radicals
cleave the backbone of DNA with almost no sequence dependence, whereas
most other reagents react in a highly sequence-dependent manner with the
bases of the DNA. Furthermore, hydroxyl radicals modify the DNA by elimi-
nation of a nucleoside, producing a “gap” in one DNA strand (for details of the
chemical reaction, see Chapter 5). This allows the study of two kinds of effect:

1. The effect on protein binding caused by missing contacts. Other reagents prevent
binding by introducing bulky groups into a base of the DNA. Whether this reflects
the importance of a base for protein–DNA interaction or whether the bulky group
is just a steric hindrance is difficult to determine.

2. The effect on the DNA structure because of the eliminated base. The missing
nucleoside is a center of enhanced flexibility in the DNA. Therefore, the effect of
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DNA flexibility on the protein–DNA interaction can be studied. The modifica-
tion of the DNA by hydroxyl radicals is a very fast and highly reproducible
experiment in contrast to other methods. The reagents needed are easily available.

1.1. Generation and Action of Hydroxyl Radicals

Hydroxyl radicals introduce randomly distributed nucleoside eliminations
and associated backbone cleavages in the DNA. The generation and action of
hydroxyl radicals is described in detail in Chapter 5.

1.2. Principle of the Procedure

A DNA fragment labeled either at the 3' or the 5' end is subjected to hydroxyl
radical treatment. The concentration of the hydroxyl radicals is adjusted so that
the number of base eliminations is less than one per DNA, this means that only
approx 10% of the DNA fragments will be modified. This population of ran-
domly modified DNA molecules is incubated with the protein under study (see
Fig. 1). Those DNA molecules that are still able to bind the protein can be
separated from those DNA molecules that are no longer able to bind the pro-
tein by nondenaturing gel electrophoresis or electrophoretic mobility shift. The
bands containing free DNA and the complexed DNA (Fig. 2) are eluted and,
after denaturation, are applied on a sequencing gel in order to determine the
positions of the modifications (Fig. 3). The relative effect on the binding
strength caused by a single-base elimination can be quantified by determining
the intensity change of the different bands by densitometric scanning.

1.3. Interpretation of the Interference Pattern

The interpretation of an electrophoresis pattern obtained by hydroxyl radi-
cal interference studies (Fig. 3) is not as straightforward as hydroxyl radical
footprinting studies. The reason is that a single-base elimination generated by
hydroxyl radicals can cause two effects on protein binding:

1. Lack of specific contacts between the protein and the DNA. This leads to a
decrease in the binding strength.

2. Enhanced flexibility of the DNA at the position of the base elimination and back-
bone cleavage. This can lead to an increase or a decrease of the binding strength.

A quantitative interpretation of the interference pattern is not always pos-
sible, as the intensity of the bands of the interference pattern reflects the sum of
the different effects contributing to the binding strength. Additional informa-
tion concerning the protection of the DNA by the protein (e.g., by using
hydroxyl radical footprinting) is necessary in order to differentiate between the
two effects. The examples in the following subheadings may be used as a guide-
line for interpretation.
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1.4. Examples of the Application of Hydroxyl Radicals
as Interference Probes

1.4.1. Transcription Factors

The interference of binding of some eubacterial and eukaryotic transcrip-
tion factors was investigated using hydroxyl radical pretreated DNA-binding
sequences. In all cases, the single-base elimination led to a decrease of the

Fig. 1. A schematic representation of a protein–DNA complex with two distinct
interaction sites. At the first binding site, the protein interacts with only one side of the
DNA. At the second binding site, the protein wraps fully around the DNA. The aster-
isk indicates the position of the radioactive label.

Fig. 2. Nondenaturing gel electrophoresis of the complex with hydroxyl radical
pretreated DNA as target for the protein binding. The two lines show the same com-
plex labeled at the 3' and the 5' ends, as indicated in Fig. 1. Note: The single-base
elimination leads to an enhanced flexibility of the DNA indicated by the “smear” of
the band representing the free DNA.
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binding strength indicating a loss of contacts. Examples are the progesterone
receptor (2), λ-repressor, cro-protein (3), necrosis factor-κB (4), and GCN4
transcription factor (5).

1.4.2. RNA Polymerase-Promoter Interaction

A strong eubacterial promoter was subjected to hydroxyl radical treatment
in order to investigate the influence of single-base eliminations on the binding
of Escherichia coli RNA polymerase (6). This study revealed three patterns of
interaction that could be attributed to different sites of the promoter:

Fig. 3. A putative interference pattern of the protein DNA complex (Fig. 1) obtained
after separation of “free” DNA and “complexed” DNA by a nondenaturing gel elec-
trophoresis (Fig. 2). Lanes I and 4 show the pattern of the “free” DNA labeled at the 3'
and the 5' ends, respectively. Lanes 2 and 3 show the pattern of the “complexed”
DNA. Lanes G contain the length standards obtained by a G-specific Maxam–Gilbert
sequencing reaction.
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1. Direct base contact with the template strand in the “–35 region”: This was con-
cluded from the reduced affinity of the polymerase for a promoter having a base
eliminations in this region together in combination with the results of hydroxyl
radical footprinting studies (7), which revealed close contacts between the bases
of this sequence and the protein. This is an example in which a base elimination
leads to missing contacts between protein and DNA.

2. A DNA-structure-dependent interaction in the “–10 region”: This was inferred
from the increased binding affinity of the polymerase for a promoter having base
eliminations in this region in conjunction with footprinting studies that revealed
that this region is in close contact with the protein (7). This is an example in
which a base elimination leads to enhanced flexibility of the DNA favoring pro-
tein binding and suggests that the DNA adopts a particular conformation when
bound to the protein.

3. An interaction that is based on a defined spatial relationship between the “–35
region” and the “–10 region” domains. This conclusion was drawn from the
following findings:
a. Base elimination within the promoter region between the two domains reduces

the binding affinity of RNA polymerase.
b. The eliminated bases had no contact with the protein (as shown by their

accessibility to hydroxyl radical footprinting studies [7]).
c. The effect was observed for both DNA strands. This is an example in

which base elimination leads to a loss of the defined spatial relationship
between two functionally important sites because of an enhancement in
DNA flexibility.

2. Materials
2.1. The Cutting Reaction

Prepare the following solutions separately (see Note 1):

1. 0.1 M dithiotreitol (DTT).
2. 1% Hydrogen peroxide.
3. Iron(II)–EDTA-mix: Mix equal volumes of 2 mM ammonium iron(II) sulfate

hexahydrate ([NH4]2Fe[SO4]2·6H2O) and 4 mM EDTA.
4. Stop mix: 4% glycerol, and 0.6 M sodium acetate.

2.2. The Sequencing Gel

1. Urea (ultra pure).
2. 20X TBE: 1 M Tris base, 1 M boric acid, and 20 mM EDTA.
3. Acrylamide solution: 40% acrylamide, and 0.66% bis-acrylamide (see Note 2).
4. 10% Sodium persulfate (see Note 3).
5. 10% TEMED.
6. Sequencing gel (8%): 21 g urea, 2.5 mL of 20X TBE, and 10 mL of 40%

acrylamide solution are made up to 50 mL with bidistilled H2O and stirred under
mild heating until urea is dissolved. The solution is filtered (filter pore size: 0.2 µm)
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and degassed for 5 min. Then, 0.3 mL of 10% sodium persulfate and 0.3 mL of
10% TEMED are added immediately before pouring the solution between the
glass plates.

7. Loading buffer for the sequencing gel (stock solution): 100 mL formamide
(deionized), 30 mg xylenecyanol FF, 30 mg bromophenol blue, and 750 mg
EDTA.

8. Electrophoresis buffer: 1X TBE.

2.3. The Nondenaturing Gel for DNA Isolation
and Electrophoretic Mobility Shift Assay

1. 20X TBE: as described in Subheading 2.2.
2. Acrylamide solution: 30% acrylamide, and 0.8% bis-acrylamide (see Note 2).
3. 10% Sodium persulfate (see Note 3)
4. 10% N,N,N',N'-tetramethylethylene diamine (TEMED) (aqueous solution).
5. 3% Nondenaturing gel: 1.5 mL of 20X TBE, 3 mL of the acrylamide solution,

and 25.5 mL of bidistilled water are mixed and degassed for 5 min. Then 300 µL
of 10% ammonium persulfate and 300 µL of 10% TEMED are added before
pouring the solution between the glass plates.

6. Loading buffer for the nondenaturing gel (stock solution): 50% glycerol, and
0.1% bromophenol blue.

7. Electrophoresis buffer: 1X TBE.

2.4. Other Items

1. Sequencing gel apparatus.
2. Apparatus for nondenaturing gel electrophoresis.
3. Filters for drop dialysis, VS, 0.025 µm (Millipore, Bedford, MA).
4. SpeedVac concentrator.
5. 1X TE: 10 mM Tris-HCl, pH 7.9, and 1 mM EDTA.

3. Methods
3.1. Establishing the Conditions
for Obtaining Specific Protein–DNA Complexes

The method of establishing the conditions for complex formation using the
electrophoretic mobility-shift assay is described in Chapter 4. The enzyme to
DNA ratio should be adjusted so that the ratio of complexed to free DNA is
about 1:1 (see Note 4).

3.2. Hydroxyl Radical Base Elimination

1. End-label an aliquot of the DNA fragment of interest under standard conditions
(8) at the 5'-position, using T4 polynucleotide kinase and [γ-32P] ATP and end
label a second aliquot at the 3'-position, using the Klenow fragment of DNA
polymerase I and the appropriate [α-32P] dNTP. In each case remove one label
end by asymmetric cleavage of the DNA fragment with an appropriate restriction
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endonuclease. Purify the uniquely end-labeled DNA fragments by nondenaturing
gel electrophoresis. The total amount of DNA in an assay of 20 µL should not be
below 100 ng (see Note 5).

2. Dissolve each end-labeled DNA preparation in 20 mL of 1X TE buffer. Add to
both samples 2 µL each of the previously prepared solutions of DTT, hydrogen
peroxide, and the iron(II)–EDTA mix by putting single drops of each solution on
the inner wall of the tube and rapidly mixing the three drops before combining
them with the sample using a micropipet.

3. Incubate for 3–4 min at room temperature.
4. Add 25 mL stop mix and 150 µL of ice-cold 100% ethanol to precipitate the

DNA. Keep the solution at –70°C for 30 min.
5. Recover the DNA by microcentrifugation for 30 min. Wash the pellet with ice-

cold 80% ethanol, dry the pellet under vacuum, and redissolve the pellet in 20–50 mL
of 1X TE buffer.

6. Heat the sample for not longer than 2 min at 90°C and place on ice (see Note 5).
Apply the sample onto a 6–10% sequencing gel (for the analysis of fragments in
the range of 50–150 bases a gel consisting of 8% acrylamide is adequate). Use as
length standards a Maxam–Gilbert sequencing reaction of the 5'- or 3'- labeled
DNA fragment.

7. Run the gel at 50 W at a temperature of 60°C for 1.5–2 h. The gel is ready when
the xylenecyanol dye marker is about 3–5 cm above the bottom of the gel.

8. After electrophoresis, expose the gel to an X-ray film using an intensifying screen
at –70°C overnight. For subsequent experiments choose the time of hydroxy radi-
cal cleavage that provides an even distribution of bands and leaves around 90%
of the DNA uncleaved.

3.3. Interference Studies on Protein-DNA Complexes

1. Prepare two 20-µL samples of the complex to be studied using DNA labeled
respectively at the 3' and the 5' ends and hydroxy radical treated as described in
Subheading 3.2. Use conditions established for optimal complex formation (see
Subheading 3.1.). The total amount of radioactivity in one assay should be
around 60,000–80,000 cpm.

2. Pour 30–40 mL of the dialysis buffer containing 8 mM Tris-HCl, pH 7.9, into a
Petri dish (see Note 6). Place a Millipore filter (see Subheading 2.4.) on the
surface of the buffer, shiny side (hydrophobic side) up. Put the samples contain-
ing the complexes onto the filter for 1 h in order to remove salt (see Note 7).
Remove the samples from the filter by a micropipet and transfer them to a fresh
1.5-mL Eppendorf tube.

3. Separate the complex and the free DNA on a nondenaturing acrylamide gel elec-
trophoresis. The method for separation of complexes from free DNA is described
in Subheading 3.3.2. in Chapter 5.

4. The whole procedure for the recovery of DNA from the gel is described in Sub-
heading 3.3.2. in Chapter 5.



252 Schickor, Zaychikov, and Heumann

5. Adjust the amount of radioactivity and volume in each sample to about 5000–
6000 cpm in 4–5 µL. Heat the samples for not longer than 2 min at 90°C and put
them on ice (see Note 8).

6. Analyze the DNA by denaturing gel electrophoresis. Apply the samples to a
6–10% sequencing gel (for the analysis of fragments in the range of 50–150 bases
a gel consisting of 8% acrylamide is adequate). Load the following samples on
the gel: end-labeled DNA, the Maxam–Gilbert reaction as length standard, the
free DNA recovered from the gel, and the DNA recovered from the complex.

7. Run the gel for 1.5–2 h at about 50 W to obtain a temperature of 60°C.
8. Expose the gel after electrophoresis to an X-ray film using an intensifying screen

at –70°C overnight.

4. Notes
1. The iron(II), iron-EDTA mix, and the H2O2 solutions should be freshly made

before use. The solutions of DTT (0.1 M), EDTA (4 mM), H2O2 (as a 30% stock
solution), and the stop mix are stable for months being stored at –20°C.

2. The acrylamide solutions are stable for months if protected from light and
kept at 4°C.

3. Sodium persulfate has an advantage over routinely used ammonium persulfate of
being much more stable in aqueous solution. The 10% sodium persulfate solution
may be kept at least 1 mo at 4°C without loss of activity.

4. It is advisable to keep the enzyme-to-DNA ratio <1 in order to assure stringent
sequence selection conditions.

5. It is strongly recommended to check the quality of the labeled DNA on a
sequencing gel before use. Nicks in the double strand, which could result from
DNase activities during the preparation procedure, will appear as additional bands
in the sequencing gel. This admixture of bands would spoil the whole footprint,
even when present in only small amounts. Furthermore, it is recommended not to
store the freshly labeled DNA longer than 2 wk because of the danger of radia-
tion damage to the DNA.

6. The buffer conditions can be varied (e.g., the pH), but the ionic strength should
not be too high (a maximum of 50 mM NaCl) in order to obtain sharp bands
during the following electrophoresis. Many protein–DNA complexes are very
stable at low ionic strength (e.g., complexes between RNA polymerase and pro-
moters [6]). Therefore, in most cases the stability of the pH in the following
electrophoresis is the only limitation to lowering the ionic strength.

7. The purpose of the dialysis is the removal of salt, the presence of which would
lower the quality of the electrophoresis pattern. As a rough approximation, one can
remove up to 80–90% of the salt present in the sample within 1 h of drop dialysis.

8. Longer heating or boiling creates additional cuts in the DNA.
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Identification of Sequence-Specific DNA-Binding
Proteins by Southwestern Blotting

Simon Labbé, Gale Stewart, Olivier LaRochelle, Guy G. Poirier,
and Carl Séguin

1. Introduction
Southwestern blotting was first described by Bowen et al. (1) and was used

to identify DNA-binding proteins that specifically interact with a chosen DNA
fragment in a sequence-specific manner. In this technique, mixtures of pro-
teins such as crude nuclear extracts or partially purified preparations are first
fractionated on a sodium dodecyl sulfate (SDS) denaturing gel; the gel is then
equilibrated in a SDS-free buffer to remove detergent and the proteins trans-
ferred by electroblotting to an immobilizing membrane. During the transfer the
proteins renature and hence DNA-binding proteins may subsequently be
detected on the membrane by their ability to bind radiolabeled DNA. Fraction-
ation of crude nuclear extracts on an SDS gel followed by electroblotting and
analysis for sequence-specific DNA binding directly on the blot combines
the advantages of a high-resolution fractionation step with the ability to rap-
idly analyze for a large number of different DNA-binding specificities.

The successful identification of specific DNA-binding proteins by the South-
western technique largely depends on the renaturation of the proteins after their
separation by SDS-polyacrylamide gel electrophoresis (PAGE). The ease with
which renaturation can be achieved after treatment with SDS varies from pro-
tein to protein. Some DNA-binding proteins may be inefficiently renatured
and thus be unable to bind DNA once they are adsorbed onto membranes. In
addition, any multimeric protein that requires a combination of different
molecular-weight subunits to bind DNA will be missed. Proteins requiring a
cofactor(s) in order to show their ability to specifically interact with DNA may
also be difficult to detect.
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Site-specific protein–DNA interactions may also be obscured by the large
number of nonspecific DNA-binding proteins present in a typical crude nuclear
extract. Conditions for DNA binding, such as pH, ionic strength, and divalent
cation requirement, as well as the type and amount of nonspecific DNA used as
competitor, should be optimized for each protein under investigation. Special
attention should also be given DNA-binding proteins frequently present in
crude nuclear extracts and known to copurify with sequence-specific DNA-
binding proteins (see Note 1). Despite these shortcomings, Southwestern blot-
ting has, over the last few years, been used to identify and characterize several
sequence-specific DNA-binding proteins, histones, and nonhistone proteins;
for examples, see Fig. 1 and refs. 2–14, as well as RNA-binding proteins (15–17).
In addition, preparative Southwestern blots have been used to define DNA
sequences recognized by a given DNA-binding protein (18), whereas South-
western screening of cDNA libraries has been used to isolate several sequence-
specific DNA-binding proteins (19,20).

2. Materials
All solutions are made with double-distilled or Milli Q water.

1. Crude nuclear extracts or protein chromatographic fractions.
2. 1.5 M Tris-HCl, pH 8.8.
3. 0.5 M Tris-HCl, pH 6.8.
4. Sodium dodecyl sulfate (SDS) 10% and 2-bis-mercaptoethanol.
5. Tris–glycine buffer 10X: 250 mM Tris base and 1.92 M glycine pH 8.3. To make

this up, dissolve 30 g Tris base, and 144 g glycine in 1 L of water (see Note 2).
6. Electrophoresis running buffer: 2X Tris–glycine buffer containing 1% SDS.
7. Transfer buffer: Tris–glycine buffer 1X.
8. Binding buffer 1X: 20 mM HEPES, pH 7.9, 5 mM MgCl2, 50 mM NaCl, and 1 mM

dithiothreitol (DTT) (see Notes 3 and 4).
9. Sample loading buffer 2X: 125 mM Tris, pH 6.8, 4% (w/v) SDS, 20% (v/v) glyc-

erol, 10% (v/v) 2-bis-mercaptoethanol, and 0.025% (w/v) bromophenol blue.
Make 1-mL aliquots and store at –20°C.

10. Acrylamide (50:1) and (30:0.8):acrylamide:N',N'-methylene–bis-acrylamide
made up in water (see Note 5). Deionize the acrylamide solution with a mixed-
bed resin (21) and store at 4°C. Note: Acrylamide is a potent neurotoxin. Wear
gloves and a facemask when handling the dry powder.

11. 10% Ammonium persulfate (w/v) in water (prepared weekly and stored in
aliquots at –20°C ), and N,N,N',N'-tetramethylethylenediamine (TEMED).

12. Methanol and isobutanol.
13. Blocking buffer–5%: 5% (w/v) nonfat dried milk and 0.01% (v/v) Antifoam A

emulsion (Sigma) in 1X binding buffer.
14. Blocking buffer–0.25%: 0.25% (w/v) nonfat dry milk, 0.01% (v/v) Antifoam A

emulsion in 1X binding buffer.
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Fig. 1. Southwestern analysis of mouse L-50 cell crude nuclear extracts. Approxi-
mately 200 µg of extracted protein was resolved by SDS-PAGE, transferred to a PVDF
membrane, and incubated with radiolabeled DNAs. Upper panel: Binding of labeled
oligos corresponding to control and mutant metal regulatory elements (MREs) of the
mouse metallothionein 1 gene promoter. Lanes: 1, control MREd; 2, Mutant-a; 3,
Mutant-b; 4, Mutant-c; 5, Mutant-d. Left lower panel: Analysis of the binding speci-
ficity of the MREd oligo to nuclear proteins using MREd as the probe and cold MREd
(lanes 1–3) or Mutant-a (lanes 4 and 5) as competitor. Right lower panel: Competi-
tion experiments using heterologous probe and nonspecific nucleic acids as competi-
tors. Probes: lanes, 1–3, MREd; lanes 4–6, a 309 bp pBR322 MspI fragment.
Nonspecific nucleic acid competitor cocktail was added as follows: lanes 1 and 4,
none; lanes 2 and 5, 0.8 µg/mL; lanes 3 and 6, 4 µg/mL. The arrow corresponds to Mr

108,000 and the arrowhead indicates the position of Mr 45,000. (From ref. 21.)
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15. End-labeled oligonucleotides (oligos) or DNA fragments of high specific activ-
ity. Standard procedures (21) can be followed in the preparation of DNA samples
(see Note 6).

16. Poly(dA–dT)·poly(dA–dT), poly(dI–dC)·poly(dI–dC), calf thymus DNA, salmon
sperm DNA, Escherichia coli DNA.

17. 14C-Labeled protein standards (5 µCi/mL, Amersham) and prestained protein
standards such as the Kaleidoscope Prestained Standards from Bio-Rad.

18. Vertical electrophoresis apparatus with a central cooling core (e.g., Protean II
slab cell, Bio-Rad) and glass plates (see Note 7).

19. Electroblotting apparatus with cooling coil (e.g., Trans-blot transfer cell, Bio-Rad).
20. Electrophoresis DC power supply capable of 200 V and 2 Amp (e.g., model 200/

2.0 of Bio-Rad).
21. Recirculating water chiller apparatus.
22. Immobilon™–PVDF membrane (Millipore).
23. Whatman 3MM paper.

3. Method
The Southwestern procedure is conducted in three stages: Crude nuclear

protein extracts or purified or partially purified protein preparations are sepa-
rated by electrophoresis on an SDS–polyacrylamide gel, transferred to the
PVDF membrane, and then the immobilized proteins assessed for their ability
to bind a labeled oligo corresponding to a given DNA cis-acting regulatory
element or a labeled DNA promoter fragment.

1. Prepare an 8% acrylamide–bis-acrylamide (50:1) separating gel (see Note 4).
Mix 25 mL 1.5 M Tris-HCl, pH 8.8, 15.7 mL acrylamide, and 57.2 mL water.
Filter the solution through a 0.45-µm membrane and then add 0.5 mL 10% SDS,
0.5 mL of 10% ammonium persulfate (APS), and 35 µL TEMED. Mix gently by
inversion and pour the gel. Gently overlayer the acrylamide solution with
isobutanol and allow the gel to set for at least 1 h. Remove the isobutanol, rinse
gel surface thoroughly with water. Prepare the stacking gel by mixing 6.25 mL of
0.5 M Tris-HCl, pH 6.8, 3.35 mL acrylamide–bis-acrylamide (30:0.8), 15 mL
water. Filter the solution and add 0.25 mL of 10% SDS, 0.25 mL of 10% APS and
17 µL TEMED. Mix gently, pour over the separating gel, add a comb, and allow
the stacking gel to set for at least 1 h. Just before using, carefully wash the wells
with running buffer using a syringe.

2. Dilute equal volumes of protein preparation and 2X loading buffer. We typically
use 100–400 µg (protein) of a crude nuclear extract (prepared according to
Dignam [22]) in the presence of a cocktail of four protease inhibitors (i.e.,
leupeptin, polymethylsulfonyl fluoride [PMSF], antipain, and chemostatin A).
Lower amounts are required when using purified or partially purified protein
preparations. Mix loading buffer and samples just before loading to avoid SDS
precipitation. We do not boil or otherwise purposely denature the protein prepa-
rations (see Note 8). Include 15 µL of 14C-labeled protein markers in a separate
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lane. Run gel in electrophoresis electrode buffer (2X Tris–glycine buffer, 1%
SDS) overnight at 75 V (constant voltage). Do not prerun the gel. We perform the
electrophoresis at 4°C by connecting the cooling coil provided with the electro-
phoresis apparatus to a recirculating water chiller (see Note 9).

3. Electrophoresis gels should be pre-equilibrated in transfer buffer prior to com-
mencement of electrophoretic transfer. Pre-equilibration will aid the removal of
SDS, contaminating the electrophoresis salts from the proteins, and will facilitate
subsequent renaturation to the native conformation (see Note 10). In addition,
the pretransfer step will allow any changes in the size of the gel resulting from
the swelling or shrinking to occur at this stage rather than during the transfer.
Thus, after the gel is run, dismantle the apparatus, remove the gel from the plates,
and soak it in transfer buffer for 60 min with gentle agitation. We usually per-
form this operation in the cold room (see Note 9). Wear clean disposable gloves.

4. Lay the gel onto 3MM paper prewetted with transfer buffer. Always keep the gel
wet by regularly pouring buffer over it.

5. Prewet the PVDF membrane in methanol for few seconds and transfer it to water.
6. Begin mounting the protein-blotting sandwich by placing one sponge (provided

with the blotting transfer apparatus) into the holder, followed by the 3MM support
paper and placing the gel (see Fig. 2 and Note 11).

7. Lay the prewetted PVDF membrane over the gel.
8. Carefully remove any air bubbles trapped between the gel and the membrane. We

use a 10-mL glass pipet gently rolled over the membrane.
9. Place a second prewetted (with transfer buffer) 3MM paper and repeat step 8.

Place the second foam pad onto the sandwich and close the holder. Introduce the
holder into the transfer apparatus, previously filled with cold transfer buffer. Be
sure that the membrane is toward the positive electrode. Place the transfer appa-
ratus on the stirring plate and connect it to a circulating cooler unit (see Note 12).

10. It is important that a stirring bar be placed inside the transfer apparatus and that
the transfer buffer be stirred during the course of the experiment. This will
help to maintain uniform conductivity and temperature during electrophoretic

Fig. 2. Schematic representation of the protein blotting sandwich assemblage used
in Southwestern experiments. The orientation of the sandwich in relation to the cath-
ode (+) and the anode (–) is indicated.
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transfer. Failure to do so will result in poor transfer of proteins and may pose a
safety hazard.

11. Transfer at 50 V constant for 3 h.
12. After the transfer is completed, dismantle the apparatus, remove the membrane

from the gel, and successively place it in (1) 200 mL of binding buffer in a plastic
dish for 15 min with gentle agitation, (2) 250 mL blocking buffer–5% for a mini-
mum of 1 h with agitation, (3) and 150 mL blocking buffer–0.25% containing
106 cpm/mL of probe DNA and leave overnight with agitation (see Note 13).
Never let the membrane dry between the transfer and the binding steps.

13. After the transfer, the gel may be transferred in 50% methanol for subsequent
silver staining to visualize untransferred proteins (see Note 14).

14. Wash the membrane by successively soaking it under continuous agitation in
(1) blocking buffer–0.25% for 30 s, (2) blocking buffer–0.25% for 20 min, (3)
blocking buffer–0.25% for 20 min, and (4) Binding buffer 1X for 20 min. Recover
wash liquids because they contain 32P.

15. Let the membrane dry on 3MM paper at room temperature for 1 h, then autorad-
iograph using an X-ray film and intensifying screen if necessary.

4. Notes
1. Crude nuclear extracts prepared from human HeLa and mouse L cells contain

three common nonspecific DNA-binding proteins that often contaminate
preparations of affinity-purified factors. These are poly (ADP–ribose) poly-
merase (PARP), which has an Mr of 116,000 (as well as a typical proteolytic
fragment of Mr-60,000) (27) ,  the Ku antigen, which consist of two
polypeptides of Mr-70,000 and 80,000 (28), and replication protein A (RP-A)
of Mr-74,000 (29). The heat-shock protein hsp70 (Mr-70,000), which can
stick rather tenaciously to proteins that are improperly folded, may also cause
problems. Thus, when Southwestern analyses are performed with affinity-
purified nuclear proteins, it is recommended to be suspicious of positive
polypeptides of Mr-60,000, 70,000–74,000, 80,000, and 110,000, and to per-
form control experiments. For instance, in the case of PARP, if a polypeptide
with an Mr in the range of this protein is detected in the Southwestern proce-
dure, a Western analysis could be performed on an aliquot of the protein
preparation using anti-PARP antibodies available commercially (Roche Diag-
nostics/Boehringer). Alternatively, a chromatographic step with Red Agarose
(Bio-Rad), which binds PARP with high affinity, can be performed to remove
of this possible contaminant (27). One should, however, bear in mind that
PARP has recently been shown to act as a coactivator for a number of tran-
scription factors, including AP-2 (30), E47 (31), and TEF-1 (32); thus, its
detection using a specific DNA probe corresponding to the binding site of a
known transcription factor could actually be functionally relevant.

2. Tris–glycine buffers should not be pH adjusted.
3. Dithiothreitol should be stored at –20°C, thawed on ice, and added when the

solution is ice-cold.
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4. Several DNA-binding proteins require zinc ions to efficiently bind DNA. As a
precaution, we routinely add 5 µM ZnCl2 to all solutions (loading, electrophore-
sis, transfer, binding, and wash buffers).

5. The percentage of gel and the ratio of acrylamide to bis-acrylamide will depend
on the Mr of the protein of interest. We have used a ratio of 50:1 to increase
resolution of the high-molecular-weight protein species. A ratio of 30:0.8 or 29:1
may be more appropriate for average protein species. Plates are cleaned with
phosphate-free soap and rinsed with deionized water, Milli Q water, and ethanol
95%. We usually do not silanize the plates with dichlorodimethylsilane, as we
observed that it could interfere with the subsequent steps.

6. Synthetic oligos or DNA fragments can be conveniently 5' labeled with T4 kinase
(21). A radiolabeled probe with a high specific activity increases the sensitivity
of detection and reduces background (23). A nonradioactive Southwestern pro-
cedure, using chemiluminescent detection, has also been described (24).

7. The procedure can both be carried out using a standard electrophoresis and trans-
fer apparatus or a small-size apparatus such as the Mini-protean II and mini-
Trans-Blot transfer cell of Bio-Rad (2).

8. We do not boil samples before electrophoresis in order to avoid irreversibly
denaturing proteins or to affect the DNA-binding properties of more sensitive
protein species (4).

9. Depending of the biochemical properties of the protein under investigation and
of its stability at room temperature, it is generally recommended to perform the
whole procedure at 4°C. Particular conditions of temperature may need to be
determined for an optimal binding of different factors to DNA.

10. Although the extent of renaturation is not known, this wash, by removing SDS
from the proteins, permits functional binding to the DNA recognition sequence.
Triton X-100 (1,12), urea (3,5,8,11) or guanidium HCl (9,10) can be included in
the transfer buffer to promote the removal of SDS and to facilitate subsequent
renaturation of the proteins. Low-molecular-weight proteins (≤10 kDa) may dif-
fuse more readily out of gels during the pre-equilibration step. To avoid this, one
can shorten the pre-equilibration period, changing the buffer several times to aid
equilibration. Methanol (20%) can also be added to the transfer buffer (5,9,25).
However, this organic solvent may affect the DNA-binding properties of the pro-
teins. The choice of renaturation procedure and buffers should be determined
empirically and will depend on the factors studied.

11. Each layer of the sandwich is thoroughly prewetted with buffer and then care-
fully positioned on top of the previous layer, taking care to avoid trapping any air
bubbles which would distort the resulting transfer.

12. Placing the trans-blot apparatus in the cold room is an inadequate means of con-
trolling transfer buffer temperature. Efficient heat removal is obtained by con-
necting the transfer apparatus to a recirculating cooler. Transfer is a function of
molecular weight, with the largest proteins being transferred more slowly. The
precise transfer conditions should take into account the molecular-weight range
of the proteins under investigation and the composition of the gel.



262 Labbé et al.

13. It is important to block any remaining free binding sites on the membrane in
order to reduce nonspecific binding of the DNA probe. The binding buffer should,
thus, be designed to optimize the specific binding of the radiolabeled probe while
keeping nonspecific binding to a minimum. Nonspecific binding can be reduced
by the addition of an excess of unlabeled DNA such as poly(dI–dC)·poly(dI–dC)
or poly(dA–dT)·poly(dA–dT), or sheared E. coli, salmon sperm, or calf thymus
DNA. Nonspecific binding can also be reduced by increasing salt concentrations
in the binding reaction and/or in the wash buffer. In addition, the use of lipid-free
bovine serum albumin (BSA) instead of nonfat dry milk has been reported to
optimize the signal-to-noise ratio (26). Although specific high-affinity DNA–
protein interactions will not normally be competed by nonspecific competitor
DNA, the addition of a large excess of competitor DNA may eventually do so.
Thus, the amount of competitor DNA and the salt concentration of buffers will
depend on the factor of interest. The specificity and affinity of binding should be
further examined by adding an unlabeled target sequence or a nonfunctional
mutated target sequence DNA as a competitor to the blocking and/or binding
solutions. Alternatively, to determine the specificity of an interaction, the bind-
ing of a radiolabeled mutant target DNA can be compared with the binding of the
unmutated sequence (see Fig. 1) (2).

14. Some proteins may not retain their ability to bind selectively with their target
DNA after immobilization of the protein on the membrane. Furthermore, the
membrane will not necessarily retain all of the proteins that have migrated out
the gel. It is, thus, useful to determine which proteins have been transferred to the
membrane. Detection of the transferred proteins may be achieved after autorad-
iography by staining the membrane with either Coomassie brilliant blue R-250,
Amido black, or Ponceau rouge. Proteins remaining in the gel after transfer can
be visualized by silver staining.
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A Competition Assay for DNA Binding Using
the Fluorescent Probe ANS

Ian A. Taylor and G. Geoff Kneale

1. Introduction
Fluorescence spectroscopy is a useful technique for investigating the inter-

action of DNA-binding proteins with DNA. Generally, use is made of the
intrinsic fluorescence of the protein arising from the aromatic amino acids,
which is frequently perturbed in a DNA–protein complex (see Chapter 33). In
some cases, however, changes in the intrinsic fluorescence emission of a pro-
tein arising from its interaction with nucleic acid may not be detectable. For
example, if tryptophan and/or tyrosine residues are not located in the proxim-
ity of the DNA-binding site, the emission spectrum may not be perturbed by
the interaction. Furthermore, in the presence of a large number of tryptophan
and tyrosine residues, a relatively small perturbation in the overall emission
spectrum brought about by DNA binding may be masked.

To overcome these problems, an alternative approach is to add an extrinsic
fluorescence probe to the system that competes with DNA for the binding site
of the protein. One can then measure the change in the fluorescence emission
spectrum of the probe as DNA is added. If the fluorescence characteristics
of the free and bound probe differ, displacement of the probe by DNA can then
be observed.

The fluorescent probe 1-anilinonaphthalene-8-sulfonic acid (ANS) and its
derivatives have long been used to study protein structure (1) and, more
recently, to study protein–nucleic acid interactions (2–4). ANS has the prop-
erty that its fluorescence emission spectrum undergoes a 50-nm blue shift along
with an approx 100-fold enhancement when transferred from an aqueous envi-
ronment to a less polar solvent, such as methanol (see Fig. 1). ANS will bind
weakly to hydrophobic patches on protein molecules with an average dissocia-
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tion constant of 100 µM (3). When molecules of ANS are bound to protein,
enhancement and shifting of the fluorescence spectrum similar to that observed
in apolar media often occurs (see Fig. 2). Thus, bound molecules of ANS fluo-
resce much more a strongly and at shorter wavelength than ANS molecules in
an aqueous solvent.

The precise reason why ANS molecules bind at DNA-binding sites is not
entirely clear, as such sites are not particularly hydrophobic. Nevertheless, ANS
is a planar aromatic molecule that will have some properties in common with
the DNA bases despite the lack of hydrogen-bonding capacity. Furthermore,
the negatively charged sulfonate group of ANS may mimic the phosphate group
of the DNA backbone.

The protocol described has been successfully applied to an investigation of
the DNA-binding properties of a type I modification enzyme (M.EcoR124I
[4]). It was possible to demonstrate differential binding affinity for an oligo-
nucleotide containing the canonical recognition sequence and one that differs
by just one base pair in a nonspecific spacer sequence in the enzymes recogni-
tion site. It remains to be seen how general the method is because there have
been very few instances of its application to DNA-binding proteins. Since it
can be established fairly rapidly whether ANS binds to a given protein, and
whether there is some release of ANS by the addition of DNA, it is a technique
worth investigating. Subheadings 3.1. and 3.2. deal with preliminary experi-
ments. If these are encouraging, then accurate fluorescence titrations can be

Fig. 1. The effect of solvent polarity on the fluorescence emission spectrum of
ANS. Fluorescence emission spectra (λex = 370 nm) of 50 µM ANS in 100% methanol
(upper curve) and in aqueous buffer (lower curve) are shown.
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undertaken to investigate the DNA binding characteristics of the protein in
more detail (Subheading 3.3.).

2. Materials
1. A fluorimeter is required that is capable of scanning with both emission and exci-

tation monochromators and in which the emission and excitation slit widths can
be varied. In our laboratory, we routinely use a Perkin-Elmer LS50B. The fluo-
rimeter is controlled by a PC using software written by the manufacturer.

2. It is desirable that the cell holder compartment be thermostatically controlled to
±0.1°C, and some models of fluorimeter have a built-in temperature control.
Alternatively, this can be achieved by circulating water through the cell holder.
In this case the temperature is controlled by a programmable circulating water
bath (e.g., Neslab RTE-100).

3. Good quality quartz cuvets (preferably stoppered) with all four faces polished are
required. A 1 × 0.4-cm (semimicro) cuvet is preferred, because this minimizes
the inner filter effect compared to the standard 1 × 1-cm (3-mL) cuvets (see Sub-
heading 3.1.). The excitation beam should pass through the 0.4-cm path because
absorption of the emission beam should be negligible.

4. All buffers should be prepared from the highest-quality reagents and ultrapure
water. The buffers should be degassed and filtered to remove any particulate
contaminants. In the example provided the assay was carried out in 10 mM
Tris-HCl, pH 8.2, 100 mM NaCl, and 5 mM MgCl2 (see Note 1).

5. High-purity ANS free of contaminating bis-ANS may be obtained from Molecular
Probes (Eugene, OR). A 1 mM solution of ANS should be made fresh just prior to use.

Fig. 2. Enhancement and spectral shift of ANS fluorescence by the addition of pro-
tein. Fluorescence emission spectrum (λex = 370 nm) of 100 µM ANS alone (lower
curve) and with the addition of 2.2 µM M.EcoR124I (upper curve).
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6. A 50-µM stock solution of the purified DNA-binding protein of interest.
7. A 100-µM stock of an oligonucleotide duplex containing the DNA-binding site

to be investigated (see Note 2).

3. Methods
3.1. Titration of Protein with ANS

To find optimal conditions for the use of ANS in a DNA-binding experi-
ment, it is advisable to first titrate the protein of interest with ANS to check the
extent to which the protein binds the fluorescent probe. The precise con-
centrations of the reagents and composition of the buffer used here work
well for M.EcoR124I and its subsequent binding to a 30-bp DNA duplex con-
taining a single recognition site. It may be necessary to vary the conditions for
other systems.

1. Prepare 250 mL of a degassed and filtered standard buffer that will be used
throughout the set of experiments (e.g., 10 mM Tris-HCl, pH 8.2, 100 mM NaCl,
and 5 mM MgCl2). Dialyze or desalt (see Note 3) the DNA-binding protein into
this same standard buffer and prepare approx 2 mL of a 1 µM solution.

2. Prepare 50 mL of a 1 mM ANS solution again in the same buffer. The concentra-
tion of ANS can be determined from its UV absorption spectrum (ε370 aqueous =
5500/M/cm; see Note 4).

3. Adjust the excitation and emission slits on the fluorimeter to 2.5 nm (wider
slits can be used if the signal is weak) and set the desired temperature. Allow
time for the machine to “warm up” and also for the cell holder to tempera-
ture equilibrate.

4. Place 1 mL of buffer in the fluorimeter cuvet and record the fluorescence emis-
sion spectrum between 400 and 600 nm, using an excitation wavelength (λex) of
370 nm. Add 2 µL aliquots of the 1 mM ANS solution to the cuvet and mix
gently. After each addition record the fluorescence emission spectrum as before.
At the end of the titration measure, the OD370 of the sample using the same opti-
cal path length as used in the fluorescence titration.

5. In a clean cuvet, place 1 mL of the solution of 1 µM DNA-binding protein and
record the fluorescence emission spectrum between 400 and 600 nm (λex = 370 nm).
Repeat the ANS titration as in step 4 and again record the OD370 of the sample at
the end of the titration.

6. To analyze the titration data, choose the wavelength in the emission spectrum
that shows the largest difference between the two titrations. This will probably be
in the vicinity of 480 nm, although shorter wavelengths can be used to minimize
the background signal from free ANS (see Fig. 2).

7. To obtain the corrected fluorescence intensity (Fcorr), first correct for any dilu-
tion (if significant, see Note 5), then correct the observed fluorescence intensity
(Fobs) by application of Eq. 1. which accounts for any nonlinearity resulting from
inner filter effects (see Note 6).
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Fcorr = Fobs × 10(Aex/2) (1)

Apply Eq. 1 to the data from each point in the titration. Aex is the absorbance of
the sample at the excitation wavelength (370 nm). This absorbance can be calcu-
lated from the ANS extinction coefficient and the known ANS concentration,
taking into account the appropriate path length, but it should be checked against
the OD370 value measured at the end of each titration.

8. Plot the corrected fluorescence at the chosen wavelength against the ANS con-
centration for each titration. A typical case is shown in Fig. 3. The titration curve
in the absence of protein should be linear if the corrections for inner filter and
dilution have been correctly applied.

9. Subtraction of the curve of ANS added to buffer from the curve of ANS added to
the protein solution yields the binding curve of ANS to the protein, as illustrated
in Fig. 4. The shape of the curve will depend on the ANS binding properties of
the particular protein under study (see Note 7). In the case shown in Fig. 4, this
curve is fairly representative of the situation in which several ANS molecules are
associated weakly.

3.2. Preliminary investigation
of the Displacement of ANS by DNA

Once satisfied that the protein under investigation binds ANS, one must
ascertain if any of the bound ANS molecules are located in the DNA-binding
site of the protein. If so, their fluorescence will change upon being displaced
by DNA.

Fig. 3. Fluorescence titration of M.EcoR124I (1.5 µM) with ANS (upper curve).
The lower curve shows the fluorescence increment in the absence of protein. Both
titrations have been corrected for dilution and the inner filter effect.
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1. Make up a solution of 100 µM ANS in buffer (see Note 8). Measure its fluores-
cence emission spectrum between 400 and 600 nm (using λex = 370 nm).

2. Prepare an identical solution of ANS containing 1 µM DNA. Measure the emis-
sion spectrum as in step 1. These two spectra should be effectively identical.
There should be no observable interaction between the nucleic acid and the ANS.

3. Make up a 100 µM ANS solution containing 1 µM protein, and an identical solu-
tion containing 1 µM DNA in addition. Measure the fluorescence emission spec-
tra of these two samples as in step 1.

The presence of protein in the ANS solution should cause a change in the
shape and intensity of the emission spectrum. An increase in quantum yield
accompanied by a blue-shifted spectrum should be observed, When the nucleic
acid is present and bound to the protein, any ANS (which is weakly bound) in
the DNA-binding site of the protein will be displaced and change the form of
the spectrum toward that of free ANS (see Fig. 5).

3.3 Fluorescence Competition Assay

Once it has been established that the DNA fragment of interest shows a
measurable displacement of ANS, further investigation of the DNA-binding
characteristics of the protein can be conducted. Titrations can be done in a
number of different ways, but we have found it more reproducible to titrate the
protein into a solution of ANS in the presence and absence of DNA. The differ-
ence in fluorescence at each point then represents the amount of ANS dis-
placed (i.e., the amount of DNA bound). The concentrations used should be
those found to be optimal from the earlier experiments. Because the concentra-

Fig. 4. The binding curve for ANS to M.EcoR124I, generated by subtraction of the
lower curve from the upper curve in Fig. 3.
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tion of ANS is constant throughout, the absorbance at 370 nm should remain
unchanged and no inner filter correction need be applied.

1. Place 1 mL of a 100 µM ANS solution in the cuvet and record the emission spec-
trum between 400 and 600 nm (λex = 370 nm).

2. Add small (2–10 µL) aliquots of the 50 µM stock protein solution to the cell up to
a final concentration of 3 µM. After each addition record the fluorescence emis-
sion spectrum.

3. Make up 1 mL of 100 µM ANS, this time containing 1 µM DNA, and record the
fluorescence emission spectrum as in step 1.

4. Titrate the same small aliquots of the stock 50 µM protein solution into the ANS/
DNA mixture and record the emission spectrum after each addition.

5. Select an appropriate wavelength (e.g., 480 nm; see step 6 of Subheading 3.1.)
and plot the fluorescence intensity at each point in the titration against the protein
concentration for both experiments (see Fig. 6).

6. To obtain a binding curve for the protein–nucleic acid interaction, subtract the
fluorescence intensities at each point in the two experiments (with and without
DNA) and replot against protein concentration (see Fig. 7). This difference rep-
resents the amount of bound DNA, because DNA is solely responsible for the
decrease in fluorescence through displacement of ANS from the binding site. For
a high-affinity DNA protein interaction (with Kd substantially less than the con-
centration of DNA used in the titration), competition from the ANS will be neg-
ligible and a stoichiometric binding curve will be produced; the sharp break in
the curve at the stoichiometric point indicates the point at which all the DNA is

Fig. 5. Fluorescence emission spectra (λex = 370 nm) of 100 µM ANS in buffer
(lower), in a solution of 1 µM M.EcoR124 (upper), and in a solution of 1 µM
M.EcoR124I and 1 µM DNA (middle).
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Fig. 6. Data from an ANS competition assay. The upper set of points represent the
fluorescence increase resulting from successive additions of M.EcoR124I to a 100 µM
solution of ANS. The lower set of points represent the fluorescence increase when the
same titration is carried out in the presence of 1 µM DNA.

Fig. 7. Binding curve for the interaction of M.EcoR124I with an oligonucleotide
containing its recognition sequence. This curve is generated by the subtraction of the
lower curve from the upper curve in Fig. 6.

bound. Curvature of the plot around the stoichiometric point represents a lower-
affinity interaction. For a more detailed discussion of DNA binding curves, see
Chapter 33.
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4. Notes
1. The exact composition of the binding buffer will be dependent on the DNA-

binding protein being studied. Also, it is advisable to avoid the presence of
strongly absorbing compounds and/or quenchers that may interfere with fluores-
cence measurements. If the interaction has been characterized by another method
(e.g., by gel retardation assay), the fluorescence experiment should initially be
carried out in the binding buffer used in these studies.

2. In our laboratory, titrations are carried out using short synthetic DNA duplexes
(30-mers) that contain the protein’s recognition sequence. Short oligonucleotides
have the advantage that relatively large amounts of highly pure material are
readily obtainable. However, the same protocol should be applicable to the use of
longer nucleic acids, such as restriction fragments or polynucleotides.

3. It is important that all the components in the titration are “optically matched.”
Preparation of a matched protein sample is best achieved by either dialysis or
buffer exchange. If the protein sample is limiting, small amounts can be prepared
by buffer exchange using NAP5 columns (Pharmacia) or, alternatively, by dialy-
sis using Slide-A-lyzers (Pierce).

4. The value of ε370 aqueous for ANS in buffer was derived by comparison of the
OD370 of two equimolar solutions of ANS, one in a buffer and the other in 100%
methanol for which ε370 is known (6800/M/cm; Molecular Probes). If the buffer
used differs significantly from the one used here, then it is advisable to recalcu-
late the ε370.

5. If the stock solution of ANS is available at high concentration, then the volume
of sample in the cuvet during the titration can be assumed to be constant. If a
more dilute stock solution is used, there will be significant change in volume
(>5%). It is necessary to account for this when calculating the ANS concentra-
tion at each point in the titration.

6. See Chapter 33 for a more detailed discussion of the inner filter effect. As a
guide, for excitation at 370 nm in an aqueous buffer, 52 µM ANS has an OD370 of
0.11 in a 0.4-cm path-length cuvet. This gives rise to an inner filter correction of
1.14 using Eq. 1.

7. The binding curve generated for ANS can, in principle, take many forms. The
shape will depend on the number and relative affinity of ANS binding sites on the
protein. If the protein contains high-affinity sites, the curve may be biphasic and
may allow the stoichiometry of the strong interaction to be determined. A more
likely situation is that there will be numerous ANS binding sites with differing
but weak affinities (Kd > 100 µM). The result of this is a curved plot similar to
Fig. 3.

8. The concentration of the ANS solution used in the titration must be determined
empirically from the previous experiments. It should be high enough to ensure
that a good fraction of the ANS binding sites on the protein are occupied (as
determined in Subheading 3.1.),

9. As well as direct excitation of the fluorescent probe (i.e., with an excitation wave-
length of 370 nm for ANS), it may be possible to investigate energy transfer
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effects between aromatic amino acid residues in the protein and the bound probe.
If the excitation is performed at 280 nm to excite both tyrosine and tryptophan,
energy transfer to ANS will be apparent from the emission spectrum between
400 and 600 nm. In principle this effect could also be useful to for following
displacement of ANS in a titration with DNA.

10. A further extension of the fluorescent probe approach is to employ the covalent
probe 5-((((2-iodoacetyl) amino) ethyl) amino) naphthalene-1-sulfonic acid
(1,5-IAEDANS) (5). This reagent reacts with accessible cysteine residues in the
protein and has a higher quantum yield than ANS in aqueous solution. One can
look at the emission spectrum of the bound probe, or it may be possible to observe
energy transfer from aromatic residues in the protein. Any of these fluorescence
characteristics could change when the DNA is bound if the probe is located near
the DNA-binding site. We have used this technique to study the interaction of
M.EcoR124I with DNA and found that energy transfer from the protein to the
bound probe decreased by over 30% when DNA was bound. As long as the pres-
ence of the probe does not inhibit binding, then titrations with DNA can be used
to produce DNA-binding curves. However if the probe does inhibit, this can also
be informative; the labelled cysteine(s) can be identified by peptide mapping by
analogy with the methods reported in Chapter 20.
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Site-Directed Cleavage of DNA
by Linker Histone-Fe(II) EDTA Conjugates

David R. Chafin and Jeffrey J. Hayes

1. Introduction
The ordered and regular packaging of eukaryotic DNA within the chromatin

complex allows the efficient utilization of this substrate for nuclear processes
such as DNA replication, transcription, recombination, and repair (1,2). Thus,
an understanding of the organization of protein–DNA interactions and associa-
tions within the chromatin complex is a prerequisite for a complete molecular
description of these processes. For example, the linker histone protein plays
crucial roles in the stability and organization of the chromatin fiber (3,4). This
multidomain protein undoubtedly makes complicated and diverse but poorly
understood interactions within the chromatin fiber (1). Currently, there is dis-
agreement regarding the site of association of the globular domain of this pro-
tein within the nucleosome proper (5,6). Moreover, the molecular interactions
and chemical activities of its N- and C-terminal tails are most likely modulated
by the multiple posttranslational phosphorylation events known to occur within
these domains (1,2). Thus, the linker histone tails represent critical points for
signal transduction within the chromatin complex likely to be manifested as
structural alterations within chromatin.

To elucidate the multiple interactions between the linker histone protein and
several model chromatin complexes, we have opted for a site-directed chemi-
cal cleavage methodology originally introduced by Ebright and colleagues and
Fox and colleagues (7,8). This method relies on targeting a DNA cleavage
reagent via the unique nucleophilic properties of a cysteine sulfhydryl engi-
neered at rationally selected locations within the protein of interest. The linker
histone protein is a particularly suitable candidate for this type of approach
because only in one rare instance (9) has this protein been found to contain a
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cysteine residue. The single sulfhydryl group within the protein is modified
with a bifunctional reagent that contains a cysteine-specific moiety at one end
and an iron(II)-based DNA cleavage reagent at the other (Fig. 1) (7,8,10–12).
The protein is then assembled into the chromatin complex of interest and DNA
cleavage is initiated by standard Fenton chemistry (7,8). The DNA from such
complexes is prepared and the location of DNA cleavage is mapped to single-
base-pair resolution on DNA sequencing gels.

2. Materials
2.1. Construction of Cysteine Substituted Protein

2.1.1. Point Mutation by PCR

1. Oligonucleotide primers: Two oligonucleotide primers complimentary to the 5'
and 3' ends of the sequence to be amplified are needed. In addition, if the codon
to be altered is located more than approx 10–15 nucleotides from the end of the
coding sequence, one additional primer is needed that must contain the sequence
substitutions for the altered codon flanked by 12–15 nucleotides of complemen-
tary sequence on each side. Store at –20°C.

2. 10X stock containing all four dNTPs at 10 mM concentration each.
3. A source of clean reliable 18 meg Ω water, free of chemical contaminants.
4. 10X polymerase chain reaction (PCR) buffer; can be obtained commercially from

the supplier of the PCR enzyme of choice.
5. Vent or Taq DNA polymerase; can be obtained from commercial sources.

2.1.2. Ligation and Transformation of PCR Insert
into DH5α or BL21 Cells

1. DH5α or BL21 cells can be obtained commercially or prepared in competent
form; store at –70°C.

2. Luria–Bertani (LB) medium, sterile.
3. 1000X stock of ampicillin (100 mg/mL).
4. LB–agar plates containing 0.1 mg/mL ampicillin.

2.1.3. Overexpression and Purification of Mutant Histone Proteins

1. 100X (0.2 M) stock of isopropyl β-D-thiogalactopyranoside (IPTG).
2. Luria–Bertani (LB) medium, sterile.
3. 10 mg/mL lysozyme solution.
4. 1000X PMSF (phenylmethylsulfonyl fluoride): 100 mM in ethanol.
5. Triton-X100 detergent.
6. A 2-M solution of NaCl.
7. A 50% (v/v) slurry of Bio-Rex 70, 100-mesh chromatography resin (Bio-Rad).
8. 10 mM Tris-HCl, pH 8.0, and 1 mM EDTA solutions containing 0.5 M, 0.6 M, 1.0 M,

and 2.0 M NaCl.
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2.2. Reduction and Modification of Cysteine-Substituted Proteins
with EDTA-2-aminoethyl 2-pyridyl disulfide (EPD)

1. 1 M stock of DTT (dithiothreitol), made fresh; store at –20°C.
2. A 50% slurry of Bio-Rex 70, 100–200 mesh chromatography resin (Bio-Rad).
3. 10 mM Tris-HCl, pH 8.0 solutions containing 0.5 M, 0.6 M, 1.0 M, and 2.0 M NaCl.

Fig. 1. Lysine at position 59 within the globular domain of histone H1 was changed
to a cysteine residue (K59C, top). The free sulfhydryl group on the cysteine residue
was coupled to the DNA cleavage reagent EPD (middle). Hydroxyl radicals were
produced from the Fe2+ center contained within the EPD moiety by standard Fenton
chemistry (bottom and equation).
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4. 0.3 M stock of EPD synthesized according to refs. 7 and 8. Alternatively,
iodoacetamido-1,10 phenanthroline–Cu2+ can be employed in place of EPD
(Molecular Probes, Eugene, OR).

5. Disposable 10 mL plastic chromatography columns (Bio-Rad).
6. Coomassie blue stain: 45% methanol, 10% acetic acid, and 0.25% coomassie

brilliant blue R250.

2.3. Radioactive End-Labeling
of a Purified DNA Restriction Fragment

1. Linear DNA fragment with convenient restriction sites on either end, previ-
ously phosphatased.

2. 10X T4 polynucleotide kinase buffer (supplied with enzyme).
3. [γ-32P]dATP, 6000 Ci/mmol.
4. T4 polynucleotide kinase 10,000 units/mL (Promega).
5. 2.5 M ammonium acetate.
6. 95% Ethanol, –20°C.
7. 70% Ethanol, –20°C.
8. 10% SDS stock solution.
9. Alkaline phosphatase from calf intestine (Boehringer Mannheim)

10. TE buffer: 10 mM Tris-HCl, pH 8.0, and 1 mM EDTA.

2.4. In Vitro Reconstitution of Nucleosomes

1. 10 mM Tris-HCl, pH 8.0, and 1 mM EDTA solutions containing 1.2 M, 1.0 M,
0.8 M, and 0.6 M NaCl.

2. TE buffer.
3. Stock of 6000–8000 molecular-weight cutoff dialysis tubing, 14 mm in diameter.
4. Stock of sonicated calf thymus (CT) DNA, approx 1–2 mg/mL.
5. Stock of 5 M NaCl.
6. Source of purified core histone proteins H2A/H2B and H3/H4, ours were puri-

fied from chicken erythrocytes (see Note 7).

2.5. Maxim–Gilbert G-Specific Reaction

1. 10X G-specific reaction buffer: 0.5 M NaCacodylate and 10 mM EDTA.
2. Dimethylsulfate (DMS) (Sigma).
3. G-reaction stop buffer: 1.5 M Na acetate, 1 M β-mercaptoethanol and 0.004 µg/µL

sonicated calf thymus DNA.
4. Piperidine (neat, 10 M stock) (Sigma).

2.6. Chemical Mapping of Protein–DNA Interactions with EPD

1. 0.7% agarose made with 0.5X TBE. (Note: Treat all solutions with chelex 100 resin
[Bio-Rad] to remove adventitious redox-active metals.)

2. Histone dilution buffer: 10 mM Tris-HCl, pH 8.0, and 50 mM NaCl.
3. Stock solution of 20 mM sodium ascorbate, store frozen at –20°C.
4. Stock solution of 1 mM Fe(II) 2 mM EDTA; store frozen at –20°C.
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5. Solution of 0.15% H2O2, freshly made.
6. Stop solution: 50% glycerol and 10 mM EDTA.
7. Microcentrifuge filtration devices (Series 8000 can be obtained from Lida Manu-

facturing Corporation).
8. 10 mM Tris-HCl, pH 8.0, and 0.1% SDS.
9. Microcentrifuge pestles, can be obtained from Stratagene.

10. 95% and 70% ethanol solutions, cooled to –20°C.
11. 3 M sodium acetate.

2.7. Sequencing Gel Analysis

1. Solid urea; molecular biology grade.
2. 5X TBE.
3. 40% Acrylamide (19:1 acrylamide:bis-acrylamide).
4. 20% APS (ammonium persulfate).
5. TEMED (N,N,N',N'-tetramethylethylenediamine).
6. 1 mL formamide loading buffer: 100% formamide, 0.05% bromophenol blue,

0.05% xylene cyanol, and 1 mM EDTA.

3. Methods
3.1. Overexpression and Purification of Single-Cysteine-
Substituted Proteins

The following methods work well for incorporating a single amino acid sub-
stitution into any protein of interest. Standard three or four primer PCR meth-
ods are used.

1. Standard PCR methods are used to amplify a DNA fragment containing a cysteine
codon in place of the wild-type codon. If the codon to be changed is near the end
of the amplified coding region, then only two primers are necessary with the
change incorporated into one of these “parent” primers. If more central to the
sequence, then a 3 primer technique is used with the change incorporated into an
internal primer, amplify with the internal primer and one of the parent primers
and then use the short amplified fragment as a primer with the remaining parent
primer and the original DNA as the template. Finally, if this method fails, two
complementary internal primers with the intended change are used to amplify
overlapping short fragments using the appropriate parent primers; these two frag-
ments are then combined with the parent primers and the entire insert amplified
without an additional template added.

2. Gel purify the DNA insert of interest. We typically use the electroelution tech-
nique after separating the PCR DNA on a 1% agarose gel. A slice of agarose
containing the insert of interest is placed into a dialysis membrane with enough
TBE to cover the agarose. Both ends of the dialysis membrane are clipped shut
and placed into a standard DNA electrophoresis apparatus containing 1X TBE
buffer; the DNA electroeluted is for 15 min at 150 V. Remove the TBE buffer
from the dialysis membrane containing the PCR DNA and precipitate.
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3. Ligate the insert containing the single cysteine substitution into the appropriate
expression vector. We typically use the pET expression system (Novagen). Both
DNAs must be digested with the same restriction endonucleases. Incubate
equimolar amounts of insert DNA and pET3d DNA in 1X T4 ligation buffer.
Add 400 U of T4 DNA ligase (Bio-Labs) and incubate at 4°C overnight (see Note 2).

4. Check the efficiency of the ligation by transforming a small amount of the liga-
tion sample into DH5a cells. Place the transformation on LB–ampicillin plates
and incubate at 37°C overnight.

5. Prepare DNA from several colonies by placing a single colony into 3–5 mL of
LB–ampicillin medium and grow at 37°C. Isolate the DNA from these cultures
by standard DNA mini-prep techniques (see Note 3).

6. Digest part of the isolated plasmid with the original restriction endonucleases
used for ligation to liberate the DNA fragment corresponding to the original
insert. The plasmids that contain correct inserts can be used to transform BL21
cells for overexpression.

7. Transform the pET plasmid containing the insert into BL21 cells in the same
manner as for the DH5a cells (see step 4).

8. Place one BL21 colony from the LB–ampicillin plate into 200 mL of LB–ampi-
cillin medium.

9. Grow the culture in the absence of IPTG at 37°C to an optical density of 0.6 at
595-nm wavelength light. Add IPTG to a final concentration of 0.2 mg/mL and
return the culture to 37°C for approx 2–4 h (see Note 4).

10. After 2–4 h, pellet the bacteria by centrifugation at 4000g for 15 min.
11. Decant the supernatant and resuspend the pellet in 5–10 mL of TE buffer.
12. Add 10 mg/mL lysozyme to a final concentration of 0.2 mg/mL. Then, add

Triton-X 100 to a final concentration of 0.2% and incubate for 30 min at
room temperature.

13. Dilute the bacteria twofold with 2 M NaCl to a final concentration of 1 M NaCl.
Transfer the bacteria to Oakridge centrifuge tubes on ice.

14. Sonicate the bacterial slurry for 6 min total in two 3-min sonication steps (see
Note 5).

15. Pellet the cell debris by centrifugation at 10,000g for 30 min at 4°C.
16. Add PMSF to a final concentration of 0.1 mM. Dilute the supernatants twofold

with TE buffer to bring the NaCl concentration to 0.5 M.
17. Incubate the diluted supernatant with 12.5 mL of a 50% suspension of Bio-Rex

70-mesh beads for 4 h at 4°C with rotation. Linker histones and most other pro-
teins will bind directly to the Bio-Rex 70 beads. However, core histone proteins
must first be incubated with their dimerization partner proteins before they will
bind to the chromatography matrix (i.e., H2A with H2B) (see Note 6).

18. After 4 h collect the beads in a plastic 10-mL disposable chromatography col-
umn. Collect the flowthrough fraction in a 50-mL conical tube and freeze.

19. Wash the column with 2–3 column volumes of 10 mM Tris-HCl, pH 8.0 contain-
ing 0.6 M NaCl. Collect the first 10 mL of the wash fraction in a 15-mL conical
tube and freeze.
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20. Elute the bound proteins with two separate 1-column volume elution steps of 10 mM
Tris-HCl, pH 8.0 containing 1.0 M NaCl. Collect the 1.0 M elution steps in sepa-
rate 15 mL conical tubes and freeze.

21. After elution, wash the column with one column volume of 10 mM Tris-HCl,
pH 8.0 containing 2.0 M NaCl. Collect the 2.0 M elution step in a 15-mL conical
tube and freeze.

22. Check 10 µL of each fraction for protein by loading a small amount on a 12% or
18% SDS–polyacrylamide gel.

3.2. Reduction and Modification of Cysteine-Substituted Proteins

3.2.1. Reduction of Cysteine-Substituted Proteins

1. Incubate protein of interest in a 15-mL conical tube with 50 mM DTT final con-
centration for 1 h on ice.

2. Dilute the protein sample twofold with TE; this dilutes the NaCl concentration to
500 mM NaCl.

3. Add 0.8 mL of a 50% slurry of Bio-Rex 70 chromatography resin and incubate
for 2 h at 4°C with rotation. We have found that Bio-Rex 70 can bind approx 0.5 mg
protein/g resin.

4. Pour slurry into a 10-mL plastic, disposable chromatography column and collect
the flowthrough fraction. Disposable chromatography columns are commercially
available from Bio-Rad or other manufacturers.

5. Wash the column with 3–5 column volumes of buffer containing 10 mM Tris-HCl,
pH 8.0, and 0.5 M NaCl. Immediately remove 20 µL of the freshly eluted wash
sample into a separate Eppendorf tube for analysis later on a 12% SDS–polyacryla-
mide gel and immediately freeze the larger sample in case the protein did not bind
the resin. Aliquoting the sample in this manner ensures that the sample does not
need to be thawed for analysis.

6. An intermediate wash of the column with buffer containing 0.6 M NaCl is per-
formed to remove proteins that are less well-bound because of partial degrada-
tion. Aliquots of these samples are obtained in the same manner as the previous
wash step.

7. Linker histone protein can be eluted with 1-column volume steps of the same
buffer except with 1.0 M NaCl. Typically, five separate 1-column volume 1.0 M
NaCl elution steps are performed and collected separately. Usually, only 5 µL of
the elution steps needs be aliquoted for SDS–polyacrylamide gel analysis. As
above, the large elution fractions are frozen immediately. A final elution with
buffer containing 2.0 M NaCl buffer will ensure that all of the protein has been
eluted from the column.

8. Check the protein content of each aliquot obtained from the wash and elution
steps on a 12% SDS–polyacrylamide gel. After separation, incubate the protein
gel in enough Coomassie blue stain to cover the protein gel. Stain for approx 1 h
at room temperature and destain with 45% methanol and 10% acetic acid until
the background of the gel is clear.
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3.2.2. Modification of Cysteine Substituted Proteins with EPD

1. Thaw the fraction containing the reduced protein to be modified with EPD on ice.
Working as quickly as possible, add a 1.1 fold molar excess of EPD to 60 µL
(approx 30 µg) of reduced protein. Incubate for 1 h at room temperature in
the dark.

2. Removal of excess cleavage reagent requires one more round of Bio-Rex 70 chro-
matography, identical to that in step 3 of Subheading 3.2.1. except that 60 µL of
the 50% slurry is added to the protein. In addition, the slurry is poured into a
column made from a blue 1-mL pipet tip fitted with glass wool at the opening.
Wash and elute as in step 5 of Subheading 3.2.1. except all elution volumes are
scaled according to the resin amount. Aliquots for protein analysis are exactly the
same size as previously indicated.

3. Postmodification labeling with 14C-NEM (N-[ethyl–1–14C]-maleimide) (New
England Nuclear) can be used to quantitatively determine the extent of modifica-
tion with the DNA cleavage reagent. Add 0.25–0.5 µCi of 14C-NEM to each
protein aliquot made from the elution fractions of the Bio-Rex column. After
10 min, add 2 volumes of 2X protein loading buffer and separate the proteins
on a 12% SDS-polyacrylamide gel. Stain and destain the gel as in step 8 of
Subheading 3.2.1. and dry the gel onto a piece of Whatman filter paper. Visual-
ize the labeled proteins by exposing the dried gel to ultra sensitive Bio-Max auto-
radiography film.

4. A protein gel at this step performs two functions. (1) It determines which frac-
tions contain the protein of interest and (2) it determine the extent of modifica-
tion with the DNA cleavage reagent.

3.3. Radioactive End-Labeling
of a Purified DNA Restriction Fragment

1. Treat approx 5 µg of plasmid DNA or 1 µg of a purified DNA fragment with the
appropriate restriction endonuclease in the manufacturer’s buffer.

2. Precipitate the DNA by adjusting the solution to 0.3 M sodium acetate and add-
ing of 2.5 vol of cold ethanol.

3. Resuspend the DNA in phosphatase buffer and treat with alkaline phosphatase
for 1 h at 37°C.

4. Adjust the solution to 0.1% SDS, phenol extract the solution, and then precipitate
the aqueous phase twice with ethanol and sodium acetate.

5. Resuspend the DNA in 10 µL TE and add 2.5 µL of 10X T4 polynucleotide
kinase buffer.

6. Add 50 µCi of [γ-32P]dATP and adjust the volume to 24 µL with water.
7. Start the reaction by adding 10 units of T4 polynucleotide kinase and incubate for

30 min at 37°C.
8. Stop the kinase with 200 µL of 2.5 M ammonium acetate (NH4Oac) and 700 µL

of cold 95% ethanol.
9. Pellet the DNA in a microcentrifuge for 30 min at room temperature.
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10. Wash the DNA pellet briefly with cold 70% ethanol and dry the DNA in a
Speedvac concentrator.

11. Dissolve the DNA in 34 µL of TE buffer.
12. Digest the DNA fragment with a second restriction endonuclease that liberates

the fragment of interest and yields fragments that can be easily separated on a
native 6% polyacrylamide gel.

13. After separation, wrap the gel tightly in plastic wrap and apply fluorescent mark-
ers onto various portions of the gel for alignment purposes (can be obtained from
Stratagene) or accurately mark the position of the gel on the film. Expose the wet
gel to the autoradiography film for 1 min, which is sufficient to detect the spe-
cific band containing the labeled fragment.

14. Excise the band of interest from the polyacrylamide gel and place into a clean
Eppendorf tube. Crush the acrylamide gel slice with a Eppendorf pestle and
add 700 µL of TE buffer. The labeled fragment will elute overnight with pas-
sive diffusion.

15. Split the sample equally into two Series 8000 Microcentrifuge Filtration Devices
and spin for 30 min in a microcentrifuge.

16. Precipitate the eluted DNA and dissolve in TE buffer pH 8.0. Add enough TE
buffer so that the labeled DNA is approx 1000 cpm/µL (see Note 7).

3.4. Reconstitution of Nucleosomes by Salt Step Dialysis

The method described here for the reconstitution of nucleosomes allows for
large quantities of nearly homogeneous core particles in 12 h (13). Moreover,
reconstituted nucleosomes are known to bind linker histone in a physiologi-
cally relevant manner according to multiple criteria. Virtually any piece of
DNA 147 bp or longer can be used. However to obtain nucleosomes with only
one translational position, the DNA sequence should contain nucleosome posi-
tioning sequences such as that from the Xenopus borealis somatic 5S rRNA
gene (14–16). The DNA can be labeled on the 5' or 3' end with commercially
available enzymes after phosphatase treatment as described above.

1. Add approx 5–8 µg of unlabeled calf thymus DNA, 200,000–400,000 cpm of
singly labeled Xenopus borealis 5S ribosomal DNA, purified chicken erythro-
cyte core histone protein fractions (H2A/H2B and H3/H4) (see Note 1), 160 µL
of 5 M NaCl (2.0 M final), and TE buffer to a final of volume 400 µL.

2. Place the reconstitution mixture into a 6 to 8 kDa molecular weight cut-off dialy-
sis bag. All subsequent dialysis steps are for 2 h at 4°C against 1 L of dialysis
buffers unless specified. The first dialysis buffer is 10 mM Tris-HCl, pH 8.0, 1.2 M
NaCl and 1 mM EDTA. Subsequent dialyses steps are with fresh buffer contain-
ing 1.0 M, 0.8 M, and then 0.6 M NaCl. The procedure is completed with a final
dialysis against TE buffer overnight. Nucleosomes at this stage can be used for
gel-shift experiments where EDTA does not interfere.

3. For DNA cleavage experiments with EPD, two additional dialysis steps are
required. First dialyze the reconstitutes against 10 mM Tris-HCl, pH 8.0 several
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hours to remove the EDTA. A second dialysis against fresh 10 mM Tris-HCl,
pH 8.0 removes trace amounts of EDTA and prepares the samples for chemical
mapping with EPD.

3.5. Maxim–Gilbert G-Specific Reaction

The G-specific reaction used in the Maxim–Gilbert sequencing method pro-
vides an easy and quick method to identify the exact location of bases within
any known sequence on sequencing gels. It is used here to determine the sites
of DNA to base-pair resolution. Because this method is not generally used any
longer, the steps are outlined as follows:

1. Add approx 20,000 cpm of singly labeled DNA (same DNA used to reconsti-
tute nucleosomes).

2. Add 20 µL of 10X G-specific reaction buffer.
3. Add water to a final volume of 200 µL.
4. Start by adding 1 µL of straight dimethylsulfate (DMS) to the tube. Mix immedi-

ately and spin briefly in a microfuge (do this in a hood; be careful not to get any
DMS on your skin or on standard laboratory gloves. Store DMS in a tightly
capped brown glass bottle at 4°C).

5. Add 50 µL of G-reaction stop solution and mix immediately.
6. Add 2.5 vol of –20°C 95% ethanol to precipitate the DNA.
7. Wash the DNA with –20°C ethanol; dry and dissolve the DNA in 90 µL of H2O.
8. Add 10 µL of piperidine and incubate at 90°C for 30 min.
9. Dry the DNA solution in a Speedvac to completion.

10. Dissolve the DNA in 20 µL of water and repeat the drying step. Repeat this step
one more time.

11. Dissolve DNA in 100 µL TE buffer and store at 4°C.

3.6. Site-Directed Hydroxyl Radical Cleavage of DNA

3.6.1. Binding Single-Cysteine-Substituted Linker Histone Proteins
to Reconstituted Nucleosomes

1. The exact amount of each mutant linker histone protein needed to stoichiometri-
cally bind the nucleosome needs to be determined empirically. Increasing
amounts of the linker histone are titrated to a fixed volume of reconstituted
nucleosomes (typically 5000 cpm) and analyzed via a gel-shift procedure (17).
This is typically scaled up 10-fold for the site-specific cleavage reaction.

2. Add 5% glycerol final to the binding reaction (analytical scale only, site-specific
cleavage reactions contain 10-fold less glycerol).

3. Add 50 mM NaCl final to the binding reaction (see Note 8).
4. Incubate the binding reactions for 15 min at room temperature.
5. Separate the complexes on a 0.7% agarose and 0.5X TBE gel. After drying the

gel, expose to autoradiograpic film and determine the amount of protein neces-
sary for good complex formation.
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6. Several assays for the correct binding of linker histones to DNA have been per-
formed (17,18). One of the easiest involves a brief digestion with micrococcal
nuclease in the chromatosome stop assay (13).

3.6.2. Site-Directed Hydroxyl Radical Mapping
of Linker Histone-DNA Interaction

1. Scale up the binding reaction to include 40,000–50,000 cpm of labeled reconsti-
tuted nucleosomes and add enough modified mutant linker histone to form
H1–nucleosome complexes.

2. Add glycerol to 0.5% final concentration (see Note 9).
3. Add sodium ascorbate to a final concentration of 1 mM.
4. Add H2O2 to a final concentration of 0.0075%.
5. Incubate for 30 min at room temperature in the dark.
6. After 30 min, add 1/10 vol of 50% glycerol and 10 mM EDTA solution.
7. Load samples immediately onto a running (90 V) preparative 0.7% agarose and

0.5X TBE gel.
8. Separate the samples so that the H1–nucleosome complexes are well resolved

from tetramer and free DNA bands.
9. Next, wrap the gel tightly with plastic wrap so that the gel cannot move within

the plastic. Lay fluorescent markers onto various portions of the gel for align-
ment purposes (can be obtained from Stratagene) or accurately mark the position
of the gel on the film.

10. Expose the wet gel for several hours at 4°C.
11. Next, develop the autoradiograph and overlay onto the wet gel, lining up the

fluorescent markers.
12. Cut and remove the agarose containing the H1–nucleosome complexes or bands

of interest and place them into Series 8000 Microcentrifuge Filtration Devices.
13. Freeze the filtration tubes containing the agarose plugs on dry ice for 15 min.
14. Spin down the agarose in a microcentrifuge at maximum speed for 30 min at

room temperature. The fluid from the agarose matrix will be collected in the
2-mL centrifuge tube surrounding the filtration device.

15. Gently remove the agarose plug from the bottom of the filtration device and place
into a clean Eppendorf tube. Save the centrifugation devices for use later.

16. Using a microcentrifuge pestle, crush the agarose pellet and add 500 µL of 10 mM
Tris-HCl, pH 8.0, and 0.1% SDS and continue to crush the agarose.

17. After the agarose is crushed into tiny pieces, place all samples at 4°C
overnight.

18. Place the crushed agarose into the same centrifugation device and pellet.
Spin down the agarose in a microcentrifuge at maximum speed for 30 min at
room temperature.

19. Combine identical samples from both spins and precipitate the DNA.
20. Dissolve the DNA in 15 µL of TE buffer.
21. Heat the samples to 90°C for 2 min to denature.
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3.7. Sequencing Gel Analysis of H1°C-EPD Cleavage

3.7.1. Sequencing Gel Electrophoresis

1. Add equal numbers of counts from each sample, including the G specific reac-
tion, to clean eppendorf tubes.

2. Place the samples into a Speedvac concentrator and dry to completeness.
3. Dissolve the samples in 4 µL of formamide loading buffer.
4. Place samples directly onto ice to prevent renaturation.
5. Separate samples on a 6% polyacrylamide and 8 M urea sequencing gel running

at constant 2000 V.

3.7.2 Example of Site-Directed Cleavage
of Nucleosomal DNA by EPD

An example of a linker histone site-directed DNA cleavage reaction is pre-
sented in Fig. 2. A schematic of the 5S mononucleosome is shown in the left
panel. The thick black line represents the 5S ribosomal DNA fragment that
contains the transcriptional coding sequence for this gene (gray arrow). The 5S
ribosomal gene fragment was used because it contains a nucleosomal position-
ing sequence that precisely wraps the DNA around the core histones and pro-
vides a homogeneous population of nucleosomes. Furthermore, because one
major translational position predominates within this population of nucleo-
somes, the precise orientation of the DNA as it wraps around the core histones
is known. This enables us to determine to base-pair resolution, the sites of
cleavage by EPD with respect to the nucleosome structure. A singly end-
labeled 5S DNA fragment was incorporated into nucleosomes via the salt
dialysis procedure detailed earlier. Labeled mononucleosomes were bound by
an EPD-modified linker histone containing a single cysteine substitution for
the lysine residue at position 59, referred to as K59C-EPD. After allowing
hydroxyl radical cleavage for 30 min, the protein–DNA complexes were sepa-
rated on a 0.7% agarose gel (Fig. 2A) and the labeled DNA fragments corre-
sponding to the H1–nucleosome complexes were purified. These purified
DNAs were then analyzed on a 6% sequencing gel (Fig. 2B, right panel).

Fig. 2 (opposite page). (A) Various DNAs from control or hydroxyl radical cleav-
age reactions were separated on a 0.7% agarose gel. The wet gel was exposed to auto-
radiographic film for 3–4 h according to Subheading 3.6.2. Lanes 1 and 2 contain free
DNA (FD) and bulk nucleosomes (Nuc.), respectively, not exposed to hydroxyl
radical cleavage. Lanes 3–5 contain nucleosomes or H1–nucleosome complexes
(H1–Nuc.) subjected to hydroxyl radical cleavage. Nucleosomes–K59C (lane 3),
nucleosomes with unmodified K59C (lane 4) or nucleosomes with K59C–EPD (lane 5).
(B) A linear schematic of the 5S nucleosome is shown (left). The DNA (black line)
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was restricted with the restriction enzymes shown and radiolabeled (*) at the XbaI site.
The position of the 5S nucleosome (white oval) is shown with respect to the start site
of transcription (gray arrow) and with respect to the size of DNAs in the sequencing
gel (larger white oval). Labeled DNAs from hydroxyl radical cleavage reactions were
analyzed on a 6% sequencing gel (right). Lane 1: Maxim–Gilbert G-specific reaction;
lane 2: hydroxyl radical cleavage in the absence of histone H1; lanes 3 and 4: hydroxyl
radical cleavage with K59C (lane 3) or K59C–EPD (lane 4). Specific cleavages are
shown to the right of the gel (black arrows).
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The gel reveals that the reconstituted mononucleosomes used for this
experiment give a characteristic 10-bp protection when footprinted by general
cleavage with hydroxyl radical in the absence of linker histone (15). This indi-
cates that the 5S DNA has been properly assembled with the histone octamer
into a nucleosome (Fig. 2B, lane 2). The linker histone-directed cleavage
experiments are shown in lanes 3 and 4. No cleavages are observed when the
reaction is carried out in the presence of unmodified K59C (Fig. 2B, lane 3). In
contrast, when the cleavage reagents are added in the presence of K59C-EPD
bound nucleosomes, two sets of cleavages are evident (Fig. 2B, lane 4). The
cleavages at +62, +72, and +82 correspond to the end of the nucleosome where
the DNA exits. This result is consistent with previous data suggesting that
the linker histone binds the nucleosome at the periphery, tucked inside a super-
helical gyre of DNA (12,19). A second set of cleavages occurs at –29 and –39.
These cleavages occur on the DNA strand directly underneath that of the +62/
+72/+82 cleavages as the DNA makes one full superhelical turn around the
histone octamer. It is possible that amino acid 59 makes close contacts with
both strands of the DNA, consistent with the strong cleavages seen at each site.
It is also possible that hydroxyl radicals have diffused away from the –29/–39-
cleavage site and cleave the DNA in other areas. Inconsistent with this, glyc-
erol, a very good hydroxyl radical scavenger, does not seem to have an effect
on the cleavages obtained with K59C-EPD at concentrations known to elimi-
nate hydroxyl radical cleavage (Chafin and Hayes, unpublished results).

4. Notes
1. A complication of the in vitro reconstitution procedure is that purified histone

proteins are often obtained in two fractions, H2A/H2B and H3/H4 (22). Thus, in
addition to total histone mass, the ratio between these two substituents must be
empirically adjusted to yield maximum octamer–DNA complexes (13).

2. Many ligation procedures are available from primary literature or commercial
sources. Ligation of two DNA fragments occurs more rapidly at room tempera-
ture or 37°C if the base-pair overlap is sufficiently stable.

3. Many DNA mini-prep procedures are described in detail in ref. (20). The DNA isolated
for the techniques described here were from the boiling DNA mini-prep procedure (20).

4. Before proceeding, it is recommended that a small amount of the culture be
checked for overexpression of the protein of interest. This can be done by remov-
ing 1 mL of the culture before and after induction by IPTG.

5. Sonication techniques tend to increase the temperature of the sample quickly,
which could induce proteolysis of the proteins. The sample must therefore be
cooled before and during sonication. Allow several min between sonication runs
to keep the sample as cold as possible.

6. Histones H2A or H2B do not bind to Bio-Rex 70 when purified individually.
However, we have found that when allowed to heterodimerize, they bind to the
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column and elute off consistently in 1 M NaCl (13). This characteristic could be
the result of the fact that histone H2A and H2B are completely unfolded when
separated from each other (21).

7. Storing labeled DNA in a concentrated form is not advised, as autodegradation of the
DNA takes place. DNA can be stored for several weeks at approx 5000 cpm/µL.

8. Several methods can be used for the incorporation of linker histones into recon-
stituted mononucleosomes. The method described here involves direct addition
of linker histones to mononucleosis in 50 mM NaCl. Linker histones are folded in
low-salt solutions in the presence of DNA (23). Indeed, we find that linker his-
tones can be directly mixed to nucleosomes in either 5- or 50-mM NaCl solutions
and these proteins then bind in a physiologically relevant manner (17).

9. Glycerol is a good scavenger for hydroxyl radicals and will generally inhibit
hydroxyl-radical-based cleavage if added at a final concentration over 0.5% and
therefore should be avoided. However, adding small concentrations of glycerol
will allow hydroxyl radical cleavage to occur if the EPD moiety is in close prox-
imity to the DNA backbone but not cleavage from sites farther away.
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Nitration of Tyrosine Residues
in Protein–Nucleic Acid Complexes

Simon E. Plyte

1. Introduction
Chemical modification is a powerful tool for investigating the accessibility

and function of specific amino acids within folded proteins. It has provided
significant information regarding the role of different amino acids at the bind-
ing sites of numerous enzymes and DNA-binding proteins. The identification
of such residues by chemical modification has then often be used to plan sub-
sequent site-directed mutagenesis experiments. These data complement those
from crystallographic and nuclear magnetic resonance (NMR) studies in deter-
mining the residues located at the active site; thus, one needs to consider all
these techniques when elucidating protein structure and function. For example,
chemical modification of leukotriene A4 hydrolase, 3-hydroxyisobutyrate
dehydrogenase, and lactate dehydrogenase (1–3) have contributed significantly
to the understanding of active-site mechanisms in these proteins and in
elucidating the mechanisms of DNA binding in the Fd and Pf1 gene 5 pro-
teins (4–5).

Reagents exist to modify cysteine, methionine, histidine, lysine, arginine,
tyrosine and carboxyl groups selectively. However, in this chapter, we are only
concerned with the selective modification of tyrosine residues (for reagents
and conditions for the modification of the other amino acids, see ref. 6). The
side chain of tyrosine can react with several compounds, the most commonly
used being N-acetylimidizole and tetranitromethane (TNM). N-acetylimidizole
will O-acetylate tyrosine residues in solution (7), and this reagent has been
used to modify numerous proteins including the Fd gene 5 protein (4). How-
ever, this reagent can also N-acetylate primary amines, and in the study on the
Fd gene 5 protein (4) in addition to acetylation of three tyrosine residues, all
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five lysine residues were found to be modified. Tetranitromethane is a reagent
highly specific for tyrosine residues and reacts under mild conditions to form
the substitution product 3-nitrotyrosine (8). The modified tyrosine has a char-
acteristic adsorption maximum at 428 nm, and this can be used to quantitate
the number of tyrosine residues modified (8). However, under harsher condi-
tions, there have been some reports of modification of sulfhydryl groups and
limited cases of reaction with histidine and tryptophan (9).

1.1. Strategies

1.1.1. Tyrosine Accessibility

The general strategy employed in chemical modification experiments is to
determine the accessibility of the target residues within the native protein and
the extent of protection offered by the bound substrate. Peptide mapping of the
labeled protein then allows the roles of the individual residues to be assessed.
First, the free protein is nitrated and then digested into fragments by proteoly-
sis. These peptides are then separated to enable identification of the modified
residue(s). The nucleoprotein complex is also nitrated and the modified resi-
dues identified in a similar way. From a comparison of these data, the extent of
protection at each site can be established.

For peptide mapping, a protease should be chosen that, on digestion of the
target protein, will place each tyrosine in a separate peptide. However, this is
not essential if the modified residues are identified by N-terminal sequencing.
It is possible that tyrosine modification may affect the efficiency of α-chymot-
rypsin digestion and this enzyme should be avoided if possible. The peptides
can be separated by reverse-phase high-performance liquid chromatography
(HPLC), and those containing tyrosine purified for further analysis. The
tyrosine-containing peptide can be easily identified directly after HPLC purifi-
cation by the characteristic fluorescence emission maximum of 3-nitrotyrosine
at 305 nm (when excited at 278 nm). A particular tyrosine residue can then be
identified by N-terminal sequence analysis.

The identification of nitrated tyrosine residues in the free protein provides
information concerning the solvent accessibility of these residues in the pro-
tein and indicates which residues are likely to be buried within the protein.
DNA protection studies will indicate which of these residues may be involved
in protein–DNA interactions. However, the protection from nitration by bound
DNA is only an indication of a functional role for a particular residue. The
bound DNA may confer protection to a residue several angstroms away or may
induce protein oligomerization (cooperative binding) which protects the
tyrosine by protein–protein interactions. Consequently, functional studies need
to be performed to further determine the role of the protected residue(s). The
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situation is analogous to the two types of analysis frequently used in the
investigation of the DNA bases involved in complexes: “footprinting” and
“interference” techniques. The data obtained from chemical modification and
protection studies can then be used to design site-directed mutagenesis experi-
ments to look at the function of an individual residue by observing the effects
of its replacement with other amino acids.

1.1.2. Functional Studies

A protocol for functional studies will not be described in this chapter, but
some general considerations will be mentioned here. One should nitrate the
free protein and determine whether the modified protein still binds to DNA.
This information should indicate whether the residues protected in the nucle-
oprotein complex are implicated in DNA binding. However, with proteins that
bind cooperatively to DNA, a reduction in DNA-binding affinity may result
from a disruption of protein–protein interactions rather than from protein–DNA
interactions. A possible way to resolve this ambiguity is to bind the native and
modified proteins to short oligonucleotides where the cooperativity factor is
negligible. Modification of residues involved in protein–protein interactions
should not significantly affect the intrinsic binding of the modified protein to
DNA, when compared to the native protein.

Tyrosine residues can interact with DNA either by hydrophobic interactions
via stacking with DNA bases or by hydrogen-bonding with the nucleotide
through the phenolic OH group (10). Nitrotyrosine has a pKa of 8.0, which may
disrupt H-bonding as well as base stacking interactions. However, the addition
of sodium dithionate reduces 3-nitrotyrosine to 3-amino tyrosine (which has a
pKa similar to that of native tyrosine) and may restore H-bonding interactions
(11). Reduction with this reagent may provide further information concerning
the nature of the tyrosine–nucleic acid interaction.

1.1.3. Rates of Modification

Nitration of a protein will initially report on the accessibility of specific
tyrosine residues in the presence and absence of DNA. However, if the modi-
fied tyrosine residues can be analyzed individually, one can look at the nitra-
tion rates of the tyrosines and determine the degree of accessibility of each
residue. This is achieved by removing aliquots of protein (at various time inter-
vals) from a nitration experiment and determining the percentage nitration of
each tyrosine for a given time-point. This can be done by quantitating the
nitrated and unnitrated products after digestion, either by measuring the peak
areas (recorded at 214 nm), taken directly from the HPLC profile (5), or by
amino acid analysis of the purified peptides.
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2. Reagents
All chemicals should be of AnalaR grade or higher and dissolved in double-

distilled water. For HPLC analysis, trifluoroacetic acid (TFA), water and
acetonitrile should be of HPLC grade. Buffers for HPLC should be filtered
(0.2 µm) and degassed before use.

1. Tetranitromethane (TNM) stock solution: a 300 mM stock solution of TNM in
ethanol. Store in the dark at 4°C. Note that TNM can cause irritation to the skin
and lungs, and the solution should be made up in the fume hood. Additionally,
TNM can be explosive in the presence of organic solvents such as toluene.

2. Nitration buffer: 150 mM NaCl and 10 mM Tris, pH 8.0.
3. Desalting column: Disposable “10DG” Econo columns (Bio-Rad, Richmond,

CA) are preferred.
4. µBondapak C18 HPLC column (Waters Associates, Milford, MA) or a similar

reverse-phase column.
5. Trypsin (TPCK treated).
6. Standard sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-

PAGE) equipment with DC power supply capable of 150 V.
7. SDS–polyacrylamide gel stock solutions:

Solution A: 152 g acrylamide and 4 g bis-acrylamide. Make up to 500 mL.
Solution B: 2 g SDS and 30 g Tris base, pH 8.8. Make up to 500 mL.
Solution C: 2 g SDS and 30 g Tris base, pH 6.8. Make up to 500 mL.

When making up these solutions, they should all be degassed and filtered using a
Buchner filter funnel. They should be stored in lightproof bottles; they will keep
for many months.

8. 10% ammonium persulfate (APS): dissolve 0.1 mg in 1 mL of dH2O.
9. 15% SDS–polyacrylamide gel: Mix together 8.0 mL of solution A, 4.0 mL of

solution B, and 3.9 mL of dH2O. Add 150 µL of 10% APS and 20 µL of
N,N,N',N'-tetramethylethylene diamine (TEMED). Mix well and then pour
between the plates. Immediately place a layer of dH2O (or butanol) on top of
the gel to create a smooth interface with the stacking gel. When the resolving
gel has set, pour off the water and prepare the stacking gel. This is done by
adding 750 mL of solution A and 1.25 mL of solution C to 3.0 mL of dH2O.
Finally, add 40 µL of APS and 10 µL of TEMED, pour on the stacking gel and
insert the comb. To avoid the gel sticking to the comb, remove the comb as
soon as the gel has set.

10. 10X SDS running buffer: 10 g SDS, 33.4 g Tris base, and 144 g glycine made up
to 1 L.

11. High methanol protein stain: Technical-grade methanol 500 mL, 100 mL glacial
acetic acid and 0.3 g PAGE 83 stain (Coomassie blue), made up to 1 L.

12. Destain solution: 100 mL methanol and 100 mL glacial acetic acid, made up
to 1 L.

13. 2X SDS-PAGE loading buffer: 4% (w/v) SDS, 60 mM Tris-HCl, pH 6.8, 20%
glycerol, 0.04% (w/v) bromophenol blue, and 1% (v/v) β-mercaptoethanol.
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3. Methods
The method is a fairly general one for protein-nucleic acid complexes. How-

ever, precise details of conditions for nucleoprotein complex dissociation and
peptide mapping will vary with the system under investigation. As an example
of the technique, nitration of the Pf1 gene 5 protein and nucleoprotein complex
will be described (5).

3.1. Nitration

1. Desalt the protein or nucleoprotein complex into nitration buffer to a concentra-
tion between 0.5 and 5 mg/mL (see Note 1). For initial determination of nitrated
residues, 0.5 mg of protein should be sufficient. However, if a time-course
experiment is performed, larger amounts of protein are required.

2. To 1 mL of sample, add a 10-fold molar excess of 300 mM TNM (in ethanol) and
incubate at room temperature for 1 h, stirring gently (see Note 2). The reaction
is stopped by the addition of acid (add HCl to pH 2.0) or by rapid desalting into
10 mM Tris–HCl pH 8.0 (see Note 3).

3. Run an aliquot of the modified protein–nucleoprotein complex on an SDS gel,
together with native protein, to determine whether there has been any TNM-
induced crosslinking (see Note 4). If analyzing the free protein proceed to step 5;
if modifying the nucleoprotein complex, proceed to step 4.

4. Dissociate the nucleoprotein complex by the addition of salt (see Note 5). Large
DNA fragments can be removed by ultracentrifugation, whereas smaller frag-
ments can be either digested with nucleases or removed by gel filtration. The
protein is then dialyzed or desalted into the appropriate protease digestion buffer.

5. Digest the protein to completion with the desired protease(s) and then lyophilize
the peptides for separation by HPLC. The peptides may be stored at –20°C.

In the example provided, the Pf1 gene 5 protein and nucleoprotein complex
were incubated at room temperature in the presence of a 64 M excess of TNM
(300 mM in ethanol) for 3 h. The reaction was stopped by desalting the protein
(and nucleoprotein complex) into 10 mM Tris-HCl, pH 8.0. The nucleoprotein
complex was dissociated by the addition of MgCl2 to 1 M and the phage
genomic DNA was then removed by ultracentrifugation at 221,000g (in a
Beckman L8 ultracentrifuge; 70.1 Ti rotor) for 2.5 h. The protein was desalted
into 10 mM Tris-HCl, pH 8.0 for proteolysis and digestion with trypsin (Sigma
[St. Louis, MO], TCPK treated) at an enzyme substrate ratio of 1:25 (w/w) for
3 h at 37°C. Phenylmethane sulfonyl fluoride was added to a final concentra-
tion of 1 mM and the sample was lyophilized overnight. This procedure results
in the complete separation of the three tyrosine-containing tryptic peptides.

3.2. Peptide Mapping

1. Peptides can usually be separated by reverse-phase HPLC on a C18 column. Gen-
erally the peptides are applied to the column in 8 M urea and 2% β-mercapto-
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ethanol and separated in an acetonitrile gradient in the presence of 0.05–0.1%
TFA. The acetonitrile gradient must be determined empirically for each particu-
lar protein.

2. Determine separation conditions for peptides from the native protein (see Note
6) and identify tyrosine-containing peptides (see Note 7).

3. Apply peptides from the nitrated protein and initially elute under the same condi-
tions that were used for the native protein (see Note 8). If necessary, change the
acetonitrile gradient to achieve separation of the tyrosine-containing peptides and
their nitrated counterparts.

In the example provided, the tryptic peptides from a native gene 5 protein
were resuspended in 200 µL of 8 M urea and 2% β-mercaptoethanol and
clarified prior to HPLC analysis (Fig. 1, top). Tyrosine-containing pep-
tides were initially detected by their fluorescence properties (see Note 7) and
then identified by automated Edman degradation on an Applied Biosystems
477A pulsed liquid amino acid sequencer. Nitrated peptides were applied to
the C18 column and separated under identical conditions (Fig. 1, bottom). The
nitrated peptides were initially detected by their altered retention times and by
virtue of their yellow color in 10 mM Tris-HCl, pH 8.0. The identity of the
nitrated peptides was subsequently confirmed by N-terminal sequencing (see
Note 9).

3.3. Functional Studies

As discussed in Subheading 1., one should check whether nitration of the
protein impairs the ability to bind DNA (other chapters in this volume can be
consulted for possible approaches such as EMSA [Chapter 2] or DNaseI
footprinting [Chapter 3]). The protein isolated from the nitrated nucleoprotein
complex should be checked for DNA binding. Because the target amino acid
residues in contact with the DNA should have been protected from modifica-
tion, the protein from the nitrated complex would be expected to retain DNA-
binding activity.

4. Notes
1. As an alternative to desalting, the protein can be dialyzed into nitration buffer.
2. The molar excess of TNM can be increased to ensure maximal modification (e.g.,

the Pf1 gene 5 protein was nitrated in a 64-fold molar excess of TNM in the
example provided). Note, however, that at high concentrations, protein insolubil-
ity can become a problem.

3. One can desalt the protein into a buffer appropriate for proteolysis or dissociation
of the nucleoprotein complex at this stage, as required.

4. Tetranitromethane-induced crosslinking has been widely reported, and an SDS
gel should be run to check for the appearance of adducts. Reducing the concen-
tration of portion or molar excess of TNM may help to limit adduct formation.
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Fig. 1. High-performance liquid chromatographic elution profile of tryptic peptides
of the Pf1 gene 5 protein for (top) native protein and (bottom) nitrated protein. Peaks Y21,
Y30, and Y55 correspond to tryptic peptides containing tyrosine 21, 30, and 55,
respectively. n denotes a nitrated peptide. Aliquots (100 µL) were applied to a µBondapak
C18 HPLC column (Waters Associates) (300 × 4.6 mm inner diameter) fitted with a
C18 guard column. The HPLC buffers for this experiment were as follows: buffer A:
0.05% TFA/H2O; buffer B: 0.05% TFA/acetonitrile. Peptides were separated in the
following gradient at a flow rate of 2 mL/min: O% B for 5 min; 0–10% B in 20 min;
10–55% B in 45 min; 55–90% B in 5 min; 90% B for 5 min; 90–100% B in 5 min.
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Gel filtration is another way of removing the adducts prior to peptide mapping
(see also Note 10).

5. Usually, protein–nucleic acid interactions can be disrupted by the addition of
NaCl or MgCl2 to 1–2 M. The conditions required to effect separation will vary
with the nature of the complex.

6. It is not essential to have complete separation of all fragments, only separation of
the tyrosine-containing peptides and their nitrated counterparts. The HPLC
conditions should be adjusted to achieve this.

7. Tyrosine residues have a characteristic fluorescence emission maximum at 303 nm
when excited at 278 nm. This phenomenon can be used initially to determine
which peptides contain a tyrosine residue (this may not be possible, however, if
there is a tryptophan residue present in the same peptide as a result of energy
transfer). If on-line fluorescence detection is not available, the fractions can
be taken directly from the HPLC and analyzed in a fluorimeter. The peptides
should then be unambiguously identified by either N-terminal sequencing or
amino acid analysis.

8. The addition of a nitrate group to the tyrosine should alter the hydrophobicity
and, hence, the retention time of that particular peptide in an acetonitrile gradient.
This should allow immediate identification of the nitrated peptides. However, it
is possible that a nitrated peptide comigrates with another unmodified peptide.
Therefore, freeze-dry all peptides from HPLC and resuspend in 10 mM Tris-HCl,
pH 8.0: The nitrated peptides will have a faint yellow color (absorbance maxi-
mum at 428 nm).

9. For peptides sequenced on an applied biosystems 477A pulse liquid amino acid
sequencer (fitted with a 120A separation system for the analysis of PTH-derivitized
amino acids), PTC-3-nitrotyrosine elutes just after DTPU.

10. TNM induced oligomerization has been observed on the nitration of numerous pro-
teins including several DNA-binding proteins (4,12,13). This is usually considered
undesirable, and steps are often taken to reduce the crosslinking and remove adducts
before analysis (e.g., by gel filtration). However, advantage can be taken of this
crosslinking ability; Martinson and McCarthy (14) used TNM as a reagent to
crosslink histones specifically. On nitration with TNM, we have also shown that
the Pf1 gene 5 protein forms an SDS-stable dimer (13). Initial analysis of the pep-
tide adduct in this case suggested that tyrosine 55 from one monomer was
crosslinked to phenylalanine 76 from the other monomer (forming an interdimer
crosslink rather than an intradimer crosslink). The adducts are thought to form via
a free-radical mechanism, resulting in zero-length crosslinks between residues in
close proximity (14,15) Thus, if adduct formation is limited to one or two species,
additional structural information can be obtained from the experiment. The
crosslinked proteins should be digested and the peptide adduct purified by
HPLC. N-Terminal sequencing, amino acid analysis, and gas chromatograpy–mass
spectroscopy (of the hydrolyzed peptide) should enable unambiguous identifica-
tion of the two residues participating in the crosslink and provide structural infor-
mation concerning the relative positions of these residues in the protein.
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Chemical Modification of Lysine
by Reductive Methylation

A Probe for Residues Involved in DNA Binding

Ian A. Taylor and Michelle Webb

1. Introduction
The basic side chains of lysine residues often play essential roles in DNA–

protein recognition. They are able to contribute to the overall affinity of an
interaction through nonspecific charge–charge interactions with the phosphate
backbone and contribute substantially to the specificity of the interaction by
forming direct hydrogen bonds with functional groups on the edges of the
bases. This dual role and their almost ubiquitous presence in the interface of
DNA–protein complexes make them very attractive targets for chemical modi-
fication experiments.

Numerous chemical reagents to chemically modify lysine side chains in pro-
teins are available (1). Unfortunately, the conditions required for such
procedures are often harsh and result in total denaturation of the protein. Fur-
thermore, many reagents are not entirely specific to lysine and often react with
other residues such as cysteine, histidine, and tyrosine. Two methods, that are
able to specifically modify lysine residues under native conditions and have
been applied successfully to the investigation of protein nucleic acid interac-
tions, are amidination with imidoesters (2) and, the subject of this chapter,
reductive alkylation (3).

Reductive alkylation has become a widespread and well-established tech-
nique for the specific modification of lysine residues and a variety of reagents
have been used to produce this chemical modification (4). A reductive
methylation reaction using formaldehyde and the reducing agent sodium
cyanoborohydride (5) is particularly useful because under mild solution condi-
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tions (aqueous buffer, pH 7–8), the accessible lysine residues on proteins are
completely converted to the ε-N,N-dimethyl derivatives. The reaction (Fig. 1)
occurs in two distinct phases. Initially, the ε-amino group of the lysine forms
an adduct with the formaldehyde to produce a Schiff base. This then undergoes
reduction by sodium cyanoborohydride to the monomethylamine derivative in
the second part of the reaction. A further round of the reaction, which occurs
more rapidly than the first produces the dimethyl derivative.

The attractiveness of this modification is that dimethylation of the lysine
side chain is a relatively small chemical change. The pKa is only slightly
affected and may even remain unchanged (5). Because of this, the residue main-
tains its ionization properties and the potential for the formation of the same
ion-pair interactions as in the unmodified protein remains, although there is
some loss of hydrogen-bonding capacity. Nevertheless, the modification is a
mild one and unlikely to significantly perturb the native enzyme structure.

A major use of any chemical modification procedure is the incorporation of
isotopic labels at specific positions in proteins. Reductive methylation experi-
ments that incorporate 13C have been used to probe the environment of lysine
side chains in proteins using nuclear magnetic resonance (NMR) spectroscopy
(7). The incorporation of radiolabels into proteins by reductive methylation
enables the number of lysines that are accessible to be determined. In the case
of DNA-binding proteins, the labeling is carried out on the free protein and the
DNA–protein complex. This immediately provides information about the num-
ber of lysines present in the DNA-binding site. Subsequent peptide mapping
strategies allow identification of specific residues, the degree of labeling at
particular sites is then used to derive the location of that residue within the
protein. In this way, [3H] formaldehyde has been used as a source of radiolabel
to probe the role of the lysine residues of the core histones in the nucleosome

Fig. 1. Reductive methylation of lysine. The reaction scheme (6) occurs in two
distinct phases. Adduction of formaldehyde to the lysine ε-amino group generates the
Schiff base (A), which is then reduced by sodium cyanoborohydride to ε-N-mono-
methyl-lysine (B). A second round of the reaction generates the final product ε-N,N-
dimethyl-lysine (C).
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(8), the interaction of the linker histone H5 with nucleosomes in long chroma-
tin (9), and the role of lysine residues in a specific DNA–protein complex
between the type I DNA methylase M.EcoR124I (10) and a short DNA duplex
containing its recognition site.

Subheading 3. contains a set of protocols to enable quantification of the
number of lysine residues susceptible to reductive methylation in a protein and
a DNA–protein complex. The peptide mapping and N-terminal protein-
sequencing procedures required to identify and determine the extent of modifi-
cation at individual residues are also described. Because the modification
reaction is sensitive to contaminants in commercial grades of sodium cyano-
borohydride (most likely cyanide), a method to recrystallize the reagent (6) is
described in Subheading 3.1. In order to obtain quantitative information about
the total extent of protein modification and/or determine the relative accessi-
bility of individual residues, it is vital that the specific activity of the [3H]
formaldehyde be determined accurately. Subheading 3.2. describes a protocol
to do this using a simple peptide substrate α-melanocyte-stimulating hormone
(α-MSH). The data from this experiment then allow quantitative conclusions
to be drawn from the subsequent protein protection and peptide mapping
experiments that are described in Subheadings 3.3. and 3.4.

2. Materials
2.1. Reagents and Materials

1. Reagents were obtained as follows: urea, formic acid, hydrochloric acid and
glacial acetic acid (ARISTAR grade), dichloromethane (dried, AnalaR), gly-
cine, Tris (hydroxymethyl) methylamine, sodium chloride and Na2EDTA
(AnalaR), trifluoroacetic acid and water (HiPerSolv grade), acetonitrile (far
UV HiPerSolv grade), and sodium cyanoborohydride (Schuchardt), all from
Merck; dithiothreitol (DTT) and HEPES (both molecular biology grade), α-MSH
and silica gel (Type III, indicating) from Sigma [3H] formaldehyde (approx
100 Ci/mol). NEN radiochemicals; filter paper (No. 1) from Whatman; dialysis
membrane (Slide-A-Lyser) from Pierce; scintillation fluid (Ecoscint™ H) from
National Diagnostics); trypsin (sequencing grade) and Pefabloc™ from
Boehringer Mannheim.

2. DNA-binding protein (approx 10 mg).
3. Stock solution of oligonucleotide duplex, 300 µM (1 µmol synthesis, high-per-

formance liquid chromatography [HPLC] purified).
4. Formaldehyde (Sigma): 37% solution and 15% methanol stabilizer.
5. 8 M urea and 50 mM acetic acid.
6. 10 mM HEPES, pH 7.5.
7. 1 M Na-glycine, pH 7.0.
8. 50 mM TBS: 10 mM Tris-HCl, 50 mM NaCl, and 1 mM EDTA, pH 7.5.
9. 2 M Tris base.
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2.2. Equipment

1. HPLC: binary gradient formation using high-pressure-mixing, variable-wave-
length ultraviolet (UV) absorbance detector and fraction collection are required.

2. Reverse-phase HPLC columns: semipreparative C3 (9.4 × 250 mm), analytical
C3 (4.6 × 250 mm), and analytical C18 (4.6 × 250 mm). Zorbax 300SB or an
equivalent wide-pore packing is recommended.

3. High-resolution anion-exchange column (e.g., TSK-GEL, DEAE-NPR [4.6 ×
35 mm]).

4. Freeze-dryer.
5. Scanning (UV/visible) spectrophotometer.
6. Liquid scintillation counter.
7. Protein-sequencing facilities.

3. Methods
3.1. Recrystallization of Sodium Cyanoborohydride

1. Dissolve 44 g of sodium cyanoborohydride in 100 mL of acetonitrile and remove
any undissolved material by centrifugation.

2. Add 600 mL of dichloromethane to the mixture place in a sealed container and
allow the sodium cyanoborohydride to precipitate overnight at 4°C.

3. Filter the mixture (Whatman filter paper No. 1) to collect the precipitate and
wash with an additional 100 mL of cold dichloromethane.

4. Allow the powder to dry and store in a vacuum desiccator containing silica gel.
Prepare aqueous stock solutions immediately before use.

3.2. Determination of the Effective Specific Activity
of 3H Formaldehyde

There is a substantial variation in the effective specific activity of different
batches of [3H] formaldehyde. In order to accommodate this, it is necessary to
determine the effective specific activity of each individual batch. A convenient
way to do this is to use a simple peptide substrate for which the number of
accessible amino groups is known. The effective specific activity can then be
calculated from the amount of radioactivity that can be incorporated into
the fully modified peptide. For this purpose the peptide hormone α-MSH
(Ac-SYSMEHFRWGKPV-NH2) is recommended (see Note 1).

1. Redissolve the contents of a 1-mg vial of α-MSH in 1 mL of 8 M urea and 50 mM
acetic acid.

2. Equilibrate a C18 reverse-phase column in 2% acetonitrile and 0.05% (v/v)
trifluoroacetic acid (TFA) at a flow rate of 1 mL/min and set the UV absorbance
detector to 280 nm. Apply the peptide in approx 200-µg aliquots and elute with a
0–60% increasing gradient of acetonitrile, 0.05% TFA (v/v) over 60 min.

3. Collect the peptide-containing fractions from multiple runs, pool, and lyophilize
them. Store the purified peptide at –20°C in a box containing silica gel.
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4. Dissolve 100 nmol of purified α-MSH in 0.5 mL of 10 mM HEPES, pH 7.5. Add
10 mM sodium cyanoborohydride (freshly made) followed by 2 mM [3H]
formaldehyde (see Notes 2 and 3) and incubate at 24°C for 3 h. After this time
add a second aliquot of the reagents and allow the reaction to continue for an
additional 3 h.

5. Adjust the sample to 8 M urea and 50 mM acetic acid and purify the modified
peptide by reverse-phase chromatography using the same gradient as in step 2.
Pool the fractions, lyophilize, and store at –20°C in a box containing silica gel.

6. To determine the specific activity of the modified peptide, redissolve the labeled
peptide in 1 mL of water and determine its concentration from the absorbance at
280 nm (ε280 = 7000/M/cm). Add 10 µL to 1 mL of liquid scintillant (Ecoscint H
or equivalent), mix well, and determine the amount of incorporated radioactivity
by liquid scintillation counting. The specific activity of the labeled peptide
(σα-MSH) (in nCi/nmol) is calculated from Eq. 1. The effective specific activity
of the [3H] formaldehyde (σ[3H] formaldehyde) is simply half this value (Eq. 2) (see
Note 4):

σa-MSH = (dpm)/(No. nmoles counted × 2220) (1)

σ[3H] formaldehyde = 1/2 σα-MSH (2)

3.3. Surface Labeling of Protein
and DNA–Protein Complex by Reductive Methylation
and Quantification of Residues Modified

Prior to mapping the positions of modified lysine residues, it is necessary to
determine the number of residues susceptible to reductive methylation and the
proportion of these that are protected by the presence of DNA.

1. Prepare approx 3.0 mL of a solution of the DNA-binding protein in 10 mM
HEPES, 50 mM NaCl, and 1 mM EDTA (pH 7.5) by either dialysis or buffer
exchange. The concentration of DNA-binding protein in this solution should be
1–2 mg/mL.

2. Take 1.5 mL of protein and add an equimolar amount, or slight excess, of the
DNA duplex from a concentrated stock solution to form the DNA–protein complex.

3. Withdraw a 300-µg aliquot from the free protein and the DNA–protein complex
samples and add glycine to 50 mM from a neutral 1 M stock solution. Dilute the
samples to 1 mL with 50 mM TBS and load into dialysis cassettes (see Note 5).
Dialyze against 2 L of 50 mM TBS at 4°C. These samples are controls for
efficiency of the whole procedure and also serve as the “zero” time points
(see below).

4. To the remaining solutions, add a 30-fold molar excess of sodium cyanoboro-
hydride over the total lysine content of the protein. Then, add a 10-fold molar
excess of [3H] formaldehyde (see Note 6) and incubate at 24°C.

5. At timed intervals (10 min up to 5 h) withdraw 300 µg samples of protein from
each time-course. Quench the reaction by the addition of 50 mM glycine and
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dilute to 1 mL with 50 mMTBS. Load the samples into dialysis cassettes and
dialyze overnight against 2 L of 50 mM TBS using at least 3 changes.

6. After extensive dialysis, remove all the samples from the cassettes. For free-
protein samples, continue from step 7 onward. Samples from the DNA–protein
complex time-course need to be processed to remove the DNA as follows. Equili-
brate a small-volume (1 mL or less) high-performance anion exchange (see Note 7)
HPLC column (analytical TSK-GEL, DEAE-NPR [4.6 × 35 mm] or an equiva-
lent) in 50 mM TBS at a flow rate of 1 mL/min. Set the UV detector to 280 nm.
Apply each sample from the time-course to the column and collect any
flowthrough. Elute the protein (if bound) and the DNA by application of an
increasing NaCl gradient from 0.05 M to 1.0 M over 50 column volumes. Collect
the protein-containing fractions and proceed.

7. Determine the molar concentration of the samples from each time-course
(including the “zero”) using the absorbance at 280 nm. Add 10 µL of each sample
to 1 mL of liquid scintillant, mix well, then determine the amount of incorporated
radioactivity at each time-point by liquid scintillation counting.

8. Calculate the specific activity (in nCi/nmol) of the labeled protein (σprotein) at
each time-point of the reaction using Eq. 3. Then, using the value for the effec-
tive specific activity of the [3H] formaldehyde determined in Subheading 3.2.
calculate the number of lysine residues modified at each point in the time-course
using Eq. 4 (see Note 8):

σprotein = (dpm)/(No. nmoles counted × 2220) (3)

No. modified lysines = σ(protein) = 2σ([3H] formaldehyde) (4)

9. Plot the number of lysine residues modified against time and fit the data to a
single exponential process using Eq. 5 (Fig. 2). In most cases, the data should fit
well to this model (see Note 9) and the total number of modifiable lysine residues
is then given by the limit value (L). Fitting the data in this manner also allows a
rate constant (k) for the incorporation of radiolabel to be derived. Both of these
parameters can be affected by DNA binding.

No. modified lysines = L(1–e–kt) (5)

10. Compare the fitted curves of the time-course for the reaction of free protein and
for the DNA–protein complex (Fig. 3). Formation of the DNA–protein complex
may well reduce L, indicating the presence of a population of strongly protected
lysines. At the same time, differences in k are likely to arise from an overall
lowering of the rate of modification because of decreased accessibility of lysine
residues in the presence of DNA.

3.4. Pulse Chase Labeling of Proteins

If the fraction of lysine residues protected by DNA is large, as determined in
Subheading 3.3., then a pulse-labeling procedure carried out on the free pro-
tein will reveal which lysine residues are surface accessible and likely to be
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involved in DNA binding. If only a small number of lysine residues are
protected by DNA, then a modification to the procedure should be undertaken
(see Note 10).

Fig. 2. Time-course of reductive methylation of the type I DNA methyltransferase
M.EcoR124I. The curve is the best fit of the data to a single exponential (L = 41, k =
0.019/min).

Fig. 3. The effect of DNA binding on reductive methylation of the DNA recogni-
tion subunit (HsdS) from M.EcoR124I. The upper curve is a best fit to the data from a
time-course for the modification reaction of free protein (L = 19, k = 0.019/min). The
lower curve is the best fit to the data from a time-course for modification of the protein
in the DNA–protein complex (L = 14, k = 0.004/min).
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1. Prepare 1 mL of DNA-binding protein at a concentration of 1–2 mg/mL in 50 mM
TBS by either dialysis or buffer exchange.

2. Add sodium cyanoborohydride to a 30-fold molar excess over the total lysine
content of the protein and then initiate the chemical modification reaction by
the addition of [3H] formaldehyde at a 10-fold molar excess. Incubate at 24°C,
the length of time will depend on the results from the experiments in Sub-
heading 3.3. Aim to modify for a length of time when the reaction is about 50%
complete (see Note 11). This will probably be between 10 and 60 min.

3. At the end of the pulse, quench the reaction by the addition of 50 mM glycine and dialyze
overnight against 1 L of 50 mM TBS. Change the dialysis buffer at least three times.

4. Equilibrate a semipreparative C3 reverse-phase column (9.4 × 250 mm) in 5%
acetonitrile and 0.05% (v/v) TFA at a flow rate of 3 mL/min and set the UV
detector to 225 nm. Remove the protein from the dialysis cassette, add urea to a
final concentration of 8 M and DTT to 50 mM. Incubate the sample briefly at
room temperature, acidify by the addition of 100 mM acetic acid, and apply the
protein to the column. Elute with a 5–65% gradient of acetonitrile and 0.05% (v/v)
TFA over 60 min. Collect the protein containing fractions and lyophilize them.

5. Redissolve the modified protein in 1 mL of 8 M urea and 10 mM HEPES (pH 7.5)
and determine the protein concentration from the absorbance at 280 nm. At this
point, the extent of label incorporation should be determined as in Subheading
3.3., steps 7 and 8.

6. To “chase” the reaction with unlabeled reagent, add a 30-fold molar excess of
sodium cyanoborohydride over the total lysine content followed by a 10-fold
excess of unlabeled formaldehyde. Incubate for 3 h at 24°C, then add a second
aliquot of these reagents and continue the reaction for a further 3 h.

7. Add DTT to a final concentration of 50 mM, incubate briefly at room tempera-
ture then acidify with 100 mM acetic acid. Purify the fully modified protein by
reverse-phase chromatography as in step 4. Lyophilize the fractions containing
protein and store in aliquots of approx 2 nmol at –20°C in a box containing silica gel.

8. Redissolve a 2 nmol aliquot of modified protein in 100 µL of 0.9% formic acid
(see Note 12). Ensure that the sample is fully dissolved then dilute to 500 µL with
dH2O and titrate to pH 8 by the addition of 35 µL of 2 M Tris base.

9. Dissolve the contents of a vial of sequencing grade trypsin (see Note 13) in 1 mM
HCl to give a concentration of 1 mg/mL. Add the trypsin to the protein to give an
enzyme to a substrate ratio of 1:10 (w/w) and incubate at 37°C for approx 18 h.
To increase the efficiency of cleavage add the trypsin in three aliquots at roughly
4-h intervals. Terminate the digest by the addition of 1 mM Pefabloc and store at
–20°C until required.

10. Equilibrate an analytical C3 reverse-phase HPLC column (4.6 × 250 mm) in 2%
acetonitrile and 0.05% (v/v) TFA at a flow rate of 1 mL/min and set the UV
absorbance detector to 214 nm. Adjust the tryptic digests to 8 M urea and 50 mM
DTT and incubate briefly at room temperature. Acidify the mixture by the addi-
tion of 100 mM acetic acid and apply to the column. Elute the peptides with an
increasing gradient of acetonitrile collecting 250 µL fractions. For a complex
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mixture of peptides, the following gradient works well: 2–35% in 45 min fol-
lowed by 35–60% in 20 min. It may be necessary to alter this for the particular
protein under investigation.

11. Remove 25 µL from each fraction, add 1 mL of liquid scintillant, and determine
the level of radioactivity by liquid scintillation counting. Pool the fractions
across each peak and lyophilize them. Store at –20°C in a box containing silica
gel until required.

12. Construct an overlaid chromatogram as in Fig. 4 and use this to select peaks with
an apparently high specific activity (see Note 14). These peaks require further
fractionation by C18 reverse-phase chromatography (see Note 15) before ulti-
mately submitting them for N-terminal amino acid sequencing.

13. Equilibrate an analytical C18 reverse-phase column in 2% acetonitrile and 0.05%
TFA at a flow rate of 1 mL/min and set the UV detector to 214 nm. Redissolve
each selected peak in 500 µL of 8 M urea and 100 mM acetic acid and apply to the
column. Elute the bound peptides with a linear gradient of acetonitrile (2–50% in
70 min) and collect 250-µL fractions.

14. Remove 25 µL from fractions across each peak and determine the incorporated
radioactivity as in step 11. Lyophilize the remainder and store at –20°C in a box
containing silica gel until required.

15. Analyze each purified peptide using automated N-terminal amino acid sequenc-
ing. The objective is to determine the number of pmoles of each amino acid
released at each cycle of the sequencing reaction and also to determine the amount
of radioactivity associated with the residue. A suggested method for doing this is
described in Note 16.

Fig. 4. Separation of reductively methylated peptides from pulse-labeled HsdS by
C4 reverse-phase chromatography. The absorbance at 214 nm and the amount of
radioactivity (nCi) are plotted for each fraction.
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3.5. Data Analysis

The data from the N-terminal sequencing are used to determine the specific
activity of each modified lysine as follows. Plot the number of pmoles of each
residue released at each cycle pmole(n) versus the cycle number (n); then, fit
these data to Eq. 5 (see Fig. 5A). E is the efficiency of the sequencing process
(usually around 90%) and pmole(0) is the amount of starting material.

pmole(n) = pmole(0) × En (5)

As PTH-dimethyl-lysine is not a standard amino acid, the number of pmoles
of modified lysine is not determined directly from integration of the HPLC
trace. Instead, the value can be calculated by interpolation of the fitted curve
for the cycle at which the dimethyl-lysine was released. Plot the amount of
radioactivity released at each cycle versus the cycle number (Fig. 5B). Signifi-
cant quantities of radioactivity should only be present at a cycle where a modi-
fied lysine is present. Combine the data from the two plots and use Eq. 1 to
calculate the specific activity (σlysx); then, determine the fractional modifica-
tion (σlysx/σα-MSH) for each dimethyl-lysine in a peptide. The value of this ratio
is proportional to the accessibility of the residue during the pulse part of the
chemical modification reaction. Values close to unity indicate a high degree of
accessibility, whereas values close to zero indicate a residue that is inacces-
sible to chemical modification.

These data can be used to build up a picture of the protein surface and
identify clusters of lysines that are potential surfaces for DNA binding.
Residues identified by these methods are then targets for site-directed mutagen-
esis experiments.

4. Notes
1. The α-MSH peptide contains only a single lysine and has a blocked N-terminus.

The presence of the two aromatic residues allow its concentration to be deter-
mined accurately from its UV absorbance at 280 nm (ε280 = 7000/M/cm). We
have extensively characterized the reductive methylation reaction with this pep-
tide using NMR and mass spectroscopy (10). Under the reaction conditions used
in Subheading 3.2., >95% of the product is dimethylated and the remainder
monomethylated. In principle, any peptide substrate with a known number of
free amino groups and for which the concentration can be measured accurately
could be used to determine the effective specific activity. However, if a different
peptide substrate is used, it is advisable to extensively characterize the reaction
in the same way. On a routine basis, if access can be gained to a mass spectrom-
eter, it may be worthwhile checking the completeness of the reaction in this way.

2. [3H] Formaldehyde from NEN is supplied as a 0.3 M aqueous solution in snap-
off glass vials. Make sure the whole contents of the vial are at the bottom and
then leave on ice for 10 min before breaking the seal. After opening, transfer the
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contents to a screw-cap microfuge tube and store at 4°C. If possible, use all of the
reagent within 1–2 d of opening.

3. The efficiency of the reductive methylation of proteins is greatly reduced by the
presence of amines in the solution because of competitive inhibition. Thus, com-

Fig. 5. Identification of radiolabeled lysine residues in the tryptic peptide D190-
N220 from the reductively methylated pulse-labeled HsdS subunit from M.EcoR124I.
(A) The pmole yield at each cycle of the Edman degradation sequencing reaction.
Fitting of the data to Eq. 5 allows the yield of dimethyl-lysine to be determined by
interpolation. (B) A histogram showing the amount of radioactivity released at each
cycle of the same sequencing reaction. The combination of radioactivity and picomole
released at each cycle allows estimation of the specific activity of individual residues.
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monly used buffers such as Tris–HCl and triethanolamine have to be avoided.
HEPES and phosphate are good alternatives. A further problem is the potential
for the formaldehyde–lysine adducts to undergo side reactions leading to
unwanted protein crosslinking. To prevent this, the sodium cyanoborohydride
should be added to the protein solution prior to addition of the formaldehyde.

4. The stoichiometry of the reductive methylation reaction dictates that two mol-
ecules of formaldehyde are required to complete the modification of a lysine
residue to ε-N,N-dimethyl-lysine (see Fig. 1). Because of this, the effective spe-
cific activity of the [3H] formaldehyde is half the value determined for the fully
dimethylated peptide.

5. For dialysis of small volumes, (0.5–2 mL) Slide-A-Lyser cassettes (Pierce) are
extremely useful. We find that a 1-mL sample volume is easy to inject and recover
from the cassette without large losses of sample and without large dilution. If
necessary, a smaller volume could be used.

6. The amount and the exact ratio of the reagents used for the reaction are somewhat
empirical. The major concern is the prevention of side reactions resulting from
reactive formaldehyde–lysine adducts. For a detailed account, see ref. 6. Briefly,
the concentration of formaldehyde needs to be at an excess over the number of
lysine residues to drive the reaction to completion, but not so high as to favor
protein crosslinking. The other requirement is that the sodium cyano-
borohydride be in excess over the formaldehyde to ensure efficient reduction of
the Schiff bases.

7. To separate the DNA from protein, DEAE or Q ion-exchange columns are the
method of choice. DNA oligonucleotides will bind very strongly to these matri-
ces and the protein either can be recovered from the flowthrough or will elute
earlier in a NaCl gradient. An alternative is to use heparin–Sepharose or, for
basic proteins, a cation-exchange resin. If the chromatographic separation of the
DNA from the protein is problematic, treat each sample with DNase I (FPLCpure,
Pharmacia) before application to the column.

8. The N-terminus of the protein can also be reductively methylated. If the protein
is relatively small or the total number of modified residues is low, then it is worth-
while to consider this when calculating the extent of modification.

9. If the time-course is extended to 5 h incubation, the reaction should be complete
and the data will usually fit well to a single exponential process. Occasionally,
this is not the case—for instance, if the protein contains several distinct popula-
tions of lysines with different kinetics. In this case, a more complex model will
be needed to deconvolve the various classes of reacting species.

10. The pulse-labeling method involves treating the protein with a short pulse of
labeled formaldehyde followed by a “cold” chase. This will identify all the sur-
face lysines and provide information about their accessibility. If a large propor-
tion of the total number of modifiable lysine residues are protected by DNA, then
a pulse chase procedure of this kind will identify residues likely to be involved in
DNA binding. However, if only a small proportion of lysines are protected by
DNA, then an initial “cold” labeling should be performed on the DNA–protein
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complex, followed by separation of the protein from the DNA before the pulse
with labeled reagents is applied.

11. This is a compromise between getting enough label into the protein to allow the
sites of modification to be easily determined and providing for differential label-
ing at individual sites so that information about the accessibility of each lysine
can be obtained.

12. There may be some difficulty in redissolving the lyophilized protein in the aque-
ous buffers required for tryptic digestion (e.g., 20 mM Tris-HCl, pH 8.0). The
formic acid strategy described works well in some cases but is not guaranteed.
An alternative is to dissolve the sample in 100 mM Tris-HCl and 8 M urea pH 8.0
and then to add an equal volume of trypsin in 1 mM HCl such that the final urea
concentration is 4 M and the trypsin concentration 1:10 (w/w).

13. The objective of the proteolytic digest is to produce peptides of an optimal length
(5–30 amino acids) for quantitative analysis by automated Edman degradation. A
tryptic digest of a reductively methylated protein will produce an arginine spe-
cific digest, as ε-N,N-dimethyl-lysine residues are not substrates for tryptic cleav-
age (11). Such a digest will yield some peptides that are suitable for N-terminal
sequencing but will probably not cover the entire protein. In order to produce
further peptides of suitable length, other proteases and chemical cleavage reagents
should be investigated. The usefulness of these agents can vary substantially. In
general, the best enzymatic alternatives are chymotrypsin and V8 protease.
Cyanogen bromide is the best alternative for chemical cleavage.

14. The main criterion for selection of peaks is an apparent high specific activity,
indicating that surface accessible lysines are present in peptides eluted within the
peak. Additional information about the location of buried lysines within the
protein can be gained by sequencing peptides which show very low or appar-
ently no label incorporation. Although this could yield valuable data, one
should be aware that some of these “cold” peaks are likely to be peptides derived
from trypsin.

15. After an initial separation of a complex mixture of reductively methylated pep-
tides, by C3 reverse-phase chromatography, a further fractionation of peptides
using either C8 or C18 is highly recommended. Often a peak with an apparently
high specific activity taken from an initial C3 separation will resolve into mul-
tiple components on C8 or C18, only some of which are labeled. Avoid loading
peptides eluted from a C3 column at high acetonitrile concentrations (>50%) onto
columns with longer alkyl-chain-bonded phases as the interaction between the
sample and the bonded phase may be too strong for efficient recovery. For these
larger, more hydrophobic peptides, it may be better to reapply to a C3 column and
then elute with a different gradient to the one used initially. Alternatively, redigest
with a different enzyme and separate the products on a C18 column.

16. A simple and effective way to quantify the degree of incorporated label at indi-
vidual lysine residues involves splitting the peptide sample during the automated
Edman degradation sequencing reaction; most sequenators are equipped with this
facility. After extraction of each 2-analino–5-thiazolinone-derivatized amino
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acid, split the sample and divert 50% to a fraction collector. Convert the remain-
der to the phenylthiohydantoin derivative and identify the residue by on-line
HPLC analysis in the usual way. Calculate the number of picomoles of the newly
released residue by integration of the HPLC peak. Determine the amount of
radioactivity associated with the residue by liquid scintillation counting of the
material that was diverted to the fraction collector. This method may require
modification, depending on the configuration of the available sequenator.
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Limited Proteolysis
of Protein–Nucleic Acid Complexes

Simon E. Plyte and G. Geoff Kneale

1. Introduction
Limited Proteolysis is a useful structural probe for investigating the globu-

lar nature of proteins by preferentially digesting the more accessible regions
often found between domains. Generally, proteases require a small region of
polypeptide chain possessing conformational flexibility for accommodation in
the active site (1). The regions of a protein possessing conformational flexibil-
ity are often found between tightly folded domains and are, therefore, prefer-
ential sites for proteolysis. In practice, limited proteolysis is achieved by
dilution of the enzyme sufficiently so that it will only digest the most acces-
sible regions leaving the domains intact. Digestion of protein–nucleic acid is
often advantageous in that the DNA may provide steric protection of the DNA-
binding domain not afforded by the free protein. The generation of domains by
limited proteolysis relies directly on the tertiary structure of the protein under
investigation and provides much firmer evidence for their existence than that
provided by sequence homology.

An increasing number of nucleic-acid-binding proteins are known in which
regions of their polypeptide chain are folded separately into compact globular
domains, each possessing a distinctive function. For example, digestion of the
A1 heterogeneous nuclear ribonucleoprotein (A1 hnRNP) with Staphylococ-
cus aureus V8 protease produces two discrete domains, both capable of bind-
ing single-stranded nucleic acids (2,3). Similarly, digestion of the Pf1 gene 5
nucleoprotein complex results in the production of a 12-kDa domain that retains
much of the single-stranded DNA-binding ability of the intact protein (4). Fur-
ther, using limited proteolysis, a cryptic DNA-binding domain was revealed in
the COOH terminus of yeast TFIIIB70 and a core ssDNA-binding domain was
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generated, possessing increased binding affinity, in human replication protein A
(5,6). In addition to its use for the analysis of domain structure, limited proteolytic
fragments from Escherichia coli DNA gyrase B, for example, permitted the suc-
cessful crystallization and structure determination of one of its domains (7).

1.1. Strategy

The strategy adopted for the limited proteolysis of nucleoprotein complexes
can be considered in four parts: optimization of the proteolysis, characteriza-
tion of the proteolysed complex, purification of the DNA-binding domains,
and sequence characterization of the fragment(s).

1.1.1. Proteolysis of Nucleoprotein Complex

The nucleoprotein complex should be digested with various proteases to
establish which conditions are optimal for generating a protease-resistant
domain. We routinely vary two parameters (enzyme/substrate ratio and time of
digestion) when determining the best conditions for limited proteolysis.
However, other parameters, such as temperature, ionic strength, and pH may
also be varied. To determine the appropriate enzyme/substrate ratio for a par-
ticular protease, the nucleoprotein complex is digested at several enzyme/sub-
strate ratios, removing samples at regular time intervals for sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) analysis. The appear-
ance of a discrete domain, resistant to further degradation (even if only tran-
siently), is evidence for the existence of a domain, although not necessarily
one that binds DNA. Choice of protease is often critical (see Table 1). Ini-
tially, it is best to try a relatively nonspecific enzyme (e.g., papain) because
this decreases the likelihood of activity being dependent on primary sequence
rather than tertiary structure.

1.1.2. Preliminary Characterization of DNA-Binding Properties
of the Proteolyzed Nucleoprotein Complex

An initial indication of DNA binding can be found during the proteolysis
experiment by removing two aliquots for gel analysis that can be run on poly-
acrylamide or agarose gels appropriate for the size of complex in the presence
and absence of the denaturant SDS. A retardation in the mobility of the DNA
(seen under ultraviolet [UV] light) in the absence of SDS implies that the frag-
ment is still associated with DNA and constitutes a DNA-binding domain.
However, this does not prove that the proteolyzed fragment is a discrete DNA-
binding domain; it is possible that the nucleoprotein complex has only been
“nicked” by the protease and maintains its native tertiary structure by noncova-
lent interactions. Therefore, it is necessary to purify the domain and fully char-
acterize its DNA-binding properties.
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1.1.3. Purification of the DNA-Binding Domain

Purification of the fragment can make use of the fact that it will still be
associated with DNA. Ultracentrifugation of the proteolyzed nucleoprotein
complex (if large fragments of DNA are used) concentrates the domain and
removes residual protease and small proteolytic fragments. The proteolyzed nucle-
oprotein complex can then be dissociated and the domain further purified if
necessary. Alternatively, the DNA-binding fragment can be purified by affinity
chromatography on DNA agarose. Several techniques are available to deter-
mine whether the purified domain binds DNA (discussed in several chapters)
and include gel retardation assay, a variety of footprinting techniques, fluores-
cence spectroscopy, and circular dichroism.

1.1.4. Determination of the Amino Acid Sequence of the Domain

N-Terminal sequencing and amino acid analysis of the purified DNA-bind-
ing domain should be sufficient to establish the sequence of the domain, if the

Table 1
Useful Enzymes for Limited Proteolysis

Enzyme Substrate specificity Inhibitors

α-Chymotrypsin Preferentially cuts C-terminally Aprotinin, PMSF, DFP,
to aromatic amino acids TPCK, cymostatin

Elastase Cuts C-terminally to aliphatic PMSF, DFP
noncharged amino acids
(e.g., Ala, Val, Leu, Ile, Gly, Ser)

Endoproteinase Arg-C Cuts C-terminally to arginine residues DFP, TLCK
Endoproteinase Lys-C Cuts C-terminally to lysine residues Aprotinin, DFP
Papain Nonspecific protease but shows some PMSF, TPCK, TLCK,

preference for bonds involving leupeptin, heavy
Arg, Lys Gln, His, Gly, and Tyr metal ions

Pepsin Nonspecific protease Pepstatin
Subtilisin Nonspecific protease DFP, PMSF
Trypsin Cuts C-terminally to lysine DFP, PMSF, TLCK

and arginine residues
Endoproteinase Glu-C Cuts C-terminally to glutamic acid DFP

(V8 protease) and or aspartic acid residuesa

Abbreviations used: DFP, diisopropyl fluorophosphate (extremely toxic!); PMSF, phenyl-
methyl sufonyl fluoride; TPCK, N-tosyl-l-phenylalanine chloromethyl ketone; TLCK, Nα-p-
tosyl-l-lysine chloromethly ketone.

aWill cut C-terminally to glutamic acid residues in ammonium bicarbonate, pH 8.0, or ammo-
nium acetate, pH 4.0; will cut C-terminally to glutamic and aspartic acid residues in phosphate
buffer, pH 7.8.
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native amino acid sequence is known. Alternatively, N-terminal sequencing
and mass spectroscopy should enable unambiguous identification of the
domain. If certain proteases have been used to generate the domain (e.g.,
trypsin, α-chymotrypsin, endoproteinase Arg-C, and so forth), the C-terminal
amino acid may also be known. If there are still ambiguities, carboxypeptidase
digestion of the fragment can also be used to help identify the C-terminal resi-
dues, although this is not always reliable. If this still does not yield an unam-
biguous result, one must resort to amino acid sequencing of the entire fragment.

2. Materials

1. Spectra-Por dialysis membrane washed thoroughly in double-distilled water.
2. All proteases should be of the highest grade available and treated for contaminat-

ing protease activity, if necessary. A list of useful enzymes and their inhibitors is
given in Table 1.

3. Buffers should be AnalR grade or higher and made up in double-distilled water.
4. SDS–polyacrylamide gel stock solutions:

Solution A: 152 g acrylamide and 4 g bis-acrylamide. Make up to 500 mL.
Solution B: 2 g SDS and 30 g Tris base, pH 8.8. Make up to 500 mL.
Solution C: 2 g SDS, 30 g Tris base, pH 6.8. Make up to 500 mL.

When making up these solutions, they should all be degassed and filtered using a Buchner
filter funnel. They should be stored in lightproof bottles and will keep for many months.

6. 10% ammonium persulfate (APS): dissolve 0.1 mg in 1 mL of dH2O.
7. 15% SDS–polyacrylamide gel: Mix together 8.0 mL of solution A, 4.0 mL of

solution B, and 3.9 mL of dH2O. Add 150 µL of 10% APS and 20 µL of N,N,N',N'-
tetramethylethylene diamine (TEMED). Mix well and then pour between the
plates. Immediately place a layer of dH20 (or butanol) on top of the gel to create
a smooth interface with the stacking gel. When the resolving gel has set, pour
off the water and prepare the stacking gel. This is done by adding 750 µL of
solution A and 1.25 mL of solution C to 3.0 mL of dH2O. Finally, add 40 µL
of APS and 10 µL of TEMED, pour on the stacking gel, and insert the comb.
Remove the comb as soon as the gel has set to avoid the gel sticking to the comb.

8. 10X SDS running buffer: 10 g SDS, 33.4 g Tris base, and 144 g glycine made up to 1 L.
9. High-methanol protein stain: technical-grade methanol 500 mL, 100 mL glacial

acetic acid and 0.3 g PAGE 83 stain (Coomassie blue), made up to 1 L.
10. Destain solution: 100 mL methanol and 100 mL glacial acetic acid, made up to 1 L.
11. 2X SDS-PAGE loading buffer: 4% (w/v) SDS, 60  mM Tris-HCl, pH 6.8, 20%

glycerol, 0.04% (w/v) bromophenol blue, and 1% (v/v) β-mercaptoethanol.
12. 6X agarose gel loading buffer: 0.25% (w/v) bromophenol blue, 0.25% (w/v)

xylene cyanol, and 30% glycerol.
13. 6X agarose gel loading buffer plus SDS: as in item 12 plus 12% SDS (w/v).
14. TE buffer: 10  mM Tris-HCl, pH 7.5, and 1  mM EDTA.
15. 5 M NaCl or MgCl2 (or other concentrated salt solutions for dissociation of the

nucleoprotein complex [e.g., NaSCN]).
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3. Methods
The method given here covers the first three objectives outlined in Sub-

heading 1.1. Experimental details for the determination of the amino acid
sequence of the fragment can be found in any standard text on protein
chemistry. The following protocol was used for the generation of an 11-kDa
DNA-binding domain from the Pf1 gene 5 protein (8). This protein binds
cooperatively to ssDNA to produce a nucleoprotein complex of several million
Daltons. Different nucleoprotein complexes will require different conditions
of digestion and purification, but the basic principles remain the same.

3.1. Limited Proteolysis
1. Dialyze the nucleoprotein complex into the appropriate digestion buffer (see the

manufacturer’s recommendations for the buffer, temperature of reaction, and
inhibitor). We routinely digest the nucleoprotein complex at approx 1 mg/mL,
but the concentration is not too critical.

2. Prepare 40 tubes containing 5 mL of 2X SDS loading buffer plus 1 µL of the
appropriate protease inhibitor. Leave on ice.

3. Pipet 55 µL of the nucleoprotein complex (55 mg) into each of four tubes labeled
1:100, 1:200, 1:500, 1:1000, respectively. Place on ice until needed.

4. Dissolve the protease in digestion buffer to a concentration that will give an
enzyme/substrate ratio of 1:100 (w/w) when 1 µL of the protease is added to
50 µL of nucleoprotein complex (i.e., 0.5 mg/mL).

5. Prepare three dilutions of the protease. In this case, the protease is diluted 1:2,
1:5, and 1:10 with digestion buffer that will result in a final enzyme substrate
ratio of 1:200, 1:500, and 1:1000 (w/w).

6. Remove 5 µL of the nucleoprotein complex from each of the four tubes and add
to 1 of the 40 tubes containing 2X loading buffer (plus inhibitor) and place on
ice. This is the time = 0 tube and should be labeled accordingly.

7. Add 1 µL of the protease to the appropriate nucleoprotein solution (e.g., pro-
tease diluted 1:5 to the nucleoprotein solution marked 1:500) and incubate at
the specified temperature.

8. Remove 5 µL samples every 15 min and add to 2X loading buffer (in the appro-
priately marked tube) and then place on ice.

9. At the end of the experiment, boil the samples and run an SDS polyacrylamide
gel. The presence of a degraded fragment(s), resistant to further proteolysis, is
evidence for a discrete domain (see Note 1).

10. Adjustment of the enzyme/substrate ratios, time course, and choice of enzymes is
often necessary. The optimum conditions must be found by trial and error.

3.2. Purification of the DNA-Binding Domain

1. Digest a large quantity (several milligrams) of the nucleoprotein complex under
the optimized conditions determined in Subheading 3.1. to produce the DNA-
binding domain (see Note 2). Add the appropriate inhibitor and run a sample on
SDS-PAGE to check the digestion.
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2. For very large nucleoprotein complexes, the proteolyzed complex can be puri-
fied away from the protease and small proteolytic fragments by ultracentrifuga-
tion. Spin the nucleoprotein complex at 229,000g (Beckman 70.1 Ti rotor)
for 3 h at 4°C (see Note 3). Carefully wash the centrifuge tube with 4 mL of TE
buffer, discard the washings, and resuspend the nucleoprotein complex in 2 mL
of TE buffer on ice. Another ultracentrifugation step can be performed to remove
all traces of the protease. For smaller nucleoprotein complexes, the DNA can
be immobilized on a large resin (e.g., DNA cellulose) prior to interaction with
the DNA-binding protein. Low-speed centrifugation can then be used to purify
the DNA-associated domain. Sometimes, limited proteolysis can generate sev-
eral fragments that bind DNA. These may arise from the same region of the pro-
tein; if so, this can be overcome by allowing the proteolysis to proceed further or
by increasing the amount of protease.

3. Dissociate the proteolyzed nucleoprotein complex by the addition of salt to the
appropriate concentration (see Note 4). The DNA can then be removed by ultra-
centrifugation (if sufficiently large) or nuclease digestion. If the DNA was
originally bound on a solid support, then it can be removed by low-speed centri-
fugation (see Note 5).

4. Remove the high-salt buffer by desalting or dialysis. If the sample contains sev-
eral different domains or a residual undigested protein, it will be necessary to
purify the domains to homogeneity. Various chromatographic techniques are
available to further purify the domains, including chromatofocusing, ion
exchange, affinity, and gel filtration chromatography. These techniques permit
recovery of the domain in a native state for further biochemical analysis. Alterna-
tively, if the fragment is only to be used for sequence analysis, the mixture can be
applied to a C3 reverse-phase high-performance liquid chromatography column
and separated in an acetonitrile gradient.

5. If the sequence of the native protein is known, then the sequence of the DNA-
binding domain can be established by N-terminal sequencing and amino acid
analysis. Additionally, the mass of the fragment (determined by mass spectros-
copy) should help locate the sequence of the DNA-binding domain.

4. Notes
1. Often during the experiment, a protease-resistant fragment is only transiently

formed during complete digestion of the protein. If this occurs, vary some of the
parameters (enzyme dilution, temperature, etc.) to try and prolong the lifetime of
the fragment.

2. Scaling up of the digestion is not generally a problem and we routinely digest
several milligrams (>10) of nucleoprotein complex if necessary.

3. The speed and duration of centrifugation will vary depending on the size of the
nucleoprotein complex. For smaller complexes, ultracentrifugation may not be
appropriate.

4. In many cases, a NaCl concentration between 1 M and 2 M is sufficient to disso-
ciate the nucleoprotein complex. However, some nucleoprotein complexes
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remain associated above 2 M NaCl and require 1 M MgCl2 or 1 M NaSCN for
dissociation (8). The appropriate salt concentration can be determined by SDS-
PAGE analysis of the pellet and supernatant after ultracentrifugation at different
ionic strengths.

5. The DNA can also be removed by DNase digestion followed by gel fitration (i.e.,
desalting column) or by extensive dialysis against TE buffer.
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Ultraviolet Crosslinking of DNA–Protein
Complexes via 8-Azidoadenine

Rainer Meffert, Klaus Dose, Gabriele Rathgeber,
and Hans-Jochen Schäfer

1. Introduction
In biological systems, photoreactive derivatives have been widely applied

to study specific interactions of receptor molecules with their ligands by
photoaffinity labeling (1–3). While the receptors are generally proteins (e.g.,
enzymes, immunoglobulins, or hormone receptors), the ligands differ widely
in their molecular structure (e.g., sugars, amino acids, nucleotides, or oligo-
mers of these compounds).

The advantage of photoaffinity labeling compared with affinity labeling, or
chemical modification with group-specific reagents is that photoactivatable
nonreactive precursors can be activated at will by irradiation (Fig. 1). These
reagents do not bind covalently to the protein unless activated. On irradiation
of the precursors, highly reactive intermediates are formed that react indis-
criminately with all surrounding groups. Therefore, after activation, a
photoaffinity label, interacting at the specific binding site, can label all the
different amino acid residues of the binding area. Today, aromatic azido com-
pounds are mostly used as photoactivatable ligand analogs. They form highly
reactive nitrenes upon irradiation because of the electron sextet in the outer
electron shell of these intermediates (Fig. 2).

In addition to the azido derivatives, photoreactive precursors forming
radicals or carbenes on irradiation can be used as photoaffinity labels. All of
these intermediates (nitrenes, e.g.) vigorously try to complete an electron octet
(Fig. 3).

To produce covalent crosslinks between proteins and DNA, various meth-
ods have been applied (4–11): ultraviolet (UV) irradiation, γ-irradiation, chemi-
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Fig. 1. Photoaffinity labeling of receptor proteins (e.g., enzymes) by photo-
activatable ligand analogs (e.g., substrate analog/product analog). In the dark (upper
line), the biological interactions of the protein with the ligand analog can be studied.
On irradiation (lower line), the protein (enzyme) is labeled and inactivated by the
substrate analog/product analog.

Fig. 2. Highly reactive photogenerated intermediates: radical (A), carbene (B), and
nitrene (C).

cal methods, and even vacuum or extreme dryness. Besides these methods,
photoaffinity labeling and photoaffinity crosslinking are helpful tools for the
study of specific interactions between proteins and deoxyribonucleic acids. To
date, many successful attempts have been made to photocrosslink proteins
to nucleic acids using different photoactivatable deoxynucleotides. 5-bromo-,
5-iodo-, 5-azido-, and 5-[N-(p-azidobenzoyl)-3-aminoallyl]-2'-deoxyuridine-
5'-monophosphate (12–18), 4-thio-2'-deoxythymidine-5'-monophosphate (19),
and 8-azido-2'-deoxyadenosine-5'-monophosphate (20,21) have been incorpo-
rated into deoxyribonucleic acids to bind DNA covalently to adjacent proteins
(for a review see ref. 22).

Here, we describe the synthesis of 8-azido-dATP (8-N3dATP), its incorpo-
ration into DNA by nick translation, and the procedure to photocrosslink azido-
modified DNA to proteins (20,21).
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2. Materials
2.1. Synthesis of 8-N3dATP

1. dATP (disodium salt, Boehringer Mannheim, Mannheim, Germany).
2. Potassium acetate buffer: 1 M, pH 3.9.
3. Bromine.
4. Sodium disulfite (Na2S2O5).
5. Ethanol.
6. DEAE–Sephadex A-25.
7. Triethylammonium bicarbonate buffer: 0.7 M, pH 7.3.
8. Dimethylformamide.
9. Hydrazoic acid: 1 M in benzene.

10. Triethylamine.

2.2. Characterization of 8-N3dATP

1. Silica gel plates F254 (Merck, Darmstadt, Germany).
2. Cellulose plates F (Merck).
3. Isobutyric acid/water/ammonia (66:33:1 v/v).
4. n-Butanol/water/acetic acid (5:3:2 v/v).

2.3. Preparation of Azido-Modified DNA

1. DNA (e.g., pBR 322 or pWH 106).
2. Deoxyribonucleotides (dATP, dGTP, dCTP, dTTP, [α-32P]-dCTP).

Fig. 3. Reactions of nitrenes. Cycloaddition to multiple bonds forming three-mem-
bered cyclic imines (1), addition to nucleophiles (2), direct insertion into C-H bonds
yielding secondary amines (3), and hydrogen atom abstraction followed by coupling
of the formed radicals to a secondary amine (4a, 4b).
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3. DNase I (Escherichia coli, 2000 U/mg, Boehringer Mannheim) in 0.15 M NaCl
and 50% glycerol.

4. 50 mM Tris-HCl, pH 7.2.
5. Magnesium sulfate (MgSO4).
6. Bovine serum albumin.
7. DNA polymerase I (E. coli, Boehringer Mannheim, No. 104493, purchased con-

taining definite amounts of DNase I).
8. Ethylenediaminetetraacetic acid disodium salt (EDTA).
9. Sephadex A-25.

2.4. Photocrosslinking

An ultraviolet lamp (e.g., Mineralight handlamp UVSL 25 at position “long
wave”) emitting UV light at wavelengths of 300 nm and longer.

3. Methods
3.1. Synthesis of 8-N3dATP

The synthesis of 8-N3dATP (Fig. 4) is performed principally by analogy to
the synthesis of 8-N3ATP (23) (see Note 1). In the first step, bromine exchanges
the hydrogen at position 8 of the adenine ring. Then, the bromine is substituted
by the azido group.

1. Dissolve 0.2 mmol (117.8 mg) of dATP in 1.6 mL of potassium acetate buffer
(1 M, pH 3.9) and add 0.29 mmol (15 µL) of bromine. Keep the reaction mixture
in the dark at room temperature for 6 h (the absorption maximum shifts from 256 nm
to 262 nm; see Note 2).

2. Reduce excessive bromine by addition of traces of (approx 5 mg) Na2S2O5 until the
reaction mixture looks colorless or pale yellow. Pour the reaction mixture into 20 mL
of cold ethanol (–20°C) and allow to stand for at least 30 min at –20°C in the dark.

3. Collect the precipitated deoxynucleotide by centrifugation and redissolve the resi-
due in 0.5 mL of double-distilled water. Further purification is achieved by ion-
exchange chromatography over DEAE–Sephadex A-25 column (50 × 2 cm) with
a linear gradient of 1000 mL each of water and triethylammonium bicarbonate
(0.7 M, pH 7.3).

Fig. 4. Synthesis of 8-N3dATP.
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4. Combine the fractions containing 8-bromo-dATP (8-BrdATP) (main peak of
the elution profile) and dry by lyophilization. 8-BrdATP is obtained as the
triethylammonium salt. The expected yield should be 65% (spectroscopically).

5. Dissolve 0.1 mmol (87.3 mg) of dried 8-BrdATP (triethylammonium salt) in 3 mL
of freshly distilled dimethylformamide (see Notes 3 and 4). Add a dried solution
of 0.8 mmol (34.4 mg) of hydrazoic acid (HN3) in 800 µL of benzene and
0.8 mmol (111.3 µL) of freshly distilled triethylamine. Keep the reaction mixture
in the dark at 75°C for 7 h (the absorption maximum shifts from 262 nm to 280 nm).

6. Evaporate the solvents under vacuum and redissolve the residue in 1 mL of water.
Further purification is achieved by ion-exchange chromatography over DEAE–
Sephadex A-25 as described in step 3. Figure 5 shows the elution profile of the
chromatography (see Notes 4 and 5).

7. Combine the fractions containing 8-N3dATP and dry the solution by lyophiliza-
tion. 8-N3dATP is obtained as the triethylammonium salt. Yield: 30% (spectro-
scopically). 8-N3dATP can be stored at –20°C in the dark freeze-dried (see Notes
6–8) or frozen in aqueous solution, pH 7.0.

3.2. Characterization of 8-N3dATP
1. Thin-layer chromatography (TLC). TLC is carried out on silica gel plates F254 or

cellulose plates F. The development is performed in either isobutyric acid/water/
ammonia (66:33:1 v/v) or n-butanol/water/acetic acid (5:3:2 v/v).

Fig. 5. Elution profile (anion-exchange chromatography on DEAE–Sephadex A
25; elution buffer: linear gradient of 1000 mL each of water and 0.7 M triethyl-
ammonium bicarbonate (pH 7.3) of the reaction products of 8-N3dATP synthesis:
front (a), 8-N3dAMP (b), 8-BrdAMP (c), 8-N3dADP (d), 8-BrdADP (e), 8-N3dATP (f),
8-BrdATP (g), and probably a higher phosphorylated 8-azidoadenosine derivative (h).
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2. Ultraviolet absorbance. Record the UV absorbance spectrum of 8-N3dATP. It shows a
maximum at 280 nm. The UV absorbance of 8-N3dATP is pH dependent (see Note 9).

3. Photoreactivity. The photoreactivity of 8-N3dATP is tested by two different meth-
ods. It can either be demonstrated by the spectroscopic observation of the pho-
tolysis (Fig. 6; see Note 10) or by the ability of the photolabel to bind irreversibly
to cellulose on thin-layer plates on UV irradiation (Mineralight handlamp UVSL
25) prior to the development of the chromatogram. After development, most of
the irradiated label is detected at the origin of the chromatogram in contrast to the
nonirradiated control, which has completely migrated.

3.3. Preparation of Azido-Modified DNA

Azido-modified and [32P]-labeled DNA are prepared by nick translation.
For this purpose, the detailed and exact composition of the reaction medium
depends strongly on the size as well as on the amount of the DNA to be modi-
fied. The optimal ratio of DNA, DNase I, and DNA polymerase I (Kornberg
enzyme) should be tested in preliminary experiments (see Notes 11 and 12).

Here, we describe the well-tested reaction conditions for the modification of
plasmid pBR322 (4363 bp). The preparation of azido-modified pWH106 (4970 bp)
can be performed analogously.

1. Add 17.3 pmol of pBR322 to a mixture of 50 nmol of dGTP, 50 nmol of dTTP,
50 nmol of 8-N3dATP, and 500 pmol of dCTP; prepare on ice.

2. Add 370 kBq of [α-32P]-dCTP (110 TBq/mmol) and 20 pg of DNase I (freshly
prepared out of a stock solution of 1 mg of DNase I in 1 mL of 0.15 M NaCl and
50% glycerol).

3. Adjust the reaction medium to an end concentration of 50  mM Tris-HCl, pH 7.2,
10 mM MgSO4, and 50 mg/mL of bovine serum albumin (standard reaction
volume: 100 µL).

4. Start the nick translation reaction by adding 100 U of DNA polymerase I
from E. coli.

5. Incubate for 1 h at 15°C in the dark.
6. Stop the reaction by adding EDTA (final concentration: 20 mM).
7. Separate the unincorporated deoxyribonucleotides from photoreactive

[32P]-labeled pBR322 by gel filtration over Sephadex A-25 column using a
1-mL syringe.

8. Precipitate photoreactive pBR322 by adding two volumes of cold ethanol and
redissolve the precipitate in double-distilled water. Store the aqueous solution at
–20°C in the dark.

Control nonphotoreactive DNA can be prepared analogously replacing the
8-N3dATP by 50 nmol of dATP.

3.4. Photocrosslinking

1. Prepare 20–30 µL aqueous solutions containing the photoreactive DNA (0.5 pmol)
and the protein (1–25 pmol) to be cross-linked (see Notes 13 and 14).
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Fig. 6. Change of the optical absorption spectrum of 8-N3dATP on UV irradiation
in Tris-HCl buffer (0.01 M, pH 7.0, 20°C). The irradiation time between two subse-
quent absorption spectra was 2 min initially. It was increased up to 10 min toward the
end of photolysis. The final spectrum was taken after 30 min of irradiation. During the
photolysis, the absorbance at 280 nm decreased; two new absorbance maxima at 248
and 305 nm are formed.

2. Incubate the reaction mixture for 10 min at 37°C in the dark.
3. Expose the sample to UV irradiation (see Notes 15 and 16). The irradiation times

can be chosen in a range from 1 s to 60 min (see Note 17).
4. Keep the solutions in the dark before and after photolysis (see Note 6).

3.5. Analysis of DNA-Protein Adducts

Analysis of DNA–protein adducts can be made, for example, by polyacryla-
mide gel electrophoresis of the irradiated samples followed by autoradio-
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graphy. SDS–polyacrylamide gel electrophoresis should be performed
immediately after photocrosslinking according to Laemmli (24) with some
variations. After the addition of 20 mg/mL of bromophenol blue, the samples
are loaded onto a SDS–polyacrylamide gel of 5% polyacrylamide (separating
gel) with an overlay of 3.5% polyacrylamide (stacking gel) containing 1% SDS.
After the electrophoretic separation, the gels are silver-stained according to
Adams and Sammons (25), dried, and exposed to X-ray film at –70°C. A quan-
titative determination of the DNA–protein adducts is possible by densitometric
measurement of the autoradiogram (26). Figure 7 shows a typical result on
photocrosslinking of EcoRI-digested plasmid pWH106 with a specific inter-
acting protein (Tet repressor).

Another possibility to detect the DNA–protein adducts is the application of
the nitrocellulose filter binding assay according to Braun and Merrick (27), see
also Chapter 1.

4. Notes
1. Experiments to synthesize [α-32P] or [U-14C]-labeled 8-N3dATP by starting the

synthesis with [α-32P] or [U-14C]dATP, respectively, failed. This is most prob-
ably because of the formation of bromine radicals induced by radiation. These
radicals could react unspecifically with the deoxyribonucleotide, suppressing
the very specific electrophilic substitution of the hydrogen in position 8 of the
adenine ring by the bromine ion.

2. Do not stop the reaction of dATP with bromine before 6 h even if the absorption
maximum is near 262 nm after 1 or 2 h, otherwise a significant reduction of the
yield of 8-BrdATP may occur.

3. 8-BrdATP obtained as triethylammonium salt is soluble in dimethylformamide
in contrast to the alkali salts of this nucleotide. This is advantageous for the
following substitution of bromine by the azido group yielding 8-N3dATP.

4. The exchange reaction of bromine by the azido group requires absolute dryness.
However, the formation of 8-N3dAMP and 8-N3dADP is usually observed,
resulting from a limited hydrolytic cleavage of 8-N3dATP (see Fig. 5).

5. Besides the three azidoadenine deoxyribonucleotides, minor amounts of unreacted
8-bromoadenine deoxyribonucleotides are eluted as well (see Fig. 5).

6. Because of the photoreactivity of azido compounds, samples containing
8-N3dATP should always be kept in the dark if possible. However, short
exposure of azido compounds to normal daylight in our laboratory never
falsified the results obtained.

7. 8-N3dATP can be stored frozen at –20°C in aqueous solution, pH 7.0, in the dark
for at least 2 yr without significant loss of photoreactivity, as demonstrated by
subsequent photocrosslinking experiments.

8. Exclude dithiothreitol from any buffers or other solutions that contain 8-N3dATP.
It is well-known that dithiothreitol reduces azido groups to the corresponding
amines (28). In addition, the UV absorbance of dithiothreitol resembles that
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Fig. 7. Photocrosslinking of proteins to DNA (pWH106). Autoradiogram of a dena-
turing 5% SDS-polyacrylamide gel electrophoresis showing photocrosslinking of Tet
repressor to azido-activated 187-bp and 3848-bp fragments of pWH106 (radioactive
labeled by 32P). Each 187-bp fragment contains two tet operator sequences, the 3848-
bp fragment none. UV irradiation of azidomodified 187-bp fragment in the presence
of Tet repressor results in a reduced migration of the 187-bp fragment because of
covalent crosslinking of the DNA to one or two Tet repressor dimers. In each of lanes
1–7, 0.06 pmol pWH106 (cleaved by EcoRI) and 20 pmol Tet repressor were applied.
Lane 1: photoactive fragments of pWH 106 without protein (30' UV); lane 2:
nonphotoactive fragments of pWH106 with Tet repressor (30' UV); lanes 3–7:
photoactive fragments of pWH106 with Tet repressor (0', 1', 4', 10', 30' UV). Frac-
tions: Origin of sample loading (a); traces of 3848-bp fragment covalently crosslinked
(unspecifically) to Tet repressor (b); 3848-bp fragment (no Tet repressor bound) (c);
187-bp fragment covalently crosslinked to two Tet repressor dimers (d); 187-bp frag-
ment covalently crosslinked to one Tet repressor dimer (e); 187-bp fragment (no Tet
repressor bound) (f).

of 8-N3dATP because of the formation of disulfide bonds by oxidation on stor-
age in aqueous solution. This results in a reduced rate of photocrosslinking by the
UV irradiation.

9. The UV absorption of 8-N3dATP shows a maximum at 280 nm. The absorbance
at 280 nm increases with decreasing pH value (see step 2 of Subheading 3.2.). A
second absorption maximum at 219 nm shifts to 204 nm in acidic solution. Both
effects are a result of the protonation at N1 of the purine ring (29). The UV
absorption spectrum of 8-N3dATP resembles that of 8-N3ATP (23).
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10. When testing its photoreactivity, take into account that the photolysis of 8-N3dATP
is pH dependent. Exhaustive irradiation in neutral solution yields new absorption
maxima at 248 and 305 nm, whereas in acidic or basic solution, the destruction of
the purine ring is observed, as indicated by the disappearance of the absorbance
between 240 and 310 nm (data not shown).

11. By analogy with 8-azidoadenine nucleotides, 8-N3dATP should prefer the syn
conformation (Fig. 8) as a result of the bulky substituent in position 8 of the
purine ring (30). This, however, seems to be contradicted by our results indicat-
ing that DNA polymerase I (E. coli) accepts 8-N3dATP in the nick translation
reaction (it has been suggested that this enzyme only interacts with 2-deoxy-
nucleoside triphosphates in the anti conformation [31]). The discrepancy may be
explained in two ways: First, the steric requirements for the binding of 8-N3dATP
by DNA polymerase I are less restrictive than assumed (32) or second, 8-N3dATP
interacts in the anti conformation with the binding site of the enzyme. This
could be demonstrated for the interaction of 8-N3ATP with the F1ATPase
from mitochondria (33).

12. The preparation of azido-modified and [32P]-labeled DNA by nick translation is
critically dependent on the ratio of DNA, DNase I, and DNA polymerase I in the
reaction medium. High concentrations of DNase I, on the one hand, result in a
very efficient incorporation rate of the azido-modified and radioactive labeled
deoxynucleotides, but on the other hand, the degradation of the DNA probes by
DNase I has to be evaluated. Application of too small amounts of DNase I results
in inefficient incorporation of the photoactivatable deoxynucleotides and in an
insufficient photocrosslinking to the interacting proteins during subsequent irra-
diation of the azido-modified DNA.

13. Tris-HCl buffer, 50  mM, pH 7.2, can be used instead of double-distilled water
without any significant effect on the photocrosslinking efficiency.

14. The amount of protein planned to be photocrosslinked to photoreactive DNA can
be varied over a wide range. Too high an excess of proteins, however, should be

Fig. 8. Conformation of adenine nucleotides. (From ref. 23.)
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avoided because the absorbance maximum of proteins at 280 nm will lead to
inefficient crosslinking rates.

15. One way to expose the samples to UV light is to deposit the probes (typically 30–
50 µL) in plastic wells (normally used for radioimmunoassay or enzyme-linked
immunosorbent assay tests). The UV lamp is positioned directly above the
samples; thus more than one probe can be irradiated simultaneously.

16. The emitted light of the UV lamp used for photocrosslinking should not contain
light of shorter wavelengths than 300 nm because of the possibility of photo-
damaging DNA or protein. For example, the Mineralight handlamp UVSL 25
(long wave) emits UV light of mainly 366 nm. The small portion of UV light of
wavelengths between 300 and 320 nm emitted allows the photoactivation of the
azido group without any significant photodamage of DNA or protein.

17. Ultraviolet irradiation times for photocrosslinking can be chosen over a wide
range (see step 3 of Subheading 3.4.). Optimal UV irradiation rates (flux per
unit area) must be tested. In our experiments (using the Mineralight handlamp
UVSL 25 fixed in a position resulting in a fluence rate of 4 J/m2/s at the position
of the sample) DNA–protein adducts are first detectable after irradiation times of
10–30 s; irradiation periods longer than 15–20 min do not improve the yield of
photocrosslink products.
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Site-Specific Protein–DNA Photocrosslinking

Analysis of Bacterial Transcription Initiation Complexes

Nikolai Naryshkin, Younggyu Kim, Qianping Dong,
and Richard H. Ebright

1. Introduction
1.1. Site-Specific Protein-DNA Photocrosslinking

In work carried out in collaboration with the laboratory of D. Reinberg
(University of Medicine and Dentistry of New Jersey), we have developed a
site-specific protein–DNA photocrosslinking procedure to define positions of
proteins relative to DNA in protein–DNA and multiprotein–DNA complexes
(1–3). The procedure has four parts (Fig. 1):

1. Chemical (4–6) and enzymatic (7) reactions are used to prepare a DNA fragment
containing a photoactivatible crosslinking agent and an adjacent radiolabel
incorporated at a single, defined DNA phosphate (with a 9.7 Å linker between
the photoreactive atom of the crosslinking agent and the phosphorus atom of the
phosphate, and with an approximately 11 Å maximum “reach” between potential
crosslinking targets and the phosphorus atom of the phosphate).

2. The multiprotein–DNA complex of interest is formed using the site-specifically
derivatized DNA fragment, and the multiprotein–DNA complex is ultraviolet
(UV)-irradiated, initiating covalent crosslinking with proteins in direct physical
proximity to the photoactivatible crosslinking agent.

3. Extensive nuclease digestion is performed, eliminating uncrosslinked DNA and
converting crosslinked DNA to a crosslinked, radiolabeled 3–5 nucleotide “tag.”

4. The “tagged” proteins are identified.

The procedure is performed in systematic fashion, with preparation and
analysis of at least 10 derivatized DNA fragments, each having the photo-
activatible crosslinking agent incorporated at a single, defined DNA phosphate
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(typically each second DNA phosphate—each 12 Å—on each DNA strand
spanning the region of interest (1–3,8).

The results of the procedure define the translational positions of proteins
relative to the DNA sequence. Plotted on a three-dimensional representation of
a DNA helix, the results also define the rotational orientations of proteins rela-
tive to the DNA helix axis, and the groove orientations of proteins relative to
the DNA major and minor grooves (1–3,8).

Fig. 1. Site-specific protein–DNA photocrosslinking (1–3). (A,B) Chemical and
enzymatic reactions are used to prepare a full-length-promoter DNA fragment with a
phenyl-azide photoactivatible crosslinking agent (R) and an adjacent radioactive
phosphorus (*) incorporated at a single, defined site. Based on the chemistry of incorpora-
tion, the maximum distance between the site of incorporation and the photoreactive
atom is 9.7 Å; the maximum distance between the site of incorporation and a cross-
linked atom is approx 11 Å. (C) UV irradiation of the derivatized protein–DNA complex
initiates crosslinking. Nuclease digestion eliminates uncrosslinked DNA and converts
crosslinked, radiolabeled DNA to a crosslinked, radiolabeled 3–5 nucleotide “tag.”
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The procedure has been validated in experiments with three multiprotein–
DNA complexes for which crystallographic structures are available (i.e., the
TBP–DNA complex, the TBP-TFIIA-DNA complex, and the TBP–TFIIB–
DNA complex (1,9–13). In each case, there was a one-to-one correspondence
between sites at which strong crosslinking was observed and sites that in the
crystallographic structure were within 11 Å of crosslinked proteins (1,9–13).
The procedure also has been applied to multiprotein-DNA complexes for which
crystallographic structures are not available (1–3,8), including a eukaryotic
transcription complex containing 16 distinct polypeptides and having a
molecular mass in excess of 800 kDa (the RNAPII–TBP–TFIIB–TFIIF–DNA
complex [2]) and a eukaryotic transcription complex containing 27 distinct
polypeptides and having a molecular mass in excess of 1700 kDa (the RNAPII–
TBP–TFIIB–TFIIE–TFIIF–TFIIH–DNA complex [2a]).

The procedure is related to a procedure developed by Geiduschek and
co-workers (14–17; see also refs. 18–23), but offers important advantages.
First, because the photoactivatible crosslinking agent is incorporated into DNA
chemically, it can be incorporated at a single, defined site. (In the procedure of
Geiduschek and co-workers, this is true only at certain DNA sequences.) Sec-
ond, because the photoactivatible crosslinking agent is incorporated on the
DNA phosphate backbone, it can be incorporated at any nucleotide: A, T, G, or
C. Third, since the photoactivatible crosslinking agent is incorporated on the
DNA phosphate backbone, it probes interactions both in the DNA minor groove
and in the DNA minor groove.

1.2. Bacterial Transcription Initiation Complexes

Escherichia coli RNA polymerase holoenzyme (RNAP) consists of two cop-
ies of an α-subunit (36.5 kDa), one copy of a β-subunit (151 kDa), one
copy of a β'-subunit (155 kDa), and one copy of a σ-subunit (70.3 kDa for the
principle σ subunit species, σ70) (24). RNAP is a molecular machine that car-
ries out a complex series of reactions in transcription initiation (24–26). For-
mation of a catalytically competent transcription initiation complex involves
three steps (24–26):

1. RNAP binds to promoter DNA, interacting solely with DNA upstream of the
transcription start, to yield an RNAP–promoter closed complex (RPc; also
referred to as RPc1).

2. RNAP then wraps promoter DNA around its circumference, capturing and inter-
acting with DNA downstream of the transcription start, and RNAP undergoes a
protein conformational change, clamping tightly onto DNA, to yield an RNAP–
promoter intermediate complex (RPi; also referred to as RPc2 and I2).

3. RNAP then melts approx 14 bp of promoter DNA surrounding the transcription
start, rendering accessible the genetic information in the template strand of DNA,
to yield a catalytically competent RNAP–promoter open complex (RPo).
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In the case of the E. coli lacPUV5 promoter, the RNAP–promoter interme-
diate complex (RPi) and the RNAP–promoter open complex (RPo) can be
trapped by formation at 14–19°C in the absence of NTPs, and formation at
37°C in the absence of NTPs, respectively (27,28). Electrophoretic mobility
shift, DNA footprinting, fluorescence anisotropy, and 2-aminopurine fluores-
cence experiments suggest that the trapped complexes are stable and homoge-
neous (28–31; A. Kapanidis, X. Shao, N.N., Y.K., and R.H.E., unpublished
data). Kinetic experiments suggest that the trapped complexes correspond to
bona fide on-pathway intermediates (27,28).

In current work, we are using systematic site-specific protein–DNA
photocrosslinking to define RNAP–promoter interactions in RNAP–promoter
intermediate and open complexes. We are constructing a set of 110 derivatized
DNA fragments, each containing a photoactivatible crosslinking agent incor-
porated at a single, defined position of the lacPUV5 promoter (positions –79 to
+30). For each derivatized DNA fragment, we are forming RNAP–promoter
intermediate and open complexes, isolating complexes using nondenaturing
polyacrylamide gel electrophoresis, UV-irradiating complexes in situ—in the
gel matrix—and identifying crosslinked polypeptides. We are performing
experiments both with wild-type RNAP and with RNAP derivatives having
discontinuous β and β' subunits (“split-β RNAP” and “split-β' RNAP;”
reconstituted in vitro from recombinant α, recombinant σ70, and sets of recom-
binant fragments of β and β'; 32,33). Use of split-β and split-β' RNAP permits
unambiguous assignment of crosslinks to β and β' (which are not well-resolved
in SDS–polyacrylamide gel electrophoresis) and permits rapid, immediate
mapping of crosslinks to segments of β and β' (e.g., N-terminal segment, central
segment, or C-terminal segment) (Fig. 2).

In this chapter, we present protocols for preparation of derivatized lacPUV5
promoter DNA fragments, formation of RNAP–promoter intermediate and
open complexes, UV irradiation of complexes, and identification of crosslinks.
In addition, we present support protocols for preparation of wild-type RNAP,
split-β RNAP, and split-β' RNAP.

2. Materials
2.1. Preparation of Derivatized DNA Fragment,
Chemical Reactions

1. Azidophenacyl bromide (Sigma).
2. Tetraethylthiuram disulfide/acetonitrile (PE Biosystems).
3. dA-CPG, dC-CPG, dG-CPG, T-CPG (1 µmol, 500 Å) (PE Biosystems).
4. dA, dC, dG, T β-cyanoethylphosphoramidites (PE Biosystems).
5. Reagent kit for oligodeoxyribonucleotide synthesis (0.02 M iodine) (PE Biosystems).
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Fig. 2. Use of split-subunit RNAP derivatives (32,33) permits unambiguous assign-
ment of crosslinks to RNAP subunits and permits rapid mapping of crosslinks to seg-
ments of RNAP subunits. (A) Subunit compositions of RNAP, two split-β RNAP
derivatives, and two split-β' RNAP derivatives (idealized Coomassie-stained SDS-
PAGE gels). (B) Results of site-specific protein–DNA photocrosslinking experiments
using the RNAP derivatives of panel A and a DNA fragment derivatized at a site close
to or in contact with residues 1–235 of β, residues 821–1407 of β', and σ70 in the
RNAP–promoter complex (idealized autoradiographs of SDS-PAGE gels).
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6. Denaturing loading buffer: 0.3% bromophenol blue, 0.3% xylene cyanol, and 12 mM
EDTA, in formamide.

7. 0.5X TBE: 45 mM Tris-borate, pH 8.3, and 1 mM EDTA.
8. TE: 10 mM Tris-HCl, pH 7.6, 1 mM EDTA.
9. 50 mM triethylammonium acetate, pH 7.0 (Prime Synthesis).

10. 1 M potassium phosphate, pH 7.0.
11. 3 M sodium acetate, pH 5.2.
12. 100% ethanol (store at –20°C).
13. 70% ethanol (store at –20°C).
14. Dichloromethane (anhydrous) (PE Biosystems).
15. Acetonitrile (anhydrous) (PE Biosystems).
16. Acetonitrile (high-performance liquid chromatographic [HPLC] grade) (Fisher).
17. Formamide (Sigma).
18. 12% polyacrylamide (29:1 acrylamide:bis-acrylamide), 8 M urea, 0.5X TBE slab

gel (10 × 7 × 0.075 cm).
19. Oligonucleotide purification cartridge (OPC) (PE Biosystems).
20. LiChrospher 100 RP–18 reversed-phase HPLC column (5 µm) (Merck).
21. Autoradiography intensifying screen (Sigma).
22. 254-nm germicidal lamp.
23. ABI392 DNA/RNA synthesizer (PE Biosystems).
24. Varian 5000 HPLC (Varian).
25. L-3000 diode-array HPLC UV detector (Hitachi).
26. Speedvac evaporator (Savant).

2.2. Preparation of Derivatized DNA Fragment,
Enzymatic Reactions

1. Derivatized oligodeoxyribonucleotide (Subheading 3.1.).
2. M13mp2(ICAP-UV5) or M13mp2(ICAP-UV5)-rev ssDNA (see Notes 1 and 2).
3. T4 polynucleotide kinase (10 U/µL) (New England Biolabs, cat. no. M0201L).
4. T4 DNA polymerase (3 U/µL) (New England Biolabs, cat. no. M0203L).
5. T4 DNA ligase (5 U/µL) (Roche Molecular Biochemicals, cat. no. 799009).
6. HaeIII (40 U/µL)(Roche Molecular Biochemicals, cat. no. 1336029).
7. PvuII (40 U/µL)(Roche Molecular Biochemicals, cat. no. 899216).
8. [γ32P]-ATP (10 mCi/mL, 6000 Ci/mmol) (NEN).
9. 100 mM ATP (Amersham Pharmacia Biotech).

10. 100 mM dNTPs (Amersham Pharmacia Biotech).
11. Upstream primer (5'-CGGTGCGGGCCTCTTCGCTATTAC–3').
12. 10X phosphorylation buffer: 500 mM Tris-HCl, pH 7.6, 100 mM MgCl2, 15 mM

β-mercaptoethanol.
13. 10X annealing buffer: 400 mM Tris-HCl, pH 7.9, 500 mM NaCl, and 100 mM MgCl2.
14. 10X digestion buffer: 100 mM Tris-HCl, pH 7.9, 500 mM NaCl, and 100 mM

MgCl2, (see Note 3).
15. Elution buffer: 0.5 M ammonium acetate, 10 mM magnesium acetate pH 7.5, and

1 mM EDTA.



Protein–DNA Photocrosslinking 343

16. Denaturing loading buffer: 0.3% bromophenol blue, 0.3% xylene cyanol, and 12 mM
EDTA, in formamide.

17. Nondenaturing loading buffer: 0.3% bromophenol blue, 0.3% xylene cyanol, and
30% glycerol, in water.

18. 0.5X TBE: 45 mM Tris-borate pH 8.3, and 1 mM EDTA.
19. TE: 10 mM Tris-HCl, pH 8.0, and 1 mM EDTA.
20. Low-EDTA TE: 10 mM Tris-HCl, pH 8.0, and 0.1 mM EDTA.
21. 0.5 M EDTA, pH 8.0.
22. 10% sodium dodecyl sulfate (SDS).
23. 100% ethanol (store at –20°C).
24. 70% ethanol (store at –20°C).
25. 12% polyacrylamide (29:1 acrylamide:bis-acrylamide), 8 M urea, and 0.5X TBE

slab gel (10 × 7 × 0.075 cm).
26. 7.5% polyacrylamide (29:1 acrylamide:bis-acrylamide), and 0.5X TBE slab gel

(10 × 7 × 0.15 cm).
27. CHROMA SPIN+TE–10 spin column (Clontech).
28. CHROMA SPIN+TE–100 spin column (Clontech).
29. Spin-X centrifuge filter (0.22 µm, cellulose acetate) (Fisher).
30. PicoGreen dsDNA quantitation kit (Molecular Probes, cat. no. P-7589).
31. Disposable scalpels (Fisher).
32. Autoradiography markers (Stratagene).
33. Light box (VWR).
34. Speedvac evaporator (Savant).

2.3. Preparation of RNAP and RNAP Derivatives

1. E. coli strain XL1-blue (Stratagene, cat. no. 200249).
2. E. coli strain BL21(DE3) pLysS (Novagen, cat. no. 69388-3).
3. Plasmids encoding RNAP subunits (see Table 1).
4. Plasmids encoding fragments of RNAP subunits (see Table 2).
5. LB broth: 10 g/L tryptone, 5 g/L yeast extract, and 10 g/L NaCl; autoclave sterilized.
6. TYE agar plates containing 200 µg/mL ampicillin and 35 µg/mL chlorampheni-

col: 10 g/L tryptone, 5 g/L yeast extract, 8 g/L NaCl, and 15 g/L agar; autoclave
sterilized without antibiotics; supplemented with antibiotics after cooling to
55°C; poured into sterile 100 × 15 mm Petri plates at approx 25 mL/plate.

7. TYE agar plates containing 200 µg/mL ampicillin and 20 µg/mL tetracycline.
8. TYE agar plates containing 40 µg/mL kanamycin and 35 µg/mL chloramphenicol.
9. TYE agar plates containing 40 µg/mL kanamycin and 20 µg/mL tetracycline.

10. 100 mg/mL ampicillin (filter sterilized) (Sigma).
11. 35 mg/mL chloramphenicol in ethanol (filter sterilized) (Sigma).
12. 40 mg/mL kanamycin (filter sterilized) (Sigma).
13. 20 mg/mL tetracycline in methanol (filter sterilized) (Sigma).
14. 1 M IPTG (filter sterilized) (Roche Molecular Biochemicals).
15. Buffer A: 20 mM Tris-HCl, pH 7.9, 500 mM NaCl, and 5 mM imidazole.
16. Buffer B: 20 mM Tris-HCl, pH 7.9, 6 M guanidine chloride, and 500 mM NaCl.
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17. Buffer C: 40 mM Tris-HCl, pH 7.9, 300 mM KCl, 10 mM EDTA, 1 mM
phenylmethylsulfonyl fluoride (PMSF), 1 mM dithiothreitol (DTT).

18. Buffer D: 50 mM Tris-HCl, pH 7.9, 6 M guanidine chloride, 10 mM MgCl2,
0.01 mM ZnCl2, 1 mM EDTA, 10 mM DTT, and 10% glycerol.

19. Buffer E: 50 mM Tris-HCl, pH 7.9, 200 mM KCl, 10 mM MgCl2, 0.01 mM ZnCl2,
1 mM EDTA, 5 mM β-mercaptoethanol, and 20% glycerol.

20. Buffer F: 50 mM Tris-HCl, pH 7.9, and 5% glycerol.
21. α Storage buffer: 50 mM Tris-HCl, pH 7.9, 200 mM KCl, 10 mM MgCl2, 1 mM

EDTA, 5 mM β-mercaptoethanol, and 20% glycerol.
22. 2X SDS loading buffer: 63 mM Tris-HCl, pH 8.3, 2% SDS, 5% β-mercapto-

ethanol, 25% glycerol, and 0.3% bromophenol blue.
23. SDS running buffer: 25 mM Tris, 250 mM glycine pH 8.3, and 0.1% SDS.
24. Destaining solution: 10% acetic acid, 50% methanol, and 40% water.
25. 100 mM PMSF in ethanol (Sigma).
26. 2% lysozyme (Sigma, cat. no. L-6876) (approx 50,000 U/mg).
27. 10% sodium deoxycholate (Sigma).
28. 10% n-octyl-β-D-glucopyranoside (Sigma).
29. Triton X-100 (Sigma).

Table 1
Plasmids Encoding RNAP Subunits

Plasmid Relevant Characteristics Ref.

pHTT7f1-NHα ApR; ori-pBR322; ori-f1; φ10P-rpoA(H6,Nter)a 34
pMKSe2 ApR; ori-pBR322; lacP-rpoB 35
pT7β' ApR; ori-pBR322; φ10P-rpoC 36
pHTT7f1-σ ApR; ori-pBR322; ori-f1; φ10P-rpoD 34

arpoA(H6,Nter) is a derivative of rpoA having a nonnative hexahistidine coding
sequence immediately after the rpoA start codon.

Table 2
Plasmids Encoding Fragments of RNAP Subunits

Plasmid Relevant characteristics Ref.

pβ1–235 ApR KmR; ori-pBR322; lacP-rpoB(1–235) 32
pβ235–1342 ApR; ori-pBR322; lacP-rpoB(235–1342) 32
pβ1–989 ApR; ori-pBR322; lacP-rpoB(1–989) 32
pβ951–1342 ApR; ori-pBR322; φ10P-rpoB(950–1342) 32
pβ'1–580 ApR; ori-pBR322; ori-f1; lacP-φ10P-rpoC(1–580) 33
pβ'545–1407 ApR; ori-pBR322; ori-f1; lacP-φ10P-rpoC(545–1407) 33
pβ'1–878 ApR; ori-pBR322; ori-f1; lacP-φ10P-rpoC(1–878) 33
pβ'821–1407 KmR; ori-pBR322; ori-f1; φ10P-rpoC(821–1407) 33
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30. 2 M imidazole (pH adjusted to 8.0 with 10 M HCl) (Sigma).
31. Glycerol (Fisher).
32. Trichloroacetic acid (Aldrich).
33. Coomassie Brilliant Blue G-250 (Bio-Rad).
34. Acetone (Aldrich).
35. 10% polyacrylamide (37.5:1 acrylamide:bis-acrylamide), and 0.1% SDS, slab

gel (10 × 7 × 0.075 cm).
36. Prestained protein molecular-weight markers (7-210 kDa) (Bio-Rad).
37. Bio-Rad Protein Assay Kit (cat. no. 500-0002).
38. Ni:NTA-agarose (Qiagen).
39. Dialysis membranes (10-kDa molecular-weight cutoff) (VWR, cat. no. 25223-821).
40. Dialysis-membrane closures (VWR).
41. Collodion dialysis bags (10-kDa molecular-weight cutoff) (Schleicher & Schuell).
42. Nanosep-30K centrifugal concentrators (VWR).
43. Econo-Pac 20-mL chromatography columns (Bio-Rad).
44. Chromatography column frits (1.5 × 0.3 cm) (Bio-Rad).
45. 15 mL culture tubes (autoclave-sterilized) (VWR).
46. Culture-tube stainless-steel closures (autoclave sterilized) (VWR).
47. 2.8-L triple-baffled Fernbach flask (autoclave sterilized) (Bellco Glass, cat. no.

2551-02800).
48. 30-mL polypropylene copolymer centrifuge tube with cap (VWR, cat. no.

21010-567).
49. 250-mL polypropylene copolymer centrifuge bottle with cap (VWR, cat. no.

21020-028).
50. 1-L polypropylene copolymer centrifuge bottle with cap (VWR, cat. no. 21020-061).
51. 200-mL steel beaker (VWR).
52. Branson 450 sonicator (VWR).
53. Sorvall RC-3B centrifuge (DuPont).
54. Sorvall RC-5B centrifuge (DuPont).

2.4. In-Gel Photocrosslinking

1. Cystamine dihydrocloride (Sigma).
2. Acryloyl chloride (Aldrich).
3. Acrylamide (Bio-Rad).
4. TEMED (Bio-Rad).
5. 10% ammonium persulfate (freshly made).
6. SurfaSil siliconizing agent (Pierce).
7. Derivatized promoter DNA fragment (Subheading 3.2.).
8. RNAP or RNAP derivative (Subheading 3.3.).
9. DNase I (126 units/µL) (Sigma, cat. no. D7291).

10. Micrococcal nuclease in nuclease dilution solution (50 U/µL) (Pharmacia,
cat no. 27-0584).

11. Nuclease dilution solution: 5 mM CaCl2, 0.1 mM PMSF, and 50% glycerol.
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12. 2X DTT-free transcription buffer: 50 mM HEPES–HCl, pH 8.0, 200 mM KCl, 20 mM
MgCl2, and 10% glycerol.

13. Nondenaturing loading buffer: 0.3% bromophenol blue, 0.3% xylene cyanol, and
30% glycerol.

14. 5X SDS loading buffer: 300 mM Tris-HCl, pH 8.3, 10% SDS, 20 mM EDTA,
25% β-mercaptoethanol, 0.1% bromophenol blue, 50% glycerol.

15. 0.5X TBE: 45 mM Tris-borate, pH 8.0, and 1 mM EDTA.
16. SDS running buffer: 25 mM Tris, 250 mM glycine, pH 8.3, and 0.1% SDS.
17. 10% SDS.
18. 1 M DTT (freshly made).
19. 0.2 mM PMSF (Sigma).
20. 0.22 mg/mL heparin (Sigma, cat. no. H-3393) (grade I-A, from porcine intestinal

mucosa, approx 170 USP units/mg).
21. 4–15% gradient polyacrylamide (37.5:1 acrylamide:bis-acrylamide) Tris–HCl

slab gel (Bio-Rad, cat. no. 161-1176).
22. Prestained protein molecular-weight markers (7–210 kDa) (Bio-Rad).
23. Silicone rubber heating mat (200 W, 120 V AC; 25 × 10 cm) (Cole-Parmer, cat.

no. P-03125-40).
24. Variable voltage controller (Cole-Parmer, cat. no. P-01575-10).
25. Digital thermometer (Cole-Parmer, cat. no. P-91000-00).
26. Thermocouple probe (needle, 0.7 mm in diameter) (Cole-Parmer, cat. no.

P-91000-00).
27. Large binder clips (5-cm width) (Staples).
28. Filter unit (22-µm pore size, 250 mL) (Millipore).
29. 50-mL Büchner funnel with glass frit (10 µm pore size) (Fisher).
30. 500-mL separating funnel (Fisher).
31. Disposable scalpels (VWR).
32. X-ray exposure holder with intensifying screen (Kodak).
33. Light box (VWR).
34. Rayonet RPR-100 photochemical reactor equipped with 16 RPR-3500 Å tubes

(Southern New England Ultraviolet).
35. Speedvac evaporator (Savant).

3. Methods
3.1. Preparation of Derivatized DNA Fragment,
Chemical Reactions

3.1.1. Preparation of Phosphorothioate Oligodeoxyribonucleotide

1. Perform 24 standard cycles of solid-phase β-cyanoethylphosphoramidite
oligodeoxyribonucleotide synthesis to prepare CPG-linked precursor containing
residues 3–26 of desired oligodeoxyribonucleotide. Use the following settings:
cycle, 1.0 µM CE; DMT, on; end procedure, manual.

2. Replace iodine/water/pyridine/tetrahydrofuran solution (bottle 15) by tetraeth-
ylthiuram disulfide/acetonitrile solution. Perform one modified cycle of solid-
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phase β-cyanoethylphosphoramidite oligodeoxyribonucleotide synthesis to add
residue 2 and phosphorothioate linkage. Use the following settings: cycle, 1.0 mM
sulfur; DMT, on; end procedure, manual.

3. Replace tetraethylthiuram disulfide/acetonitrile solution (bottle 15) by iodine/
water/pyridine/tetrahydrofuran solution. Place collecting vial on the DNA syn-
thesizer. Perform one standard cycle of solid-phase β-cyanoethylphosphoramidite
oligodeoxyribonucleotide synthesis to add residue 1. Use the following settings:
cycle, 1.0 µM CE; DMT, on; end procedure, CE.

4. Remove collecting vial, screw cap tightly, and deblock by incubating 8 h at 55°C.
Transfer sample to 6-mL polypropylene round-bottomed tube, place tube in
Speedvac, and spin 20 min with Speedvac lid ajar and with no vacuum (allowing
evaporation of ammonia). Close Speedvac lid, apply vacuum, and dry.

5. Detritylate and purify approx 0.075 µmol on OPC according to supplier’s protocol.
6. Dry in Speedvac.
7. Resuspend in 100 µL TE. Remove 2-µL aliquot, dilute with 748 µL TE, and

determine concentration from UV absorbance at 260 nm (molar extinction
coefficient = 240,000 AU/M/cm).

8. To confirm purity of oligodeoxyribonucleotide, mix aliquot containing 1 nmol
oligodeoxyribonucleotide with equal volume of formamide. Apply to 12% poly-
acrylamide (29:1 acrylamide:bis-acrylamide), 8 M urea, 0.5X TBE slab gel (10 ×
7 × 0.075 cm). As marker, load in adjacent lane 5 mL denaturing loading buffer.
Electrophorese 30 min at 25 V/cm. Disassemble gel, place on intensifying screen,
and view in dark using 254 nm germicidal lamp. Oligodeoxyribonucleotide
should appear as dark shadow against green background and should migrate more
slowly than bromophenol blue. If purity is ≥95%, proceed to next step.

9. Divide remainder of sample into 50-nmol aliquots, transfer to 1.5-mL siliconized
polypropylene microcentrifuge tubes, dry in Speedvac, and store at –20°C (stable
for at least 2 yr).

3.1.2. Derivatization of Oligodeoxyribonucleotide
(All Steps Carried Out Under Subdued Lighting [see Note 4])

1. Dissolve 10 mg (42 µmol) azidophenacyl bromide in 1 mL chloroform. Transfer
100-µL aliquots (4.2 µmol) to 1.5-mL siliconized polypropylene microcentrifuge
tubes, and dry in Speedvac. Wrap tubes with aluminum foil, and store desiccated
at 4°C (stable indefinitely).

2. Resuspend 50-nmol aliquot of phosphorothioate oligodeoxyribonucleotide (Sub-
heading 3.1.1.) in 50 µL water, and resuspend 4.2-µmol aliquot of azidophenacyl
bromide in 220 µL methanol.

3. Mix 50 µL (50 nmol) phosphorothioate oligodeoxyribonucleotide solution, 5 µL
1 M potassium phosphate (pH 7.0), and 55 µL (1 µmol) azidophenacyl bromide
solution in a 1.5-mL siliconized polypropylene microcentrifuge tube. Incubate 3 h
at 37°C in the dark.

4. Precipitate derivatized oligodeoxyribonucleotide by adding 11 µL of 3 M sodium
acetate (pH 5.2) and 275 µL ice-cold 100% ethanol. Invert tube several times,
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and place at –80°C for 30 min. Centrifuge 5 min at 13,000g at 4°C. Remove
supernatant, and wash pellet with ice cold 70% ethanol. Air-dry 15 min at room
temperature (RT). Store at –20°C (stable for at least 1 yr).

3.1.3. Purification of Derivatized Oligodeoxyribonucleotide
(All Steps Carried Out Under Subdued Lighting [see Note 4])

1. Resuspend derivatized oligodeoxyribonucleotide in 100 µL of 50 mM triethyl-
ammonium acetate (pH 7.0).

2. Analyze 5-µL aliquot by C18 reversed-phase HPLC to confirm efficiency of
derivatization reaction. Use LiChrospher 100 RP-18 C18 reversed-phase HPLC
column (5 µm), with solvent A = 50 mM triethylammonium acetate (pH 7.0) and
5% acetonitrile; solvent B = 100% acetonitrile; and flow rate = 1 mL/min. Equili-
brate column with 10 column volumes of solvent A before loading sample. After
loading sample, wash column with 6 column volumes of solvent A and elute with
a 50 min gradient of 0–70% solvent B in solvent A. Derivatized and underivatized
oligodeoxyribonucleotides elute at approx 25% solvent B and approx 16% sol-
vent B, respectively (see Notes 5 and 6).

3. If derivatization efficiency is ≥80%, purify remainder of sample using procedure
in step 2, collecting peak fractions (see Notes 5 and 6).

4. Pool peak fractions, divide into 1-mL aliqouts, and dry in Speedvac. Store desic-
cated at –20°C in the dark (stable for at least 1 yr).

5. Resuspend one aliquot in 100 µL TE. Remove 5 µL, dilute with 495 µL water,
and determine concentration from UV absorbance at 260 nm (molar extinction
coefficient = 242,000 AU/M/cm).

6. Divide remainder of derivatized-oligodeoxyribonucleotide/TE solution from step
5 into 20, 5-pmol aliquots and one larger aliquot, dry in Speedvac, and store
desiccated at –20°C in the dark (stable for at least 1 yr).

3.2. Preparation of Derivatized DNA Fragment, Enzymatic Reactions
3.2.1. Radiophosphorylation of Derivatized Oligodeoxyribonucleotide
(All Steps Carried Out Under Subdued Lighting [see Note 4])

1. Resuspend 5 pmol derivatized oligodeoxyribonucleotide in 12 µL water. Add 2 µL
of 10X phosphorylation buffer, 5 µL of [γ-32P]ATP (50 µCi) and 1 µL (10 U) T4
polynucleotide kinase. Incubate 15 min at 37°C. Terminate reaction by heating
5 min at 65°C (see Note 7).

2. Add 15 µL water.
3. Desalt radiophosphorylated derivatized oligodeoxyribonucleotide into TE using

CHROMA SPIN+TE–10 spin column according to supplier’s protocol.
4. Immediately proceed to next step, or, if necessary, store radiophosphorylated derivatized

oligodeoxyribonucleotide solution at –20°C in the dark (stable for up to 24 h).

3.2.2. Annealing, Extension, and Ligation
of Radiophosphorylated Derivatized Oligodeoxyribonucleotide
(All Steps Carried Out Under Subdued Lighting [see Note 4])

1. In 1.5-mL siliconized polypropylene microcentrifuge tube, mix 34 µL radio-
phosphorylated derivatized oligodeoxyribonucleotide, 1 µL of 10 µM upstream
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primer, 1 µL of 1 µM M13mp2(ICAP-UV5) ssDNA (for analysis of crosslinks
to template DNA strand) or M13mp2(ICAP-UV5)-rev ssDNA (for analysis
of crosslinks to nontemplate DNA strand), and 4 µL of 10X annealing buffer.

2. Heat 5 min at 65°C (see Note 7). Transfer to 500-mL beaker containing 200 mL
water at 65°C, and place beaker at room temperature to permit slow cooling
(65°C to 25°C in approx 60 min).

3. Add 2 µL of 25 mM dNTPs, 1 µL of 100 mM ATP, 3 µL (9 units) T4 DNA
polymerase, and 1 µL (5 units) T4 DNA ligase. Perform parallel reaction without
ligase as “no-ligase” control.

4. Incubate 15 min at room temperature, followed by 3 h at 37°C. Terminate reac-
tion by adding 1 µL of 10% SDS.

5. Desalt into TE using CHROMA SPIN+TE-100 spin column according to
supplier’s protocol. Immediately proceed to next step.

3.2.3. Digestion and Purification of Derivatized DNA Fragment
(All Steps Carried Out Under Subdued Lighting [see Note 4])

1. In 1.5-mL siliconized polypropylene microcentrifuge tube, mix 40 µL product
from Subheading 3.2.2., 4.5 µL of 10X digestion buffer, 0.25 µL (10 units)
HaeIII or 0.25 µL (10 units) PvuII (see Note 8). Incubate 1 h at 37°C.

2. Perform parallel reaction using 40 µL “no-ligase” control from step 3 of Sub-
heading 3.2.2.

3. Mix 3 µL aliquots of reaction of step 1 and of “no-ligase” control reaction of step
2, each with 7 µL denaturing loading buffer. Heat 5 min at 65°C, and then apply to
12% polyacrylamide (29:1 acrylamide:bis-acrylamide), 8 M urea, 0.5X TBE slab
gel (10 × 7 × 0.075 cm). As a marker, load 5 µL denaturing loading buffer in the
adjacent lane. Electrophorese 30 min at 25 V/cm. Dry gel, expose to X-ray film 1 h
at room temperature, and process film. Estimate ligation efficiency by comparing
reaction and “no-ligase” control lanes. If the ligation efficiency is ≥80%, proceed
to the next step. If not, repeat the steps of Subheadings 3.2.1. and 3.2.2.

4. Mix remainder of reaction of step 1 (42 µL) with 10 µL 50% glycerol. Apply to
nondenaturing 7.5% polyacrylamide (29:1 acrylamide:bis-acrylamide), 0.5X
TBE slab gel (10 × 7 × 0.15 cm). As a marker, load 5 µL nondenaturing loading
buffer in the adjacent lane. Electrophorese at 25 V/cm until the bromophenol
blue reaches the bottom of the gel.

5. Remove one glass plate, and cover the gel with plastic wrap. Attach two autora-
diography markers to the gel. Expose to X-ray film for 60 s at room temperature
and process the film. Cut out the portion of the film corresponding to the
derivatized DNA fragment. Using a light box, superimpose the cut-out film on
the gel, using autorad markers as the alignment reference points. Using dispos-
able scalpel, excise portion of gel corresponding to derivatized DNA fragment.

6. Place the excised gel slice in a 1.5-mL siliconized polypropylene microcentrifuge
tube, and crush with a 1-mL pipet tip. Add 300 µL elution buffer, centrifuge 5 s at
5000g, and incubate 12 h at 37°C.

7. Transfer supernatant to Spin-X centrifuge filter and centrifuge 1 min at 13,000g
at room temperature in fixed-angle microcentrifuge.
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8. Transfer filtrate to a 1.5-mL siliconized polypropylene microcentrifuge tube. Pre-
cipitate the derivatized DNA fragment by the addition of 1 mL ice-cold 100%
ethanol. Invert the tube several times and place at –20°C for 30 min. Centrifuge 5 min
at 13,000g at 4°C in a fixed-angle microcentrifuge. Remove and dispose of superna-
tant, wash pellet with 500 µL ice cold 70% ethanol, and air-dry for 15 min at room
temperature.

9. Resuspend in 30 µL Low-EDTA TE. Determine radioactivity by Cerenkov count-
ing. Remove 1 µL aliquot, and determine DNA concentration using PicoGreen
dsDNA quantitation kit according to supplier’s protocol. Calculate specific
activity (expected specific activity ≈5,000 Ci/mmol).

10. Store derivatized DNA fragment at 4°C in the dark (stable for ≈1 wk).

3.3. Preparation of RNAP and RNAP Derivatives

3.3.1. Preparation of Hexahistidine-Tagged Recombinant α-Subunit

1. Transform E. coli strain BL21(DE3) pLysS with plasmid pHTT7f1-NHα. Plate
to TYE agar containing 200 µg/mL ampicillin and 35 µg/mL chloramphenicol,
and incubate 12 h at 37°C.

2. Inoculate single colony into 5 mL LB containing 200 µg/mL ampicillin and
35 µg/mL chloramphenicol in a 15-mL culture tube with a culture tube stainless-
steel closure, and shake vigorously for 12 h at 37°C. Transfer to a 15 mL polypro-
pylene centrifuge tube, and centrifuge 5 min at 3000g at room temperature.
Discard supernatant, wash cell pellet twice with 5 mL LB, and resuspend cell
pellet in 5 mL LB in a new 15-mL polypropylene centrifuge tube.

3. Inoculate into 1 L LB containing 200 µg/mL ampicillin and 35 µg/mL chloram-
phenicol in a 2.8-L Fernbach flask, and shake vigorously at 37°C until OD600 =
0.6. Add 1 mL of 1 M IPTG, and shake vigorously for an additional 3 h at 37°C.

4. Transfer culture to a 1-L polypropylene copolymer centrifuge bottle. Harvest cells
by centrifugation 20 min at 5000g at 4°C.

5. Resuspend cell pellet in 100 mL buffer A at 4°C. Transfer into a 200-mL steel
beaker and place beaker on ice. Lyse cells with four 40-s sonication pulses at
25% maximum sonicator output (2-min pause between each pulse).

6. Transfer lysate to a 250-mL polypropylene copolymer centrifuge bottle. Centri-
fuge for 15 min at 15,000g at 4°C. Collect supernatant.

7. Transfer supernatant to a 250-mL glass beaker. Add 35 g ammonium sulfate and
stir for 20 min on ice.

8. Transfer suspension to a 250-mL polypropylene copolymer centrifuge bottle.
Centrifuge for 20 min at 15,000g at 4°C. Discard the supernatant.

9. Resuspend the pellet in 28 mL buffer B containing 5 mM imidazole. Transfer to
a 30-mL polypropylene copolymer centrifuge tube and rock gently for 30 min at
4°C. Centrifuge for 15 min at 15,000g at 4°C.

10. Load the supernatant onto a 5-mL Ni:NTA–agarose column pre-equilibrated with
25 mL buffer B containing 5 mM imidazole (see Note 9). Collect flowthrough
and reload onto column. Wash column with 50 mL buffer B containing 5 mM
imidazole, and 25 mL buffer B containing 10 mM imidazole. Elute column with
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15 mL buffer B containing 20 mM imidazole, 15 mL buffer B containing 30 mM
imidazole, 15 mL buffer B containing 40 mM imidazole, and 15 mL buffer B
containing 150 mM imidazole. Collect 5-mL fractions.

11. Transfer a 10-µL aliquot of each fraction to a 1.5-mL siliconized polypropylene
microcentrifuge tube, add 90 µL water and 100 µL of 10% trichloroacetic acid.
Place on ice for 20 min. Centrifuge for 5 min at 13,000g at room temperature.
Discard the supernatant. Wash the pellet with 500 µL acetone and air-dry for 15 min.
Dissolve the pellet in 5 µL water, add 5 µL of 2X SDS loading buffer, heat for 3 min
at 100°C, and apply to 10% polyacrylamide (37.5:1 acrylamide:bis-acrylamide)
and 0.1% SDS slab gel (10 × 7 × 0.075 cm). As a marker, load 5 µL prestained
protein molecular weight markers into the adjacent lane. Electrophorese in SDS
running buffer at 25 V/cm until the bromophenol blue reaches the bottom of gel.
Stain the gel by gently shaking for 5 min in 50 mL of 0.2% Coomassie Brilliant
Blue G–250 in the destaining solution. Destain by gently shaking for 10 h in 100 mL
destaining solution.

12. Pool fractions containing homogenous α (typically fractions with buffer B con-
taining 40–150 mM imidazole). Dialyze using a 10-kDa molecular-weight-cutoff
dialysis membrane against two 1-L changes of α storage buffer for 16 h at 4°C.

13. Determine protein concentration and total protein amount using Bio-Rad Protein
Assay according to the supplier’s protocol.

14. After dialysis, measure the volume and transfer to a 30-mL polypropylene
copolymer centrifuge tube. Add 3 g ammonium sulfate per 10 mL and rock gently
for 20 min at 4°C. Centrifuge for 20 min at 15,000g at 4°C.

15. Remove and discard 10 mL of supernatant. Resuspend pellet in the remaining
supernatant. Divide into 50-µL aliquots and transfer to 1.5-mL siliconized
polypropylene microcentrifuge tubes. Centrifuge aliquots for 5 min at 13,000g at
4°C. Store at –80°C (stable for at least 1 yr). Expected yield: 20–30 mg (250–500
µg/aliquot). Expected purity: >99%.

3.3.2. Preparation of Crude Recombinant RNAP Subunits
and Subunit Fragments

1. Transform plasmid encoding RNAP subunit or subunit fragment into E. coli strain
BL21(DE3) pLysS (for plasmids with φ10P- or lacP-φ10P-based expression;
Tables 1 and 2) or E. coli strain XL1-blue (for plasmids with lacP-based expres-
sion; Tables 1 and 2). Plate transformants of BL21(DE3) pLysS to TYE agar
containing 200 µg/mL ampicillin (40 µg/mL kanamycin for plasmid pβ'821–1407)
and 35 µg/mL chloramphenicol, and incubate for 12 h at 37°C. Plate trans-
formants of XL1-blue to TYE agar containing 200 µg/mL ampicillin (40 µg/mL
kanamycin for plasmid pβ1–235) and 20 µg/mL tetracycline, and incubate for 16 h
at 37°C.

2. Inoculate a single colony into 5 mL LB containing antibiotics at concentrations
specified in step 1 in a 15-mL culture tube with stainless-steel closure, and shake
vigorously for 12 h at 37°C. Transfer to a 15-mL polypropylene centrifuge tube
and centrifuge for 5 min at 3000g at room temperature. Discard the supernatant,
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wash the cell pellet twice with 5 mL LB, and resuspend the cell pellet in 5 mL LB.
3. Inoculate into 1 L LB containing antibiotics at concentrations specified in step 1

in a 2.8-L Fernbach flask, and shake vigorously at 37°C until OD600 = 0.6. Add 1 mL
of 1 M IPTG and shake vigorously for an additional 3 h [transformants of
BL21(DE3) pLysS] or 5 h (transformants of XL1-blue) at 37°C.

4. Transfer culture to a 1 L polypropylene copolymer centrifuge bottle. Harvest the
cells by centrifugation for 20 min at 5000g at 4°C.

5. Resuspend the cell pellet in 10 mL buffer C containing 0.2% sodium deoxycho-
late and 0.02% lysozyme in a 30-mL polypropylene copolymer centrifuge tube at
4°C. Place the tube on ice. Lyse cells with five 30-s sonication pulses at 25%
maximum sonicator output (2-min pause between each pulse).

6. Centrifuge 20 min at 15,000g at 4°C. Discard the supernatant.
7. Resuspend the pellet in 10 mL buffer C containing 0.2% n-octyl-β-D-gluco-

pyranoside (0.5% Triton X–100 for preparation of σ70) and 0.02% lysozyme at
4°C. Sonicate as in step 5. Centrifuge for 20 min at 15,000g at 4°C. Discard the
supernatant.

8. Resuspend pellet in 10 mL buffer C containing 0.2% n-octyl-β-D-glucopyranoside
(0.5% Triton X–100 for preparation of σ70) at 4°C. Sonicate as in step 5. Centri-
fuge for 20 min at 15,000g at 4°C. Discard the supernatant.

9. Resuspend pellet in 10 mL buffer C at 4°C. Place tube on ice and sonicate for 10 s
at 25% maximum sonicator output. Divide into 500-µL aliquots and transfer to
1.5-mL siliconized polypropylene microcentrifuge tubes. Centrifuge for 5 min at
13,000g at 4°C. Discard the supernatant.

10. Add 100 µL ice-cold buffer C containing 10% glycerol to each aliquot. Store
at –80°C (stable for at least 2 yr). Expected yield: 50–100 mg (1.5–3 mg/ali-
quot). Expected purity: 50–90%.

3.3.3. Reconstitution of RNAP and RNAP Derivatives

1. Thaw aliquots containing purified subunit (from Subheading 3.3.1., step 15)
and crude recombinant RNAP subunits and subunit fragments (from Subhead-
ing 3.3.2., step 10) by placing on ice for 10 min. Centrifuge for 30 s at 13,000g at
4°C. Discard supernatants.

2. Resuspend each pellet in 500 µL buffer D. Incubate for 30 min at 4°C, rocking
gently. Centrifuge for 5 min at 13,000g at 4°C.

3. Transfer supernatants to new 1.5-mL siliconized polypropylene microcentrifuge
tubes at 4°C. Determine the protein concentrations using Bio-Rad Protein Assay
according to the supplier’s protocol (expected concentrations: 3–6 mg/mL).

4. Prepare core reconstitution mixture by combining in a 1.5-mL siliconized
polypropylene microcentrifuge tube the following: 30 µg N-terminally
hexahistidine-tagged α, 300 µg β (or 170 µg β1–235 and 800 µg β235–1342; or 700 µg
β1–989 and 300 µg β951–1342) and 500 µg β' (or 400 µg β'1–581 and 500 µg β'545–1407;
or 700 µg β'1–877 and 330 µg β'821–1407), and diluting with buffer D to a total
protein concentration of 450 µg/mL.
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5. Prepare σ70 reconstitution mixture by adding 250 µg σ70 to a 1.5-mL siliconized
polypropylene microcentrifuge tube and diluting with buffer D to a total protein
concentration of 1500 µg/mL.

6. Dialyze core and σ70 reconstitution mixtures separately in collodion dialysis bags
against two 1-L changes of buffer E for 16 h at 4°C.

7. Transfer core and σ70 reconstitution mixtures to separate 2.0-mL siliconized
polypropylene microcentrifuge tubes. Centrifuge for 5 min at 13,000g at 4°C.
Combine supernatants in a single, new 2.0-mL siliconized polypropylene
microcentrifuge tube.

8. Incubate 45 min at 30°C. Centrifuge for 10 min at 13,000g at 4°C.

3.3.4. Purification of RNAP and RNAP Derivatives
1. During incubation of step 8 of Subheading 3.3.3., place 200 µL Ni:NTA–agar-

ose in a 2.0-mL siliconized polypropylene microcentrifuge tube and centrifuge
for 2 min at 13,000g at 4°C. Remove supernatant.

2. Resuspend Ni:NTA–agarose in 1 mL buffer F containing 5 mM imidazole at 4°C.
Centrifuge 2 min at 13,000 × g at 4°C. Remove supernatant. Repeat two times.

3. Add supernatant of step 8 of Subheading 3.3.3. to Ni:NTA–agarose from step 2.
Incubate 45 min at 4°C, rocking gently. Centrifuge for 2 min at 13,000g at 4°C.
Discard the supernatant.

4. Resuspend in 1.5 mL buffer F containing 5 mM imidazole at 4°C. Rock gently for 15 s
at 4°C. Centrifuge 2 min at 13,000g at 4°C. Discard the supernatant. Repeat two times.

5. Resuspend in 250 µL buffer F containing 150 mM imidazole. Rock gently for 2 min
at 4°C. Centrifuge for 2 min at 13,000g at 4°C.

6. Transfer supernatant to Nanosep-30K centrifugal concentrator. Centrifuge at
13,000g at 4°C until sample volume is reduced to approx 50 mL (approx 15 min).

7. Transfer the sample to a 1.5-mL siliconized polypropylene microcentrifuge tube.
Add, in order, 1 µL of 0.1 M β-mercaptoethanol and 50 µL glycerol, mix well,
and store at –20°C (stable for at least 1 mo).

8. Determine the protein concentration using the Bio-Rad Protein Assay according
to the supplier’s protocol. Expected yield: 100 µg. Expected purity: >90%.

3.4. In-Gel Photocrosslinking

3.4.1. Synthesis of N,N'-Bisacryloylcystamine (BAC) (see Note 10)
1. Acryloyl chloride is highly toxic. Therefore, all manipulations in this section

must be performed in a fume hood.
2. Dissolve 4.0 g (18 mmol) cystamine dihydrochloride in 40 mL of 3 M NaOH

(120 mmol). Dissolve 4.3 mL (54 mmol) acryloyl chloride in 40 mL chloroform.
Mix solutions in 500 mL flask (see Note 11). (Two phases will form: an upper,
aqueous phase; and a lower, organic phase.) Place flask on a plate stirrer and stir
3 min at room temperature, followed by 15 min at 50°C.

3. Discontinue stirring. Immediately transfer reaction mixture to a 500-mL separat-
ing funnel, allow phases to separate (approx 2 min), and transfer lower, organic
phase to a 250-mL beaker.
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4. Place on ice for 10 min. Collect precipitate by filtration in Büchner funnel.
5. Transfer precipitate to a 250-mL beaker with 30 mL chloroform at room tem-

perature. Place beaker on plate stirrer and stir 1 min at room temperature, fol-
lowed by 5 min at 50°C. Place on ice for 10 min and collect precipitate (BAC) by
filtration in Büchner funnel.

6. Transfer precipitate to a 50-mL polypropylene centrifuge tube. Seal tube with Parafilm,
pierce seal several times with a syringe needle, place tube in vacuum desiccator, and
dry under a vacuum for 16 h at room temperature. Expected yield: 1.5–1.9 g.

3.4.2. Preparation of Polyacrylamide:BAC Gel

1. Prepare 20% acrylamide:BAC (19:1) stock solution by dissolving, in order, 19 g
acrylamide and 1 g BAC in 80 mL water in a 200-mL beaker at room tempera-
ture. Place on a plate stirrer and stir for 10 min at 60°C (see Note 12). Adjust
volume to 100 mL with water. Allow solution to cool to room temperature. Filter
stock solution using 0.22-µm filter unit and store at room temperature in the dark
(stable for at least 2 mo).

2. Mix 9 mL of 20% acrylamide:BAC (19:1) stock solution, 1.8 mL of 10X TBE,
and 25.2 mL water. Add 180 µL TEMED and 90 µL freshly prepared 10%
ammonium persulfate (see Note 13). Immediately pour into slab gel assembly with
siliconized notched glass plate (27 × 16 × 0.1 cm) (see Note 14). Insert comb and
heat slab gel assembly to approx 60°C by positioning a bench lamp with a 60-W
tungsten bulb 2 cm from the outer glass plate (see Note 15). Allow 10–20 min for
polymerization. (The polyacrylamide:BAC gel is stable for up to 72 h at 4°C.)

3.4.3. Formation and Isolation of RNAP–Promoter Complexes

3.4.3.1. FORMATION AND ISOLATION OF RNAP–PROMOTER INTERMEDIATE COMPLEX

(ALL STEPS CARRIED OUT UNDER SUBDUED LIGHTING [SEE NOTE 4])

1. Place polyacrylamide:BAC slab gel in electrophoresis apparatus and pour 0.5X
TBE into upper and lower reservoirs.

2. Prerun gel for 2 h at 20 V/cm.
3. Prechill electrophoresis unit by placing in 15°C cabinet for 3 h.
4. During 15°C prechilling of step 3, dilute RNAP or RNAP derivative to

180 µg/mL (400 nM) in buffer F containing 1 mM β-mercaptoethanol and 50%
glycerol, and place tubes containing diluted RNAP, derivatized DNA fragment,
2X DTT-free transcription buffer, and water, at 15°C.

5. Immediately after 15°C gel prechilling of step 3, add the following, in order, to a
1.5-mL siliconized polypropylene microcentrifuge tube: 2 µL of 5 nM derivatized
DNA fragment (approx 5000 Ci/mmol), 5 µL 2X DTT-free transcription buffer, 2 µL
water, and 1 µL of 180 µg/mL (400 nM) RNAP or RNAP derivative (all at 15°C).

6. Incubate 20 min at 15°C in the dark.
7. During incubation of step 6, apply voltage to gel in a 15°C cabinet: 16 V/cm.

Wash wells of gel carefully with 0.5X TBE to remove unpolymerized acrylamide
and BAC. (Caution: care must be exercised to avoid electrocution.)
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8. After completing incubation of step 6, immediately add 1 µL of 0.22 mg/mL
heparin (prechilled to 15°C), mix, and immediately apply sample to gel in 15°C
cabinet (see Note 16). Load 5 µL nondenaturing loading buffer into adjacent lane.
(Caution: care must be exercised to avoid electrocution.) Continue electrophore-
sis in a 15°C cabinet for 20 min at 16 V/cm. Monitor gel temperature at 5-min
intervals by inserting the thermocouple probe into the gel for 5 s (and removing
immediately thereafter). Maintain the gel temperature at 15°C. If the gel tem-
perature rises above 15°C, temporarily reduce electrophoresis voltage to 10 V/cm.

9. Immediately proceed to the next step (Subheading 3.4.4.).

3.4.3.2. FORMATION AND ISOLATION OF RNAP–PROMOTER OPEN COMPLEX

(ALL STEPS CARRIED OUT UNDER SUBDUED LIGHTING [SEE NOTE 4])

1. Place polyacrylamide:BAC slab gel in electrophoresis apparatus, clip 10 × 25-cm
silicone heating mat directly to outer glass plate of the slab gel assembly with
four large binder clips, and pour 0.5X TBE buffer in upper and lower reservoirs.

2. Prerun gel for 2 h at 20 V/cm.
3. Prewarm electrophoresis unit by placing in 37°C cabinet for 3 h.
4. During 37°C prewarming of step 3, dilute RNAP or RNAP derivative to 180 µg/mL

(400 nM) in buffer F containing 1 mM β-mercaptoethanol and 50% glycerol.
5. Immediately after 37°C prewarming of step 3, add the following, in order, to a

1.5-mL siliconized polypropylene microcentrifuge tube: 2 µL of 5 nM derivatized
DNA fragment (approx 5000 Ci/mmol), 5 µL of 2X DTT-free transcription buffer,
2 µL water, and 1 µL of 180 µg/mL (400 nM) RNAP or RNAP derivative (all at
room temperature).

6. Incubate for 20 min at 37°C in the dark.
7. During incubation of step 6 apply voltage to the gel: 16 V/cm. Wash wells of gel

carefully with 0.5X TBE to remove unpolymerized acrylamide and BAC.
(Caution: Care must be exercised to avoid electrocution.) Connect heating mat
to variable-voltage controller. Monitor the gel temperature at 5-min intervals by
inserting thermocouple probe into the gel for 5 s (and removing immediately
thereafter). Maintain gel temperature at 37°C, adjusting heater voltage as neces-
sary (typically 12–14V).

8. After completing incubation of step 6, immediately add 1 µL of 0.22 mg/mL
heparin (prewarmed to 37°C), mix, and immediately apply sample to gel (see
Note 16). Load 5 µL nondenaturing loading buffer into adjacent lane. (Caution:
care must be exercised to avoid electrocution.) Continue electrophoresis 20 min at
16 V/cm. Monitor the gel temperature at 5-min intervals by inserting the thermocouple
probe into the gel for 5 s (and removing immediately thereafter). Maintain the gel
temperature at 37°C, adjusting heater voltage as necessary (typically 12–14V).

9. Immediately proceed to next step (Subheading 3.4.4.).

3.4.4. In-Gel UV Irradiation of RNAP–Promoter Complex

1. Remove gel with both glass plates in place (see Note 17) and mount vertically in
a Rayonet RPR-100 photochemical reactor equipped with 16 RPR-3500 Å tubes.
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2. Immediately UV irradiate for 3 min (17 mJ/mm2 at 350 nm) (see Note 18).
3. Immediately proceed to the next step (Subheading 3.4.5.).

3.4.5. Identification, Excision, and Solubilization of Portion
of Gel Containing RNAP–Promoter Complex

1. Remove one glass plate, and cover gel with plastic wrap (leaving the other glass
plate in place). Attach two autorad markers. Expose to X-ray film for 1.5 h at
room temperature (see Note 19). Process the film.

2. Cut out the portion of film corresponding to the RNAP–promoter complex of
interest. Using a light box, superimpose the cut-out film on gel, using autorad
markers as reference points. Using disposable scalpel, excise the portion of gel
corresponding to the RNAP–promoter complex. Transfer excised gel slice to a
1.5-mL siliconized microcentrifuge tube.

3. Solubilize the gel slice by adding 10 µL of 1 M DTT (approx 0.4 M final) and
heating for 5 min at 37°C (see Note 20).

4. Immediately proceed to the next step (Subheading 3.4.6.).

3.4.6. Nuclease Digestion

1. During X-ray film exposure of step 1 of Subheading 3.4.5., dilute DNase I and
micrococcal nuclease with ice cold nuclease dilution solution to a final concen-
tration of 10 U/µL.

2. Transfer 10 µL of the solubilized gel slice (Subheading 3.4.5., step 3) to a new
1.5-mL siliconized polypropylene microcentrifuge tube and add 1 µL of 200 mM
CaCl2, 1 µL of 0.2 mM PMSF, 0.5 µL (5 U) micrococcal nuclease, and 0.5 µL
(5 U) DNase I. Incubate for 20 min at 37°C. Terminate reaction by adding 3 µL of
5X SDS loading buffer and heating for 5 min at 100°C.

3. Immediately proceed to next step (Subheading 3.4.7.).

3.4.7. Analysis

1. Apply the entire sample (16 µL) to a 4–15% gradient polyacrylamide (37.5:1
acrylamide:bis-acrylamide) slab gel. As a marker, load 5 µL prestained protein
molecular-weight markers into the adjacent lane. Electrophorese in SDS running
buffer at 25 V/cm until the bromophenol blue reaches the bottom of the gel.

2. Dry gel, and autoradiograph or phosphorimage.

4. Notes
1. M13mp2(ICAP-UV5) carries the lacP(ICAP-UV5) promoter, a derivative of the

lacP promoter having a consensus DNA site for CAP (37) and a consensus –10
element (38). M13mp2(ICAP-UV5) was prepared from M13mp2-lacP1(ICAP)
(39) by use of site-directed mutagenesis to introduce a consensus –10 element
(40). M13mp2(ICAP-UV5)-rev carries the lacP(ICAP-UV5) promoter in an ori-
entation opposite to that in M13mp2(ICAP-UV5). M13mp2(ICAP-UV5)-rev was
prepared from M13mp2(ICAP-UV5) by excising the PvuII-PvuII segment corre-
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sponding to positions –217 to -125 of lacP(ICAP-UV5) and inverting the PvuII–
PvuII segment corresponding to positions –124 to +145 of lacP(ICAP-UV5).

2. M13mp2(ICAP-UV5) and M13mp2(ICAP-UV5)-rev ssDNAs carry respectively
the nontemplate and template strands of lacP(ICAP-UV5). M13mp2(ICAP-UV5)
and M13mp2(ICAP-UV5)-rev ssDNAs are prepared as in ref. 7.

3. The specified 10X digestion buffer is for PvuII and HaeIII. Use 10X digestion buffer
recommended by supplier—omitting DTT (see ref. 41)—for other restriction enzymes.

4. Fluorescent light and daylight must be excluded. Low to moderate levels of
incandescent light (e.g., from a single bench lamp with a 60-W tungsten bulb)
are acceptable.

5. The derivatized oligodeoxyribonucleotide tolerates exposure to the Hitachi
L-3000 diode-array HPLC UV detector. The derivatized oligodeoxyribo-
nucleotide can be identified unambiguously by monitoring the UV-absorbance
spectrum from 200 nm to 350 nm. The derivatized oligodeoxyribonucleotide
exhibits an absorbance peak at 260 nm, attributable to DNA, and a shoulder at
300–310 nm, attributable to the azidophenacyl group.

6. The derivatization procedure yields two diastereomers in an approximately one-
to-one ratio: one in which azidophenacyl is incorporated at the sulfur atom corre-
sponding to the phosphate O1P, and one in which azidophenacyl is incorporated
at the sulfur atom corresponding to the phosphate O2P (see refs. 4 and 6).
Depending on oligodeoxyribonucleotide sequence and HPLC conditions, the two
diastereomers may elute as a single peak, or as two peaks (e.g., at 24% and 25%
solution B). In most cases, no effort is made to resolve the two diastereomers,
and experiments are performed using the unresolved diastereomeric mixture. This
permits simultaneous probing of protein–DNA interactions in the DNA minor
groove (probed by the O1P-derivatized diastereomer) and the DNA major groove
(probed by the O2P-derivatized diastereomer).

7. Phenyl azides are unstable at temperatures above 70°C. Avoid heating
above 70°C.

8. HaeIII digestion, which yields a DNA fragment corresponding to positions –141
to +63 of lacP(ICAP-UV5), is used for preparation of DNA fragments derivatized
between positions –80 and –1, inclusive. PvuII digestion, which yields a DNA
fragment corresponding to positions –124 to +145 of lacP(ICAP-UV5), is used
for preparation of DNA fragments derivatized between positions +1 and +80
inclusive. (Use of DNA fragments with >60 bp between the site of derivatization
and the nearest DNA fragment end eliminates “nonspecific” crosslinking from
the subpopulation of complexes having RNAP bound at a DNA-fragment end
[42] rather than at the promoter.)

9. Pour 10 mL Ni:NTA–agarose suspension into a 20-mL Econo-Pac column.
Remove snap-off tip at bottom and allow liquid to drain. Place the frit on the top
of the column bed.

10. BAC is a disulfide-containing analog of bis-acrylamide (43–45) Polyacryla-
mide:BAC gels can be solubilized by addition of reducing agents (43–45). The
synthesis of BAC in this chapter is adapted from ref. 43.
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11. Acryloyl chloride reacts violently with water. Add acryloyl chloride in 0.5-mL
portions, waiting 30 s between successive additions.

12. BAC is substituted for bis-acrylamide on a mole-equivalent, not mass-equiva-
lent, basis (43–45). The solubility of BAC in water is increased by adding
acrylamide before adding BAC and by performing additions at 60°C.

13. TEMED and ammonium persulfate concentrations are critical variables in the
preparation of polyacrylamide:BAC gels (44,45). (Use of nonoptimal TEMED
and ammonium persulfate concentrations in preparing of polyacrylamide:BAC
results in difficulties in subsequently solubilizing gels.)

14. Siliconize notched glass plate by applying 30 µL SurfaSil siliconizing agent and
spreading evenly with a Kimwipe.

15. Heating during polymerization yields polyacrylamide:BAC gels that are
maximally solubilizable upon the addition of reducing agents (44,45). Heat
the glass plates of the gel assembly evenly. (If necessary, use two task lamps.)
Avoid heating above 70°C, as this can result in the formation of bubbles and/
or detachment of gels from the glass plates.

16. Do not add loading buffer to the reaction mixture. The reaction mixture is suffi-
ciently dense for loading (because of the presence of glycerol).

17. Ultraviolet irradiation is performed with both glass plates in place. The glass
plates exclude wavelengths <300 nm, minimizing photodamage to the protein
and DNA. It is important to verify that the plates exhibit absorbances of ≤1.5 AU
at 320 nm (e.g., by sacrificing a glass plate and placing a piece in the cuvet holder
of a UV/Vis spectrophotometer). Glass plates purchased from Aladin (San Fran-
cisco, CA, USA) have performed satisfactorily.

18. For in-gel UV irradiation of the RNAP–promoter intermediate complex, prechill
photochemical reactor for 15 min in a 15°C cabinet.

19. Do not use tight-fitting X-ray autoradiography cassettes, which can squeeze and
distort the gel on the glass plate during exposure. The Kodak X-ray exposure
holder with intensifying screen has performed satisfactorily.

20. 2–4 M β-mercaptoethanol can be substituted for 1 M DTT.
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Site-Directed DNA Photoaffinity Labeling
of RNA Polymerase III Transcription Complexes

Jim Persinger and Blaine Bartholomew

1. Introduction
Site-specific DNA photoaffinity labeling is a useful technique for mapping

interactions of proteins with DNA in complex systems such as the yeast RNA
polymerase III (Pol III) transcription complex, which consists of at least 25
different proteins (1,2). This technique allows probing of protein–DNA
interactions across large stretches of DNA and can be done in relatively crude
extracts. The regions or domains of the protein contacting DNA can be
identified by peptide mapping of the photoaffinity labeled protein. Our
discussion of DNA photoaffinity labeling will focus on (1) the synthesis of
photoreactive nucleotide analogs, (2) the manner in which the photoreactive
nucleotide is incorporated into DNA, and (3) experimental details of DNA
photoaffinity labeling.

Our group has used this technique to map the locations of many of the pro-
teins of the Pol III transcription complex to sites within the SUP4 tRNATyr

gene (3–5). Some of the advantages of this approach are (1) detailed mapping
of protein interactions with DNA in large multisubunit protein–DNA com-
plexes and (2) the ability to use crude protein extracts potentially containing
important auxiliary factors that may be lost upon purification. Solid-phase
DNA probe synthesis allows for the synthesis of multiple probes in a single
day, whereas in the past, this process would have taken several days. The syn-
thesis of modified analogs for dATP, dCTP, and dTTP allow for the incorpora-
tion at nearly all positions in DNA. The photoreactive moiety can be changed
on these nucleotides to place the more photoreactive phenyl diazirine into DNA
to better target all potential protein surfaces. These photoreactive groups have
short half-lives of less than 1 ns to approx 5 µs and can be used for kinetic
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analysis of changes in specific protein–DNA contacts. The 4-thiothymidine
nucleotide has also been used for zero-distance crosslinking of protein to DNA
and may be use useful for probing very close protein–DNA contacts (6).

2. Materials
2.1. Synthesis of Modified Nucleotides

1. Para-azidobenzoic acid (4-ABA) (Molecular Probes).
2. Succinimidyl esters of 4-azidobenzoic acid, 4-azido-2,3,5,6-tetrafluorobenzoic

acid, and 4-benzoylbenzoic acid (Molecular Probes).
3. 5-[N-(3-Aminoallyl)]-deoxyuridine triphosphate (5-aa-dUTP) (Sigma).
4. dCTP (Sigma).
5. Ethylene diamine, dicyclohexylcarbodiimide, anhydrous dioxane (99+%), ethyl

ether, and sodium metabisulfite (Aldrich).
6. DEAE–Sephadex A-25 resin (Pharmacia).
7. Glycine, glycyl glycine, and glycylglycyl glycine (Sigma).
8. pH indicator strip (Panpeha, Schleicher & Schull).
9. Polyethyleneimine (PEI)–cellulose thin-layer chromatography (TLC) plates

(J. T. Baker, with fluorescence indicator).
10. TE: 10 mM Tris-HCl, pH 8.0, 1 mM EDTA.

2.2. Immobilized DNA Templates

1. Buffer A: 10 mM Tris-HCl (pH 8.0), 10 mM MgCl2, 50 mM NaCl, and 1 mM
dithiothreitol (DTT).

2. Buffer B: 1 M LiCl, 10 mM Tris-HCl (pH 8.0), 1 mM EDTA, and 0.1% sodium
dodecyl sulfate (SDS).

3. Plasmid DNA pTZ1 containing the SUP4 tRNATyr gene with promoter-up muta-
tion inserted into pGEM1 (7).

4. Magnetic separation stand for DNA bead isolation (Promega).
5. M-280 Streptavidin Dynabeads (Dynal).
6. Buffer C: 2 M NaCl, 10 mM Tris-HCl (pH 7.5), and 1 mM EDTA (pH 8.0).
7. Buffer D: 30 mM Tris-HCl (pH. 8.0), 50 mM KCl, 7 mM MgCl2, 1 mM of 2-mer-

captoethanol, and 0.05% Tween-20.
8. Polystrene chromatography columns (5 in. [12.5 cm]) with a 45- to 90-µm

filter (Evergreen Scientific). These disposable columns are ideal for the 2.5-mL
spin columns.

9. Bio-11–dUTP and Bio-14–dATP (Sigma).

2.3. DNA Probe Synthesis

1. Buffer E: 150 mM Tris-HCl (pH 8.0), 250 mM KCl, 35 mM MgCl2, 5 mM of
2-mercaptoethanol, and 0.25% Tween-20.

2. Storage buffer F: 50 mM potassium phosphate (pH 7.0), 5 mM of 2-mercap-
toethanol, and 50% glycerol.
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3. Storage buffer G: 50 mM KCl, 10 mM Tris (pH 7.5), 0.1 mM EDTA, 5 mM of
2-mercaptoethanol, 200 mg/mL bovine serum albumin (BSA), and 50% glycerol.

4. Site-specific oligonucleotides and upstream oligonucleotide (50-nmol-
scale synthesis).

5. 4-Thiothymidine triphosphate (Amersham/Pharmacia).
6. Exonuclease-free version of the Klenow fragment of DNA Polymerase I

(Amersham/Pharmacia, 5 U/µL) diluted to 0.25 U/µL with storage buffer F.
7. T4 DNA ligase (New England Biolabs, high concentration form, 2000 U/µL)

diluted to approx 300 U/µL with storage buffer G containing 5 mM  of
2-mercaptoethanol.

8. TE: 10 mM Tris-HCl (pH 8.0) and 1 mM EDTA.
9. PBS: phosphate-buffered saline solution (pH 7.4).

10. T4 DNA polymerase from New England Biolabs, comes stored in 100 mM potas-
sium phosphate (pH 6.5), 10 mM of 2-mercaptoethanol, and 50% glycerol.

2.4. Photoaffinity Labeling

1. Buffer H: 100 mM Tris-HCl (pH 8.0), 25 mM MgCl2 and 250 mM NaCl.
2. Buffer I: 100 mM NaCl, 40 mM Tris-HCl (pH 8.0), 5 mM MgCl2, 1 mM EDTA,

20% glycerol, 10 mM of 2-mercaptoethanol, 0.5 mM phenylmethylsulfonyl fluo-
ride (PMSF), 1 µg/mL pepstatin, and 1 µg/mL leupeptin.

3. Zinc acetate solution: 0.5 M glacial acetic acid and 12.5 mM zinc acetate.
4. 5X DB: 10% SDS, 25% 2-mercaptoethanol, 0.3 M Tris-HCl (pH 6.8), 0.4%

bromophenol blue.
5. 3 NTP mix: 2 µL of 100 mM ATP, UTP, and CTP (Boehringer Mannheim), 20 µL

buffer H, 35 µL Buffer I, and 43 µL sterile deionized water.

2.5. Peptide Mapping

1. Formic acid (99%, Sigma).
2. Diphenylamine (ACS 99+%, Aldrich).
2. Cyanogen bromide (97%, Aldrich.
3. Centricon 30 (Millipore).

3. Methods
Synthesis of modified nucleotides and DNA photoaffinity probes is done

with indirect lighting conditions using 40-W incandescent lamps.

3.1. Synthesis of Modified Nucleotides

We have used a variety of modified nucleotides to probe the RNA poly-
merase III transcription complex. This section contains procedures for the syn-
thesis of some of the commonly used nucleotides.

3.1.1. AB–dUTP

AB–dUTP (Fig. 1) is synthesized as follows:
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1. Add 100 µL of 100 mM 4-azidobenzoic acid N-hydroxysuccinimide solution
(ABA-NHS) in dimethylformamide (DMF) to 100 µL of 20 mM 5-aa-dUTP in
100 mM sodium borate (pH 8.5) (8). The reaction is incubated at 25°C for 4 h,

Fig. 1. Structures of each of the photoreactive nucleotide analogs are shown. The
complete IUPAC names for each nucleotide is given in the text.
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and the pH of the reaction is checked with pH indicator strips (pH 8.5). Any
excess precipitation that forms can be eliminated by addition of DMF.

2. The coupling reaction is stopped by the addition of 200 µL sterile deionized water
and the product applied to a 0.7 × 8-cm (1.6-mL) DEAE–Sephadex A-25 column
equilibrated in 100 mM TEAB (pH 8.0). The column is washed with 5 mL of the
same buffer at a flow rate of 5 mL/h, and eluted with a 30-mL linear gradient of
0.1 to 1.5 M TEAB (pH 8.0), and 500 µL fractions are collected.

3. Every third fraction from the column is evaporated to dryness by vacuum
centrifugation and resuspended in 250 µL of sterile deionized water. The samples
are dried down and this process repeated a further time.

4. The fractions are resuspended in 50 µL of sterile deionized water and 2 µL of
each analyzed on PEI-cellulose TLC plates (see Note 1). The plates were
developed with 1 M LiCl and visualized with ultraviolet (UV) light source
(254 nM). The reported Rf values for 5-aa-dUTP and AB–dUTP are 0.54 and
0.098, respectively (8).

5. All of the fractions containing AB–dUTP are combined and TEAB is removed
by repeated drying and resuspension in sterile deionized water. The final product
is resuspended in 200 µL of TE. An estimated extinction coefficient of AB–dUTP
at 270 nm is 10.3 × 103/M/cm at pH 8.0 (based on the sum of the extinction
coefficients of ABA and 5-aa-dUTP at the indicated pH and wavelength). A con-
centrated stock of AB–dUTP is stable at –80°C for several years, and a 0.2-mM
working stock can be stored at –20°C wrapped in foil (see Notes 2–4).

3.1.2. Varied Tether-Length Nucleotides

The tether of AB–dUTP is 9–10 Å in length and places the photoreactive
group near the edge of the major groove of DNA. We have synthesized differ-
ent dUTP and dCTP analogs with varying tether lengths by the addition of
glycine residues into the tether (4). Synthesis of these nucleotide analogs is
similar to that of AB–dUTP and is as follows (Fig. 1).

Para-azidobenzoic acid (4-ABA) was esterified with N-hydroxysuccinimide
(NHS) using the coupling reagent dicyclohexylcarbodiimide (DCI) and the
product was recrystallized from anhydrous dioxane and ethyl ether (1:1) (9).

1. A typical reaction contained 28 mmol ABA and 28 mmol NHS in 50 mL of anhy-
drous dioxane (99+%).

2. The solution is cooled in ice, and DCI in 15 mL dioxane is added and stirred for
approx 24 h at room temperature.

3. Dicyclohexyl urea is removed by centrifugation and the supernatant was evapo-
rated to dryness by vacuum centrifugation.
The ABA-NHS is coupled to glycine, (Gly-Gly), or (GlyGlyGly) to make ABA
derivatives with glycine, Gly-Gly, or Gly-Gly-Gly, respectively, attached to the
carboxylic group of 4-ABA.

4. The reaction is started on ice and contains 2 mmol of glycine, the Gly-Gly, or
Gly-Gly-Gly and 4 mmol of sodium bicarbonate in 4 mL of deionized
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water to which is added 2 mmol of ABA-NHS in 8 mL of dioxane with con-
stant stirring.

5. The reaction is allowed to proceed for 10–15 min on ice and is then transferred to
room temperature and left with stirring for an additional 24 h.

6. Any insoluble material is removed from the reaction by centrifugation.
7. The pH of the reaction is lowered to 2 with concentrated HCl to precipitate

the product.
8. Products are washed with deionized water.
9. The products are esterified with N-hydroxysuccinimide as described for ABA

(Subheading 3.1.1.) except that dimethyl sulfoxide is used instead of dioxane
for the ABG3-NHS because of the limited solubility of this compound.

10. The dimethyl sulfoxide (DMSO) or dioxane is removed by vacuum centrifugation
and the product is recrystallized from dioxane/isopropyl alcohol (1:1). Any residual
solvent is removed by vacuum centrifugation. These products are coupled to 5-aa-
dUTP in the same fashion as described for AB–dUTP (Subheading 3.1.1.).

3.1.3. Varied Photochemistry Nucleotides

We have also varied the photoreactive group attached to 5-aa-dUTP to con-
tain either a phenyldiazirine, tetraflouro aryl azide, or a benzophenone group
to optimize for nonselective crosslinking (5). The coupling reactions of 5-aa-dUTP
to the NHS esters of 4-azido-2,3,5,6-tetrafluorobenzoic acid, 4-benzoylbenzoic
acid (commercially available from Molecular Probes), and 4-[3-9trifluoro-
methyl)diazirin-3-yl]benzoic acid (synthesized as described in ref. 10) are
similar to that for the synthesis of AB–dUTP (Fig. 1).

3.1.4. Synthesis of dCTP Analogs

The synthesis of dCTP nucleotides begins with the synthesis of N4-amino-
ethyl deoxycytidine triphosphate (daeCTP) by a bisulfite-catalyzed transami-
nation reaction.

1. A bisulfite-amine solution is made by adding dropwise 2 mL of freshly distilled
ethylene diamine to 4.0 mL of concentrated HCl and 3.5 mL of deionized water
on ice.

2. Next, sodium meta-bisulfite (1.895 g) is added and the pH is adjusted to 5.0 with
concentrated HCl.

3. Then, 100 µL of 1 mg/mL hydroquinone in ethanol is added to the reaction to
scavenge free radicals. Bisulfite-amine solutions are always made up fresh.

4. The transamination reaction is initiated by adding 9 vol of the bisulfite-amine
solution to 1 vol of 100 mM dCTP in 50 mM TEAB (pH 8.0).

5. The sample is incubated with constant vortexing at 42°C for 4 h.
6. The reaction is stopped by adjusting the pH to 8.2 with 5 M KOH.
7. The product is purified by DEAE–Sephadex A-25 chromatography as described

for the purification of AB–dUTP (Subheading 3.1.1.) and dae-dCTP eluted from
0.84 M to 1.0 M TEAB.
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8. Column fractions are analyzed by TLC as described in Subheading 3.1.1. The Rf
of daeCTP is 0.221 (3).

9. Fractions containing product are pooled and concentrated to 10–12 mM. The aryl
azido or phenyl diazirine (Fig. 1) are coupled to daeCTP as discussed in Sub-
heading 3.1.1. for 5-aa-dUTP. Tether length versions of AB–dCTP have also
been synthesized with similar lengths of tether to those for the other tether-length
nucleotides discussed (Fig. 1), and the Rf values of these range from 0.067 for
ABG–dCTP to 0.078 for ABG3–dCTP.

3.2. Immobilized DNA Templates

pTZ1 plasmid DNA is used for the synthesis of the SUP4 tRNATyr DNA
photoaffinity probes.

1. DNA is biotinylated by initially digesting 200 pmol of pTZ1 plasmid with either
HindIII for nontranscribed strand templates or EcoRI for transcribed strand tem-
plates (see Note 6) (Fig. 2, step 1).

2. The 5' overhangs are biotinylated by the incorporation of Bio-11–dUTP and Bio-
14–dATP (Sigma Chemical Co.) using the exonuclease-free version of the Klenow
fragment of DNA Polymerase I (Amersham/Pharmacia). The 200-µL reaction con-
tains 200 pmol of linearized pTZ1, 20 µM Bio-14–dATP, dCTP, and dGTP, 25 µM
Bio-11–dUTP, and 150 U of Klenow fragment in buffer A (Fig. 2, step 2).

3. Unincorporated dNTPs are removed by spin-column chromatography (11) with a
2.5-mL Sephacryl S-200 spin column (Pharmacia) equilibrated in buffer B
(Fig. 2, step 3). Aliquots of the samples are removed before and after the spin
column to quantitate recovery.

4. Biotinylated DNA is precipitated by the addition of 2.5 vol of ethanol and placing
the sample at –20°C overnight.

5. The sample is then resuspended and digested with EcoRI and RsaI for non-
transcribed strand templates or HindIII and Pvu2 for transcribed strand templates
to generate a 315-base-pair biotinylated DNA fragment containing the SUP4
tRNATyr gene (Fig. 2, step 4).

Biotinylated DNA (40 pmol) is bound to Dynabeads M-280 Streptavidin
(Dynal) in the following procedure:

1. Washing Dynabeads
a. The supernatant from 200 µL Streptavidin Dynabeads (10 mg/mL) is removed

using a MagneSphere® Technology magnetic separation stand (Promega) and
the beads are resuspended in 200 µL PBS + 0.1 mg/mL BSA.

b. The beads are washed one time with 200 µL buffer C, and resuspended in
400 µL 2X B/W at 5 mg/mL (see Note 7).

2. Binding Reaction
a. A reaction is assembled consisting of 400 µL of the 5-mg/mL washed

Dynabeads and 400 µL of the 0.4-pmol/µL biotinylated DNA (see Note 8).



370 Persinger and Bartholomew



Site-Directed DNA Photoaffinity Labeling 371

b. The reaction is mixed by gentle vortexing every 5 min during a 45-min incu-
bation at 37°C (see Note 9).

c. Buffer is removed using a magnetic stand and analyzed for binding efficiency
by agarose gel electrophoresis (Fig. 3, lanes 2 and 5).

d. Beads are washed with 200 µL of 0.5X buffer C and the washes saved for
further analysis (Fig. 3, lanes 3 and 6).

e. The beads are resuspended in 100 µL of 0.5X buffer C and stored at 4°C
(Fig. 2, step 5) for extended periods of time.

3. Stripping off nonbiotinylated DNA strand
a. Supernatant is removed from the beads and the beads are resuspended in 20 µL

of 0.1 M NaOH.
b. The sample is incubated with occasional vortexing for 10 min at room tem-

perature.
c. The supernatant is removed and beads are washed one time with 50 µL of 0.1 M

NaOH and washed one time with sterile deionized water (Fig. 2, step 6).
4. Dephosphorylating DNA Beads

a. DNA beads are washed three times with 50 µL buffer D and resuspended in
100 µL buffer D.

b. Five units of shrimp alkaline phosphatase (Amersham/Pharmacia) is added to
the reaction and incubated at 37°C for 60 min.

c. Another 5 units of enzyme is added and incubated for an additional 60 min.
d. Beads are washed three times with 50 µL of TE (pH 8.0) + 0.1% SDS.
e. The beads are washed three times with 50 µL PBS + 0.1 mg/mL BSA and resus-

pended in 100 µL PBS + 0.1 mg/mL BSA (final concentration, 0.2 pmol/µL).
f. The remaining enzyme is heat inactivated by incubating the reaction at 65°C

for 15 min and gently vortexing every 5 min. The single-stranded DNA beads
can be stored for several months up to 1 yr at 4°C.

3.3. DNA Probe Synthesis

Immobilized DNA templates made by the previous procedure (Subheading
3.2.) are used to construct DNA photoaffinity probes on either the transcribed
or nontranscribed strand of the gene in the following procedure.

1. First primer extension. Remove 1 pmol of immobilized template and place in a
1.5-mL microcentrifuge tube.

2. Wash the beads three times with buffer D and resuspend in 10 µL of buffer D.
3. To each reaction add 5 µL of sterile deionized water, 1 µL of 2 mg/mL BSA, 2 µL

buffer E, and 2 µL of 2 pmol/µL site-specific oligonucleotide (see Note 10).
4. Reactions are vortexed and heated at 70°C for 3 min and vortexed gently again

before placing at 37°C for 30 min to allow the oligonucleotide primer to anneal

Fig. 2. (previous page) Diagrammatic representation DNA template preparation for
solid-phase DNA probe synthesis.
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Fig. 3. Agarose gel analysis of DNA bead preparation. Lanes 1 and 4 are
biotinylated pTZ1 DNA cut with EcoRI, HindIII, and PvuII (pTZ1/EHP) used for the
modification of the transcribed strand, or HindIII, EcoRI, and RsaI (pTZ/HER) used
for the modification of the nontranscribed strand before binding to Streptavidin
Dynabeads. The biotinylated 315-base-pair fragments contain the SUP4 tRNATyr gene.
The 80- and 40-base-pair fragments are also biotinylated, but are not used as a DNA
template. Lanes 2 and 5 are taken from the supernatant of the binding reaction of DNA
with Streptavidin Dynabeads after incubation. The abseπnce of the 315-base-pair frag-
ments in these samples shows efficient binding of probe DNA to Dynabeads. Lanes 3
and 6 are samples from a final wash of the beads after binding.
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(Fig. 4, step 1). During all incubations, samples must be vortexed gently every
5 min to keep the beads resuspended.

5. To the reaction add 1 µL of 100 µM modified nucleotide described in Subhead-
ing 3, an α-[P32]-labeled nucleotide, and 0.25 U of the exonuclease-free version of
the Klenow fragment of DNA polymerase I (Amersham/Pharmacia) (see Note 11)
and incubate at 37°C for 5 min (see Note 12) (Fig. 4, step 2 and Fig. 5, lanes 1–4).

6. Next, full-length extension is done by the addition of dNTPs to a final concentra-
tion of 0.5 mM and incubation for 5 min at 37°C (Fig. 4, step 3 and Fig. 5, lanes 5–8).

7. Klenow fragment and dNTPs are removed by washing the beads three times with
50 µL of TE (pH. 8.0) + 0.1% SDS and two times each with 50 µL buffer D.

8. Beads are resuspended in 20 µL of buffer D.
9. Three microliters of 3 pmol/µL upstream oligonucleotide, 1 µL of 2 mg/mL BSA,

and 1 µL of buffer E are added to a 20 µL reaction containing the DNA beads.
10. The sample is vortexed gently every 5 min and incubated at 37°C for 30 min

(Fig. 4, step 4).
11. The upstream oligonucleotide is extended by the addition of 3 µL 5 mM dNTPs

and 3 units of T4 DNA polymerase (see Note 11) and incubation for 10 min at
37°C (Fig. 4, step 5 and Fig. 5, lanes 9–12).

12. The upstream strand is ligated to the site-specific primer by the addition of 1 µL
of 10 mM ATP and 5 U of T4 DNA ligase and incubated at 37°C for 60 min
(Fig. 4, step 6 and Fig. 5, lanes 13–16).

13. Beads are washed two times with 50 µL TE (pH 8.0) + 0.1% SDS, two times with
50 µL of buffer D, and resuspended in 20 µL of buffer D.

14. Next, the reaction is heated at 65°C for 15 min to inactivate any residual enzyme.
15. The DNA probe is released from the bead by the addition of 12–20 U of specific

restriction enzyme (see Notes 11 and 13) to cut at a site between the SUP4
tRNATyr gene and the attachment site (Fig. 4, step 7 and Fig. 5, lanes 17–20).

16. After restriction enzyme digestion, the probe is washed from the beads in a series
of three washes of 50 µL each with buffer D, which are pooled in a fresh
microcentrifuge tube.

17. The sample is extracted with phenol:chloroform (1:1) followed by extraction
with chloroform.

18. The DNA probe is ethanol precipitated by the addition of 1/10 vol of 10 M lithium
chloride and 2.5 vol of ethanol.

19. Samples are placed at –20°C overnight.
20. Samples are spun down at maximum speed in microfuge at 4°C for 30 min.
21. The supernatant is decanted and the pellet is allowed to dry.
22. Samples are resuspended in TE (pH 8.0) + 0.05% Tween-20 at a final concentra-

tion of 2–10 fmol/µL and stored at 4°C.
23. After resuspension of the probes, 1 µL is removed for analysis on a 4% native

acrylamide gel, 20 cm × 20 cm × 0.8 mm (Fig. 6).

3.4. DNA Photoaffinity Labeling

Transcription complexes were formed on probe DNA using the 500-mM
KCl fraction from Bio-Rex 70 chromatography of the S-100 extract, made from
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Fig. 4. Schematic representation of solid-phase DNA probe synthesis.

Fig. 5. (opposite page) Analysis of DNA probe synthesis modified at bps +11
on 10% urea PAGE. Incorporation of BP–dUMP, FAB–dUMP, DB–dUMP, and
AB–dUMP and [α-32P] dATP (lanes 1–4). Full-length extension of oligonucleotide
primers in the presence of all four dNTPs (lanes 5–8). Upstream oligo annealed to
template and extended to site-specific primer by T4 DNA polymerase in the presence
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of all four dNTPs (lanes 9–12). Ligation of upstream extension product to site-specific
oligonucleotide by T4 DNA ligase (lanes 13–16). Digestion of the probe DNA to release it
from the Streptavidin Dynabeads by BamHI (lanes 17–20).
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Saccharomyces cerevisiae strain BJ926 (BR500) (3). In addition, transcription
complexes were also formed using recombinant TFIIIB and partially purified
TFIIIC (12). TFIIIC was obtained from the flowthrough fractions of Ni-NTA
chromatography of His-tagged RNA Pol III (3).

1. A typical 20-µL photoaffinity-labeling reaction contains 4 µL of buffer H, 9 µL
of buffer I, 1 µL of 500 ng/µL pLNG-56 or pTZ1, see Note 14, linearized with
EcoRI, 1 µL of a 2 fmol/µL DNA probe, and 1–4 µL of BR-500 extract (see Note 15)
and adjusted to 20 µL with deionized water. Optimal protein concentration for
transcription activity and photoaffinity labeling is determined by multiple round tran-
scription assays using pTZ1 plasmid DNA and labeled ribonucleotides (3).

2. The photoaffinity-labeling reaction is incubated at 25°C for 30 min for assembly
of complexes onto the probe DNA.

3. The sample is irradiated at this point to crosslink the assembled complex or a
stalled ternary complex can be formed by the addition of a 3 NTP mix. Com-
plexes containing only TFIIIB are formed by addition of heparin to a final con-
centration of 100 µg/mL to the assembled transcription complex for release of
TFIIIC and Pol III from DNA.

4. After irradiation, the DNA probe is enzymatically digested in two steps to leave
a small radioactive tag covalently attached to the crosslinked protein.

5. The first step of digestion is by the addition of 2.3 µL of 0.5 mg/mL DNase I
(Gibco Life Technologies) to a 21-µL reaction and incubation at 25°C for 10 min
(see Note 16).

6. Immediately add 1 µL of 10% SDS to each sample and incubate at 90°C for
3 min and then place on ice for 5 min.

7. Next, 2 µL of the zinc acetate solution and 1 µL of 20 U/µL S1 nuclease (Gibco
Life Technologies) is added, and samples are incubated at 37°C for 10 min.

Fig. 6. Analysis of DNA probes modified at bps +11 on a 4% nondenaturing
acrylamide gel.
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8. The reaction is stopped by the addition of 1 µL of 0.5 M Tris base to adjust the pH
to approx 7.0 and 7 µL of 5X DB buffer.

9. The sample is heated at 90°C for 3 min and cooled on ice for 5 min prior to being
loaded on to a 4–20% SDS-PAGE that is 20 × 20 cm × 0.8 mm.

10. After electrophoresis, the gel is dried with a slab gel dryer with heating at 80°C
and vacuum for 2 h, and it is exposed to film for autoradiography or to a
phosphorimager screen (see Note 17) (Fig. 7).

3.5. Peptide Mapping

1. Large-scale photoaffinity-labeling reactions for peptide mapping experiments are
as described in Subheading 3.4., except everything is scaled up to a final reac-
tion volume of 2 mL (see Note 18).

2. Samples are irradiated in a multichannel pipettor tray instead of the original
sample tube in order to keep the depth of the sample the same as a standard 20-µL
labeling reaction.

3. DNase I and S1 nuclease digestion is done as described in Subheading 3.4. with
volumes scaled up to the appropriate amounts for the increased reaction size.

4. Next, the samples are concentrated by ultrafiltration using a Centricon 30
(Millipore) to lower the sample volume and allow for loading on a 0.8-mm-thick
8% SDS polyacrylamide gel with a 1.4-cm well.

Fig. 7. Comparison of three photoreactive moieties incorporated at bps –11. Sub-
units labeled in both preinitiation (lanes 1, 7, and 9) and heparin-stripped complexes
(lanes 5, 8, and 10) differ from one photoreactive group to the next. Examples of
TFIIIC-specific competition (lanes 2, 4, and 6).
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5. Photoaffinity-labeled BRF was excised from the gel and electrophoretically
eluted using a Bio-Rad Model 422 Electro-Eluter for 4 h at 10 mA per gel slice
into a volatile buffer consisting of 50 mM ammonium bicarbonate and 0.1% SDS.

6. The eluate is dried down by vacuum centrifugation, resuspended in 200 µL ster-
ile deionized water, and dried down again.

7. Gel-purified BRF is treated with 25 µL 70% formic acid and 1.4% diphenylamine
at 70°C for 20 min to further digest DNA and to cleave the protein at Asp-Pro
sites (Fig. 8).

8. The sample was extracted five times with an equal volume of water-saturated
ethyl ether (fresh).

9. Next, samples are evaporated to dryness by vacuum centrifugation, resuspended
in sterile deionized water, and dried down again.

10. The pellet is resuspended in 40 µL of 2% SDS and 0.1 mM of 2-mercaptoethanol.
11. Proteins are cleaved with cyanogen bromide by the addition of 1 µL of 1 M

hydrochloric acid and 1 µL of 1 M cyanogen bromide in acetronitrile to a 15-µL
sample or addition of formic acid to a final concentration of 70% and 1 µL of 1 M
cyanogen bromide in acetonitrile for a more complete digestion.

12. Samples are incubated at 25°C for 10 min or 2 h.
13. Samples are resolved on a 10–20% tricine gel (13). After electrophoresis the gel

is stained by Coomassie R-250 staining, dried, and placed on autoradiography
film to visualize radiolabeled fragments (see Note 19) (Fig. 8).

4. Notes
1. We have found that differing brands of TLC plates cause products to migrate

somewhat differently and may result in different observed Rf values.
2. We store concentrated stocks of modified nucleotides wrapped in foil at –80°C.

Only small diluted stocks are stored at –20°C wrapped in foil to help protect the
major stock from inadvertent photolysis.

3. Photoreactive nucleotides are tested to determine the range of nucleotide concen-
trations that can be used to incorporate the nucleotides by primer extension and
can be compared to the unmodified nucleotide. An aliquot of each sample can be
irradiated and the DNA will crosslink the Klenow fragment of DNA polymerase
I and cause the labeled oligonucleotide to have a much slower electrophoretic
mobility. Some of the oligonucleotide does not get crosslinked to DNA poly-
merase, but is visibly photolyzed as evident by smearing of the free oligonucle-
otide band.

4. Another question we have addressed is whether a modified nucleotide at a given
position affects normal DNA–protein interactions in that region. This can be done
for transcription complexes by gel shift analysis or performing transcription
assays on wild type DNA and probe DNA to determine if DNA modification
affects the level of transcription.

5. Our lab has now prepared and is characterizing a modified dATP analog to
increase the number of DNA sites that can be modified (M. Zofall, manu-
script in preparation).
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6. It is recommended to have at least 50 base pairs of DNA between the biotinylation
site or attachment site to the bead and the restriction endonuclease cut site,
because of potential steric hindrance of the restriction endonuclease if the site is
too close to the bead.

7. We have found the DNA beads to be sensitive to certain buffers containing high
salt in combination with SDS. These conditions lead to the degradation of the
magnetic particles, so it is important to avoid washing with buffers containing
both SDS and high concentrations of salt.

8. The DNA beads have a preference for binding shorter DNAs with a size restric-
tion of less than approx 2000 bp in length. It is critical to determine the extent of
binding the biotinylated DNA by agarose gel electrophoresis.

9. Beads should always be mixed with gentle vortexing action in about 5-min inter-
vals to ensure that they remain in solution; avoid vigorous vortexing because it
will scatter the beads and lead to sample loss.

Fig. 8. Representation of possible results of peptide mapping of the BRF subunit of
TFIIIB. (Top) Linear representation of the protein with Asp-Pro linkages labeled
below, along with the fragments generated by single-hit digestion. (Bottom) A repre-
sentation of protein gel analysis of labeled proteolytic products from crosslinking
occurring in region A, B, or C.
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10. Oligonucleotides for probe synthesis are usually between 18- and 20-mers in
length with a GC rich 5' end.

11. Enzymes containing DTT need to be avoided because DTT can reduce aryl azides.
Some enzymes with DTT can be sufficiently diluted in buffers containing 2-mer-
captoethanol (5 mM) in place of DTT.

12. If the DNA probe is to be used for peptide mapping, the modified nucleotide will
have to be incorporated first, followed by dATP or dGTP, to leave a nucleotide
tag covalently attached to the crosslinked protein upon chemical degradation of
the DNA probe.

13. Choosing restriction enzymes with good cutting efficiency to remove probes from
the DNA beads can be very beneficial to overall probe yields.

14. Proper controls such as DNA competition with specific-pTZ1 DNA (containing
an up mutation in the box B region of DNA) vs nonspecific-pLNG56 DNA
(containing a down mutation in the Box B region of the DNA) and heparin strip-
ing of samples are necessary to ensure labeling specificity.

15. We have found the crude extract BR-500 to be more efficient for photoaffinity
labeling, probably because of higher activities of the proteins and factors that
may be lost during extensive purification.

16. Because of the short sequential incubation times, it is best to cycle samples into
and out of incubation baths to ensure equal incubation times for all samples. This
means the addition of the enzyme or solution to the first sample and immediately
placing it in the temperature bath, followed by processing the second sample in
the same way and so on. The samples are removed in the same order so that they
enter the bath with a 15-s delay between each sample.

17. Crosslinked proteins have a slightly greater electrophoretic mobility than unmodi-
fied protein because of the DNA tag left behind, and it is more noticeable for
smaller proteins.

18. Labeling reactions used for peptide mapping are scaled up to ensure adequate
signal. Sufficient amounts of labeled protein is necessary because of losses dur-
ing the extensive purification and the partial proteolytic conditions creating only
a small percentage of labeled proteolytic fragments.

19. Care should be taken in constructing a map of potential proteolytic fragments
created by single-hit digests for peptide mapping. Chemical cleavage of protein
is preferable to enzymatic cleavage, because chemical cleavage has no apparent
specificity or site preference that can make it difficult to interpret the peptide
mapping results.
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Use of Site-Specific Protein–DNA
Photocrosslinking to Analyze
the Molecular Organization
of the RNA Polymerase II Initiation Complex

François Robert and Benoit Coulombe

1. Introduction
Site-specific protein–DNA photocrosslinking has proved to be the method

of choice for analysis of the formation of nucleoprotein complexes such as
those involved in transcription by mammalian RNA polymerase II (RNA Pol
II). The method has two principal advantages. First, it yields structural infor-
mation on large, multisubunit complexes that in general cannot be analyzed
using standard high-resolution techniques such as X-ray crystallography or
nuclear magnetic resonance (NMR). For example, site-specific protein–DNA
photocrosslinking, in conjunction with complementary methods such as pro-
tein-affinity chromatography and electron microscopy, has produced informa-
tion on both the molecular organization and the composition of the RNA Pol II
pre-initiation complex on promoter DNA (1–4). This complex contains RNA
Pol II and the general transcription factors TBP, TFIIA, TFIIB, TFIIE, TFIIF
(RAP74 and RAP30), and TFIIH, and is composed of more than 25 polypep-
tides ranging in Mr from 10 to 220 kDa (5). Neither X-ray crystallography nor
NMR, which can only resolve the structure of complexes containing short pro-
tein fragments bound to small pieces of promoter DNA, could provide any
detailed structural information on this complex. Second, the method has suffi-
cient technical flexibility so as to allow the rapid analysis of complexes
assembled under various conditions. Over the past few years, we have analyzed
a large collection of complexes assembled in the presence of various combina-
tions of the general transcription factors (wild-type or different deletion
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mutants) and RNA Pol II (1–4). These experiments have enabled us to draw
conclusions on the dynamics of RNA Pol II pre-initiation complex assembly
and has led to the notion that isomerization of the RNA Pol II pre-initiation
complex proceeds through wrapping of the promoter DNA around the enzyme (4).

Site-specific protein–DNA photocrosslinking is a method composed of two
successive steps. First, a number of photoprobes that place one (or a few)
photoreactive nucleotide(s) into juxtaposition with one (or a few) radiolabeled
nucleotide(s) at various specific positions along the promoter DNA are pre-
pared. Second, transcription complexes are assembled onto the various
photoprobes, irradiated with ultraviolet (UV) light so as to induce protein–
DNA crosslinking, and the processed in order to identify the crosslinked
polypeptides. Because the crosslinking of protein to DNA is site-specific, the
use of a series of photoprobes that place the photonucleotide derivative at vari-
ous positions along the promoter DNA provides information on the relative
position of the various factors within the complex.

2. Materials
1. Buffer A (10X): 300 mM Tris-HCl, pH 8.0, 500 mM KCl, and 70 mM MgCl2,

freshly prepared.
2. Bovine serum albumin (BSA) solution: Prepare a 25-mg/mL solution of BSA in

deionized distilled water. Store in aliquots at –20°C.
3. Dilute with water to 5 mg/mL prior to use.
4. dNTP mix: 20 mM each of dATP, dCTP, dGTP, and dTTP in buffer A (1X),

freshly prepared.
5. ND buffer: 20 mM HEPES, pH 7.9, 100 mM KCl, 20% glycerol, 0.2 mM

EDTA, 0.2 mM EGTA, and 10 mM of β-mercaptoethanol. Store in aliquots
at –20°C.

6. TBE buffer (10X): Prepare 1 L by mixing 108 g Tris base, 55 g boric acid, and 40 mL
EDTA (0.5 M, pH 8.0).

7. Gel loading solution (10X): For polyacrylamide native gels, use a solution con-
taining 0.25% bromophenol blue, 0.25% xylene cyanol, and 25% Ficoll (type
400) in deionized distilled water.

8. MBS (5X): 40 mM MgCl2, 100 mM HEPES, pH 7.9, 100 µg/mL BSA, and
5 mM ATP.

9. Store in aliquots at –20°C.
10. Complex mix: 50 µL MBS (5X) and 2 µL (NH4)2SO4 (2 M), freshly prepared.
11. Poly(dI.dC–dI.dC) stock: Prepare a 25-mg/mL solution of poly(dI.dC–dI.dC) in

deionized distilled water. Store in aliquots at –20°C.
12. DNase mix: A solution containing 200 units/mL DNase I and 32 mM CaCl2,

freshly prepared.
13. Acid mix: Mix equal volumes of 5% acetic acid and 30 mM ZnCl2, freshly

prepared.
14. S1 mix: 30,000 U/mL S1 nuclease in deionized distilled water, freshly prepared.
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15. Dilution mix: 50 mM Tris-HCl, pH 8.0, 10 mM EDTA, 10 mM EGTA, 500 mM
NaCl, 5 mM NaF, 1 mM phenymethylsulfonyl fluoride (PMSF), and 1% (v/v)
Triton X-100, freshly prepared.

16. Protein A mix: 100 mg/mL Protein A in the dilution mix.
17. Wash 1 solution: 10 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% Triton X-100, 1%

NP-40, 0.1% sodium dodecyl sulfate (SDS), 1 mg/mL BSA, 0.5% NaN3, and
0.5% Na-deoxychlorate, freshly prepared.

18. Wash 2 solution: 10 mM Tris-HCl, pH 8.0, and 1.5 M NaCl.
19. Wash 3 solution: 10 mM Tris-HCl, pH 8.0, and 150 mM NaCl.

3. Methods
3.1. Day 1: Synthesis and Purification of the Photoprobes

The first step of the procedure is the synthesis of the photoprobes. This part
is illustrated in Fig. 1 which shows, as an example, a scheme for the synthesis
of a photoprobe designed to place the photoreactive nucleotide at position –2
relative to the transcriptional initiation site of the adenovirus major late
promoter. The site-specific incorporation of the photoreactive nucleotide (see
Note 1) and the radiolabeled nucleotide is directed through the annealing of a
primer, referred to as the specific primer, with a single-stranded DNA template
containing the promoter DNA. The promoter is flanked by two restriction sites
(in this example, DraI and SacI). A second primer, referred to as the upstream
primer, is annealed a few base pairs upstream of the DraI site. After annealing,
the photoreactive and radiolabeled nucleotides are incorporated by primer
extension using T4 DNA polymerase with limiting amounts of dNTPs (see
Note 2). After the labeling step, the extension reaction is completed by the
addition of an excess of cold dNTPs (see Note 3). The photoprobe is generated
by digestion with the restriction enzymes and gel purified (see Fig. 2 for an
example of a gel on which the products of a photoprobe synthesis reaction
have been separated).

1. Mix 700 ng of single-stranded (ss) DNA (approx 0.5 pmol) with 40 ng (approx
5 pmol) of both the specific and upstream primers. Add 1 µL of Buffer A (10X)
and complete to 10 µL with deionized distilled water.

2. Mix well and incubate for 3 min at 90°C.
3. Incubate for 30 min at room temperature.
4. From this point on, all manipulations must be carried out under reduced light

conditions (see Note 4). Add 1 µL BSA (5 mg/mL), 1 µL N3R–dUMP (see
Note 1), 25 µCi of the appropriate [α-32P]–dNTP ([α-32P]–dCTP for the example
shown in Fig. 1), 5–10 U T4 DNA polymerase, and 1 µL buffer A (10X). Com-
plete to a final volume of 20 µL with deionized distilled water.

5. Incubate for 30 min at room temperature.
6. Add 5 µL of dNTP mix.
7. Incubate for 5 min at room temperature.
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Fig. 1. Synthesis and purification of the photoprobes. Schematic representation of
the synthesis of a photoprobe that places a photoreactive nucleotide at position –2 and
three radiolabeled nucleotides at positions –4, –3, and –1 of the adenovirus major late
promoter. The sequence of the adenovirus major late promoter flanked by plasmid
DNA is shown. The primers used to direct the incorporation of N3R–dUMP (U) and
radiolabeled nucleotides (*) are shown in boxes. The TATA element is in bold type
and the transcriptional initiation site is indicated by an arrow. DraI and SacI restric-
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8. Incubate for 20 min at 37°C.
9. Add 10–20 U of each restriction enzyme (SacI and DraI in the example shown in

Fig. 1).
10. Incubate for 90 min at the temperature recommended by the supplier of restric-

tion enzymes (37°C for SacI and DraI).
11. Add 3.5 µL of gel loading solution (10X).
12. Load on a native 8% polyacrylamide gel in TBE buffer (1X).
13. Run at 150 V for about 1 h in TBE buffer (1X).
14. Remove the glass plates containing the gel from the gel box.
15. Separate the glass plates and leave the gel on one of them.
16. Wrap the gel/glass plate in plastic wrap.
17. Wrap the entire package in aluminum foil.
18. Move to a dark room (see Note 5).
19. Place a Kodak X-OMAT AR film on a clean bench.
20. Remove the foil and place the gel on the film with the glass plate facing up (e.g.,

gel side down).
21. Expose 5 min.
22. During the exposition time, mark the film using a sharp tool by tracing the con-

tour of the glass plate (this will be helpful later for the localization of the
photoprobe in the gel).

23. Remove the gel and rewrap it with the foil.
24. Develop the film (see Note 6).
25. Using a scalpel, cut the film so that the square piece containing the band corre-

sponding to the photoprobe is removed. This operation leaves the film with a
window at the position of the photoprobe.

26. Superimpose the film on the gel by taking advantage of the marks made in step 22,
and mark the square corresponding to the photoprobe on the saran wrap using a pen.

27. Cut out the gel slice containing the photoprobe using a clean scalpel.
28. Cut the gel slice in small pieces (six to eight fragments).
29. Place the gel fragments in an Eppendorf tube and add water in order to com-

pletely submerge the gel (usually 100–150 µL of water).
30. Incubate overnight at room temperature.
31. Collect the liquid containing the probe.
32. Purify the probe on a Micro-Spin S-200 HR column (Pharmacia Biotech) to

remove any salts and other putative contaminants.

tion sites used for the excision of the photoprobe are indicated. In the first step, the
primers are annealed to single-stranded DNA containing the promoter sequence
(Annealing). In the second step, the photoreactive and the radiolabeled nucleotides
are incorporated using T4 DNA polymerase (Labeling). In the third step, the extension
reaction is completed by a chase with excess of cold dNTPs (Chase). In the fourth
step, the site-specifically labeled promoter fragment is excised using restriction
enzymes and gel purified (Digestion and purification).
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33. Count 1 µL of the photoprobe solution by liquid scintillation, and dilute the probe
to 1250 cpm/µL with deionized distilled water.

34. The probe is ready for use and can be stored in the dark at 4°C for 1–2 wk (see
Note 7).

3.2. Day 2: Protein–DNA Photocrosslinking

The gel-purified photoprobe is used for pre-initiation complex assembly
with the purified transcription factors (TBP, TFIIA, TFIIB, TFIIE, TFIIF, and
TFIIH) and RNA Pol II. Reactions are irradiated with ultraviolet (UV) light to
induce protein–DNA crosslinking and treated with DNase I and S1 nuclease in
order to liberate polypeptides that are covalently attached to a very short piece
of DNA carrying one to four radiolabeled nucleotides. After sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) separation of the
photocrosslinked polypeptides, the gel is dried and exposed to X-ray film.
Examination of the ensuing autoradiogram permits identification of the
protein(s) that interact with a particular site. For the RNA Pol II initiation
complex, the specificity of the photocrosslinking signals can be assessed by
comparing reactions performed with photoprobes containing either a wild-
type or a mutated TATA element and/or by comparing reactions performed in
either the presence or the absence of TBP (see Note 8). The photocrosslinked
polypeptides can be identified according to their Mr (Fig. 3A,B) and to their
immunoreactivity with specific antibodies (Fig. 3C). In the latter case,
crosslinking reactions are submitted to immunoprecipitation with antibodies
directed against specific factors prior to SDS-PAGE (see Note 9).

35. Mix the proteins (50–200 ng each) and complete the volume to 16 µL with ND
buffer (see Note 10). Add 5.2 µL of the complex mix, 1 µL of diluted poly(dI.dC–

Fig. 2. Example of the autoradiogram of a gel after electrophoresis of the products
of a synthesis reaction. The positions of the photoprobe, the free nucleotides, and the
plasmid fragment are shown. The photoprobe is then purified from the gel.
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dI.dC) (see Note 11) and 5000 cpm of the photoprobe (4 µL of 1250 cpm/µL).
The final volume is 26.2 µL.

36. Mix well and incubate for 30 min at 30°C.
37. Open the lids of the tubes and irradiate 10 min with UV light (see Notes 12 and 13).
38. Add 5 µL of DNase mix.
39. Incubate for 20 min at 37°C.
40. Add 1.5 µL of 10% SDS.
41. Incubate for 3 min at 90°C.
42. Spin for 10 s in a microfuge (16,000g)
43. Add 2 µL of Acid mix.
44. Add 1 µL of S1 mix.
45. Incubate for 20 min at 37°C.
46. For regular reactions, go directly to step 62.
47. For immunoprecipitation reactions, add 315 µL of the dilution mix.
48. Add 5 µL of antibody (see Note 14).
49. Incubate for 60 min at 4°C.
50. Add 80 µL of Protein A mix.
51. Agitate 60 min at 4°C using a rocker.
52. Spin down the Protein A beads (1 min in a microfuge at 16,000g).
53. Remove the supernatant by pipetting.
54. Wash with 400 µL of wash 1 solution.
55. Repeat steps 52–54 twice.
56. Wash with 400 µL of wash 2 solution.
57. Spin down the Protein A beads (1 min in a microfuge at 16,000g).
58. Remove the supernatant by pipetting.
59. Wash with 400 µL of wash 3 solution.
60. Spin down the Protein A beads (1 min in a microfuge at 16,000g).
61. Remove the supernatant by pipetting.
62. Add SDS gel loading solution and boil 5 min (see Note 15).
63. Resolve the photocrosslinked polypeptides by SDS-PAGE (run at 30 mA in the

stacking gel and 50 mA in the separating gel) (see Note 15).
64. Transfer the gel to Whatman paper and dry.
65. Expose the dried gel to X-ray film using an intensifying screen (see Note 16).

4. Notes
1. The nucleotide derivative we use, namely 5-[N-(azidobenzoyl)-3-aminoallyl]–

dUMP (N3R–dUMP or AB–dUMP) (see Chapter 25 for further details on the
structure and the chemical synthesis of N3R–dUMP), possesses a side chain that
places a reactive nitrene 10 Å away from the DNA backbone in the major groove
of the double helix. For this reason, the crosslinking of a polypeptide to the
photoprobe does not require a direct interaction of the polypeptide with the DNA
helix. The amount of N3R–dUMP to be added to the reaction is determined
empirically for each preparation of the photoreactive nucleotide and is generally
between 0.5 and 2 µL (often 1 µL).
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Fig. 3. Typical SDS-PAGE gels of photocrosslinked proteins. (A) Crosslinking
reactions assembled either in the absence of TBP or using a probe with a mutated
TATA box give identical results. Crosslinking reactions were performed with TFIIB,
RAP30, RAP74, TFIIE34, TFIIE56, and RNA Pol II in the presence (+) or in the
absence (–) of TBP using either a wild-type (TATAAA) or a mutated (TAGAGA)
TATA element. In the example shown here (the photonucleotide derivative is placed
at position –15 of the adenovirus major late promoter), the crosslinking of both the
second largest subunit of RNA Pol II (RPB2) and RAP74 are considered to be specific
(dark arrowhead). The crosslinking of RPB1 is considered as nonspecific (open arrow-
head) because it is not affected by the omission of TBP or the use of a probe with a
mutation in the TATA box. The positions of the molecular weight markers (MW) are
indicated. (B) The use of truncated polypeptides as a tool to identify the photo-
crosslinked polypeptides. Crosslinking reactions were performed using TFIIB, RAP30,
TFIIE34, TFIIE56, and RNA Pol II in the presence (+) or in the absence (–) of TBP,
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2. The specific primer must be designed in such a manner that T4 DNA polymerase
only adds a few nucleotides. In the example shown in Fig. 1, the incorporation is
restricted to positions –4 to –1 by omitting dATP from the reaction (see refs. 1–4
for additional examples). The success of this step can be monitored by analysis
of the reaction products on a sequencing gel.

3. The addition of dNTPs in large excess is crucial because it is necessary to limit
primer extension to the incorporation of standard dNTPs, preventing the addition
of any more radiolabeled and photoreactive nucleotides.

4. The use of a standard dark room is not necessary at this stage. As a rule, we find
that conditions that provide just enough light to be able to work are acceptable.

5. A conventional red light can be used.
6. An example of gel photoprobe purification is shown in Fig. 2. The position of the

band corresponding to the photoprobe can be easily identified because the size of
the DNA fragment generated by digestion with restriction enzymes is known.

7. Fresh probes (less than a week old) give the best results.
8. Because some of the general transcription factors and RNA Pol II bind non-

specifically to DNA, it is important to discriminate between specific and nonspe-
cific crosslinking signals. For the adenovirus major late promoter, it is
well-documented that mutations of two bases in the TATA box (TATAAA to
TAGAGA) completely abolish pre-initiation complex formation. The comparison
of crosslinking signals obtained with probes containing either a wild-type or a
mutated TATA box permits differentiation between specific and nonspecific sig-
nals. However, this strategy is not simple, as it doubles the number of probes to be
synthesized. Because the basic function of the TATA box is to bind TBP, the
specificity can be assessed by comparing crosslinking reactions performed in the
presence or the absence of TBP. The absence of TBP was found to give the same
result as the use of a probe with a mutated TATA box (1–4). An example is shown
in Fig. 3A. The crosslinking signal at the top of the gel (RPB1) is considered as
nonspecific because its intensity is not affected by either a mutation in the TATA box
or the absence of TBP. The two additional crosslinking signals (RPB2 and RAP74)
are specific because their intensities are significantly affected by both mutation of
the TATA box and the omission of TBP in the crosslinking reaction.

9. Identification of the photocrosslinked polypeptides is a central issue in the
method. The main difficulty comes from the fact that several factors have a Mr

between 30 and 40 kDa. At least three different means can be used to identify the

using full-length (1–517) or truncated (1–409) RAP74. The different mobilities of
RAP74 fragments are diagnostic for RAP74 contact at this promoter position. (C) Immuno-
precipitation of photocrosslinked polypeptides. Crosslinking reactions were performed
using TFIIB, RAP30, RAP74, TFIIE34, TFIIE56, and RNA Pol II in the presence (+)
or in the absence (–) of TBP. The photocrosslinked polypeptides were either processed
normally (first two lanes) or immunoprecipitated using an antibody directed against
RAP74 or a control antibody.
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crosslinking signals. First, SDS-PAGE analysis provides direct information on
the size of photocrosslinked polypeptides (see Fig. 3A). Second, the use of trun-
cated forms of a factor can be useful. An example is shown in Fig. 3B in which
all factors included in the crosslinking reactions are the same, except for RAP74,
which is either full-length (lanes 1 and 2) or truncated in its C-terminus (lanes 3
and 4). The different fragments of RAP74 migrate with different mobilities,
allowing the identification of the photocrosslinked polypeptide. Third, the
photocrosslinked polypeptides can be identified after immunoprecipitation with
a specific antibody. Following nuclease treatment, the crosslinking products
are immunoprecipitated and then submitted to SDS-PAGE analysis. An example
is shown in Fig. 3C, where the photocrosslinked polypeptides shown in lane 1
have been immunoprecipitated using an antibody raised against RAP74 (lane 3)
or a control antibody (lane 4). This shows that the photocrosslinked polypeptide
is RAP74.

10. In the crosslinking reactions, we routinely use 200 ng of each recombinant
human (rh) TFIIB, rhRAP30, rhRAP74, rhTFIIE34, and rhTFIIE56, 100 ng of
calf thymus RNA Pol II, 50 ng of natural human TFIIH, 50–200 ng of rhTFIIA,
and 200 ng of recombinant yeast TBP. The amounts of the different protein fac-
tors should be optimized for each different combination of proteins and for each
protein preparation.

11. The poly(dI.dC–dI.dC) stock should be diluted just prior to use. The exact dilu-
tion should be determined experimentally in order to favor specific versus non-
specific signals without adversely affecting the intensity of the specific signals.

12. Irradiation time with UV light should be optimized by performing a time-course
with the particular system to be used. We use a UV Stratalinker 2400 (Stratagene)
with 254-nm bulbs.

13. From this point on, normal light conditions can be used.
14. The amounts of antibody to be used should be optimized. Purified antibodies

provide the best results.
15. Detailed procedures for SDS-PAGE electrophoresis have been described (e.g.,

see ref. 6).
16. The use of BioMax (Kodak) screens and films is recommended.
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UV Laser-Induced Protein-DNA Crosslinking

Stefan I. Dimitrov and Tom Moss

1. Introduction
1.1. The Method

Photochemical crosslinking is a powerful method for studying all types of
protein-nucleic acids interactions. In particular UV-induced crosslinking has
been successfully applied to the study of protein–DNA interactions (e.g., ref. 1, see
Chapters 23–26 and 43). Ultraviolet (UV) light is a zero-length crosslinking
agent. It is therefore not subject to the steric problems that can be associated
with chemical crosslinking agents and provides strong evidence for close pro-
tein–DNA interactions. However, crosslinking with conventional UV-light
sources requires exposure times ranging from minutes to several hours (e.g.,
see refs. 1–3), permitting protein redistribution and the crosslinking of UV-
damaged molecules. Because UV-laser irradiation is intense enough to induce
crosslinking after very short exposure times, artifactual crosslinking can be
avoided. The typically nanosecond or picosecond exposures times also allow
UV-laser-induced crosslinking to be applied to study the intermediate states in
rapid protein–DNA binding reactions (4,5).

Ultraviolet-crosslinking of protein to DNA occurs in two distinct steps. In
the first step, the bases of DNA are excited by light absorption. This excite-
ment rapidly gives rise to radicals of the bases, resulting in chemical cross-
linking and macromolecular damage, mainly to the DNA. The time to excite
the bases is simply the time of UV irradiation. Completion of the crosslinking
reaction then occurs in less than a microsecond (6). Most micro-conforma-
tional transitions of macromolecules take more than 100 µs (see ref. 7). Nano-
seconds or picosecond UV-laser irradiation therefore avoids almost all
possibility of artifactual rearrangement during the crosslinking reaction.
What is more, such a rapid crosslinking reaction can be used to freeze protein–
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DNA interactions, providing “time-lapse views” of the assembly of protein–
DNA complexes. Laser-induced reactions, as opposed to those generated by
conventional UV sources, proceed via the higher (Sn and Tn) excited states of
nucleotide bases, which are induced by the rapid sequential absorption of two
photons. This leads to a higher quantum yield of cationic radicals and to higher
crosslinking efficiencies (6,8–10). Although the photochemistry is still not
understood, UV-laser irradiation probably also induces mechanisms of
crosslinking that simply cannot occur when using conventional light sources
(6,10). In a typical UV crosslinking experiment, 5–15% of UV-laser-irradiated
protein–DNA complexes are crosslinked (6,10,11), nearly two orders of mag-
nitude higher than with conventional UV sources (4,5,8,10,12). UV-laser-
induced crosslinking produces exclusively protein–DNA adducts (4,6,8,9) and
is applicable to a broad range of protein–DNA complexes. Even complexes too
weak to be seen by methods such as gel shift (electrophoretic mobility shift
assay [EMSA]) or footprinting can be crosslinked. In fact, only nonspecific
protein–DNA interactions with association constants of less than 103/M are not
crosslinked (4,6).

1.2. Practical Applications

Photocrosslinking induced by UV-laser irradiation has been applied to mea-
sure binding constants (6), to map the extent of protein–nucleic acid binding
sites (6), to determine protein–DNA (5,6) and protein–RNA (9) interactions,
and to identify protein–DNA contacts (13). It was found possible to study the
weak DNA-ATPase complex from the T4 DNA replication system by UV-
laser crosslinking despite this complex being invisible to DNase I footprinting
(6). UV-laser crosslinking has also provided data on the distribution of chro-
mosomal proteins in vivo (8). The presence of the histones and the high-mobil-
ity group 1 proteins on the Xenopus ribosomal DNA was determined and shown
to be regulated (8,14,15). Only the N-terminal domains of the histones were
found to be crosslinked to DNA, and hyperacetylation of these domains did not
affect their interaction with the DNA (14–16). An excellent guide to the prac-
tical application of in vitro laser protein–DNA crosslinking can be found in the
methodological review by von Hippel and co-authors (6). It is likely that new
developments in the use of femtosecond lasers will provide important improve-
ments to the use of UV-laser crosslinking (17 and see Chapter 63).

1.3. The Experimental Approach

Here, we describe a procedure used to induce histone–DNA crosslinking in
cell nuclei and to determine the DNA sequence distribution of the various his-
tone fractions. The procedures used are quite general and could well be applied
to study any type of protein–DNA complex. Indeed, we have essentially used a
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similar approach to determine the kinetics of the TBP–polymerase II promoter
interaction (11).

1. UV-laser irradiation of nuclei.
2. Isolation of the crosslinked protein–DNA complexes (see Note 1).
3. Detection of specific proteins crosslinked to bulk DNA using immunochemi-

cal techniques.
4. Immunoprecipitation of the crosslinked protein–DNA complex.
5. Identification and quantitation of the DNA sequences covalently attached to a

given protein using hybridization with specific DNA probes.

2. Materials

2.1. Laser Irradiation

When using a passively mode-locked picosecond neodymium–yttrium–
aluminum–garnet (Nd:YAG) laser (8), the parameters of the laser radiation
at 266 nm were as follows: pulse duration, 30 ps (in a Gaussian pulse shape
assumption), pulse energy 4 mJ; diameter of the beam, 0.5 cm; repetition
rate 0.5 Hz. The intensity of irradiation was controlled by focusing and
defocusing using fused silica lenses. The energy of radiation was measured
with pyroelectrical detectors calibrated with a Model Rj7200 energy meter
(Laser Precision Corp.). (The Nd:YAG lasers produce pulsed radiation at
1064 nm and the conversion to 266 nm [wavelength at which the samples
are irradiated] was performed by quadrupling the main frequency by means
of angle-matched KDP crystals.) A nanosecond Nd:YAG laser (Model
DCR-3J, Spectra-Physics Inc. [Mountain View, CA] or YAGMaster
YM1000/1200, Lumonics [Canada]) can also be used (6,11). Pulses in the
UV are about 5 ns in duration, and the energy per pulse at 266 nm was
typically 80 mJ (see Note 2).

2.2. Reagents and Solutions

2.2.1. Procedures Described in Subheading 3.1.

1. 8 M urea.
2. 1% sodium dodecyl sulfate (SDS).

2.2.2. Procedures Described in Subheading 3.2.

1. 10 mM Tris-HCl, pH 7.5, and 1 mM CaCl2.
2. 0.48 M Na phosphate buffer, pH 6.8.
3. 0.12 M Na phosphate buffer, pH 6.8.
4. 0.12 M Na phosphate buffer (pH 6.8) 2 M NaCl, and 5 M urea.
5. CsCl.
6. Microccocal nuclease.
7. Hydroxyapatite (Bio-Rad).
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2.2.3. Procedures Described in Subheading 3.3.
1. Phosphate-buffered saline (PBS).
2. PBS–0.05% Triton X-100 (PBS-T).
3. 1% bovine serum albumin (BSA) in PBS-T.
4. PBS, 0.4% Triton X-100.
5. 0.3% 4-chloronaphtol, 0.03% H2O2 in 50 mM Tris-HCl, pH 7.5, and 150 mM NaCl.
6. Nitrocellulose filter (Schleicher & Schuell).

2.2.4. Procedures Described in Subheading 3.4.
1. IgGsorb (The Enzyme Center, Malden, MA).
2. Antibody buffer: 50 mM HEPES, pH 7.5, 2 M NaCl, 0.1% SDS, 1% Triton X-100,

1% Na-deoxycholate, 5 mM EDTA, and 0.1% BSA.
3. Rinse buffer: 50 mM HEPES, pH 7.5, 0.15 M NaCl, 5 mM EDTA.
4. 3.5 M KSCN and 20 mM Tris-HCl, pH 7.5.
5. RNase A (1 mg/mL).
6. Pronase (1 mg/mL).
7. Ethanol.
8. 10 mM Tris-HCl, pH 7.5, and 0.25 mM EDTA.

2.2.5. Procedures Described in Subheading 3.5.
1. Zeta Probe blotting membranes (Bio-Rad).
2. Pre-hyb buffer: 6X SSC, 10X Denhardt’s solution, 0.1 mg/mL denatured

Escherichia coli DNA, 1% SDS, 0.2% Na-pyrophosphate, and 50% formamide.
3. 0.5X SSC and 0.5% SDS.
4. 0.1% SSC.

3. Methods
3.1. Irradiation Techniques

One to two milliliters of the nuclei/cell suspension are placed in a standard rect-
angular fused silica cuvet, thermostated at 4°C and the sample constantly stirred
(see Note 3). The optical density of the solution should be kept in the range of
2 <A260 <5 (i.e., optically thick samples (see Note 4). In the case of a picosecond
laser, the conditions of irradiation should be such that 10–20 photons are absorbed
per nucleotide (about 500 mJ of incident light per 1 OD260 of optically thick sample)
at a constant laser intensity 0.7 GW/cm2. In the case of the nanosecond UV laser
use 250 mJ of incident light per 1 A260 of optically thick sample. Dependent on the
power of the laser used, it may be necessary to irradiate with multiple pulses.

3.2. Separation of Covalently Crosslinked
Histone–DNA Complexes

1. Digest the irradiated nuclei with microccocal nuclease (5 U/A260 unit, 15 min,
37°C) in 10 mM Tris-HCl, pH 7.5, 1 mM CaCl2 This is simply to reduce the DNA
size (see Notes 1 and 5).
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2.2.3. Procedures Described in Subheading 3.3.
1. Phosphate-buffered saline (PBS).
2. PBS–0.05% Triton X-100 (PBS-T).
3. 1% bovine serum albumin (BSA) in PBS-T.
4. PBS, 0.4% Triton X-100.
5. 0.3% 4-chloronaphtol, 0.03% H2O2 in 50 mM Tris-HCl, pH 7.5, and 150 mM NaCl.
6. Nitrocellulose filter (Schleicher & Schuell).

2.2.4. Procedures Described in Subheading 3.4.
1. IgGsorb (The Enzyme Center, Malden, MA).
2. Antibody buffer: 50 mM HEPES, pH 7.5, 2 M NaCl, 0.1% SDS, 1% Triton X-100,

1% Na-deoxycholate, 5 mM EDTA, and 0.1% BSA.
3. Rinse buffer: 50 mM HEPES, pH 7.5, 0.15 M NaCl, 5 mM EDTA.
4. 3.5 M KSCN and 20 mM Tris-HCl, pH 7.5.
5. RNase A (1 mg/mL).
6. Pronase (1 mg/mL).
7. Ethanol.
8. 10 mM Tris-HCl, pH 7.5, and 0.25 mM EDTA.

2.2.5. Procedures Described in Subheading 3.5.
1. Zeta Probe blotting membranes (Bio-Rad).
2. Pre-hyb buffer: 6X SSC, 10X Denhardt’s solution, 0.1 mg/mL denatured

Escherichia coli DNA, 1% SDS, 0.2% Na-pyrophosphate, and 50% formamide.
3. 0.5X SSC and 0.5% SDS.
4. 0.1% SSC.

3. Methods
3.1. Irradiation Techniques

One to two milliliters of the nuclei/cell suspension are placed in a standard rect-
angular fused silica cuvet, thermostated at 4°C and the sample constantly stirred
(see Note 3). The optical density of the solution should be kept in the range of
2 <A260 <5 (i.e., optically thick samples (see Note 4). In the case of a picosecond
laser, the conditions of irradiation should be such that 10–20 photons are absorbed
per nucleotide (about 500 mJ of incident light per 1 OD260 of optically thick sample)
at a constant laser intensity 0.7 GW/cm2. In the case of the nanosecond UV laser
use 250 mJ of incident light per 1 A260 of optically thick sample. Dependent on the
power of the laser used, it may be necessary to irradiate with multiple pulses.

3.2. Separation of Covalently Crosslinked
Histone–DNA Complexes

1. Digest the irradiated nuclei with microccocal nuclease (5 U/A260 unit, 15 min,
37°C) in 10 mM Tris-HCl, pH 7.5, 1 mM CaCl2 This is simply to reduce the DNA
size (see Notes 1 and 5).
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2. Add 0.12 M phosphate buffer (pH 6.8) 2 M NaCl, 5 M urea to stop the reaction
a. Load the material on a hydroxyapatite column (1 g hydroxyapatite/mg DNA)

equilibrated with 0.12 M phosphate buffer (pH 6.8) 2 M NaCl , 5 M urea.
b. Wash the column with 5 vol of the same buffer, then with 0.12 M phos-

phate buffer.
c. Elute the free DNA and the crosslinked complex with 0.48 M phosphate

buffer, pH 6.8.
4. Apply the eluted material on a preformed CsCl gradient (four layers, 2.2 mL

each, density (ρ) = 1.76, 1.57, 1.54, and 1.32 g/mL) and run in a SW 41 Beckman
rotor at 15°C for 35–40 h at 35,000 rpm.

5. Collect 250-µL fractions and monitor optical density at 260 nm.
6. The gradient profile should show a clear shoulder to the light side of the major

(free-DNA) peak. This shoulder is a highly enriched fraction of protein–DNA
crosslinked complexes.

7. Collect the material from the peak (or, better, from the shoulder only) and dialyze
extensively against 10 mM Tris-HCl, pH 7.5, and 0.25 mM EDTA.

3.3. Dot Immunoassay
for Abundant Crosslinked Protein–DNA Complexes

1. Dot the crosslinked material (about 0.5 µg DNA) on nitrocellulose filters.
2. Wash filters twice for 5 min in PBS-T with gentle shaking to remove

unbound antigen.
3. Repeat step 2 with PBS only.
4. Block the filters in BSA (1% in PBS-T) for 1 h at 37°C.
5. Incubate overnight at 4°C with a suitable dilution of specific antibody in PBS-T,

and 1% BSA.
6. Wash three times with PBS-T then three times with PBS only with gentle

shaking.
7. Incubate with peroxidase-conjugated goat anti-rabbit IgG (Sigma, 1:1000 dilu-

tion) in PBS containing 1% BSA for 4 h at 37°C.
8. Repeat step 6.
9. Develop filters in 0.3% 4-chloro-1-naphtol, 0.03% H2O2 in 50 mM Tris-HCl,

pH 7.5, and 150 mM NaCl.

3.4. Immunoprecipitation of Crosslinked Protein–DNA Complex

1. Suspend 0.05 mL IgGsorb in 0.5 mL of 1% BSA in PBS and shake for 30 min at
room temperature to block the sites of nonspecific absorption.

2. Centrifuge for 30 s in a microcentrifuge (see Note 8) and suspend IgGsorb
directly in 0.5 mL of a mixture of the specific antibody and the crosslinked DNA–
protein complexes (w:w ratio 1:2.5) in antibody buffer (20–50 µg of crosslinked
material, see Note 9).

3. Shake for 2 h at room temperature.
4. Recover IgGsorb by microcentrifugation and resuspend in 0.5 mL antibody

buffer. Repeat this procedure five times.
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5. Recover IgGsorb by microcentrifugation and resuspend in 0.5 mL of rinse buffer.
Repeat this procedure three times.

6. Release the immunoprecipitate in 0.1 mL of 3.5 M KSCN, and 20 mM Tris-HCl,
pH 8.2, and remove IgGsorb by microcentrifugation.

5. Treat eluate with RNase A (0.015 mg per sample, 30 min, room temperature
[RT]) and then with Pronase (1 mg/mL for at least 4 h, RT).

6. Precipitate released DNA with ethanol (3 vol, leave overnight at –20°C).
7. Recover precipitate by 10-min microcentrifugation and resuspend in 10 mM

Tris-HCl, pH 7.5, and 0.25 mM EDTA.

3.5. Identification of Crosslinked DNA Sequences
by DNA Hybridization

1. The DNA samples from Subheading 3.4. are alkali denatured and loaded onto
Zeta-Probe Blotting membranes (Bio-Rad); see Notes 9 and 10.

2. Prehybridize the membranes in Pre-hyb Buffer for 3–5 h at 42°C.
3. Hybridize at 42°C for 16–20 h with 50–100 ng of DNA probe, 32P-labeled by

random priming.
4. Wash the filters extensively with 0.5X SSC, 0.5% SDS at 42°C and, finally, with

0.1X SSC at 65°C and autoradiograph at –70°C using Cronex Lightning-plus
intensifying screens (Dupont).

4. Notes
1. When working with the laser crosslinked protein–DNA complexes, never use

acids: The crosslinked adducts are unstable under acidic conditions.
2. To date we have found that Nd:YAG lasers are most suitable for protein–DNA

crosslinking. The description of the lasers and the irradiation techniques may
sound obscure to biologists, but most laser spectroscopy laboratories will have
the equipment necessary.

3. 2-Mercaptoethanol or dithiothreitol in solutions will reduce the efficiency of
crosslinking by 50–60%.

4. The optical density of the nuclei can be determined in 8 M urea or 1% SDS.
5. Micrococcal nuclease was used to reduce the molecular weight of DNA in irradi-

ated samples. Alternatively, sonication could be used. Recover the irradiated
nuclei by centrifugation and resuspend them in 300–400 µL of 1% sarkosyl in an
Eppendorf tube (A260 = 10–12). Sonicate the sample with a Model W-35 sonica-
tor (Heat Systems Ultrasonics Inc.) or equivalent, using a microtip at a power
setting of 5 for ten 30-s bursts in an ice bath. Under these conditions, the size of
DNA is reduced to about 150–200 bp.

6. Hydroxyapatite is used to remove excess protein and so forth from the crude
nuclear lysate. To avoid large losses, the molecular weight of the DNA must be
reduced to 200–300 bp before it is applied to the hydroxyapatite column. Even
when purifying low molecular material on this column, we sometimes lose
20–25% of the loaded material. This step is not essential and hence is best omit-
ted if only small quantities of the irradiated samples are available.
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7. Although shoulder in the CsCl sedimentation profile contains an enriched frac-
tion of the protein–DNA complexes, some crosslinked material is present in other
regions of the DNA peak. Thus, if it is essential to recover all crosslinked mate-
rial, the complete DNA peak must be pooled. Free DNA does not significantly
interfere with the immunoprecipitation procedure. Overexposure of DNA to
UV-laser irradiation can induce such severe damage that this of itself will reduce
the DNA density and give rise to aberrant peaks. This situation can be recognized
because usually a large proportion of the DNA will be shifted toward the light
end of the gradient.

8. When washing the IgGsorb, microcentrifuge for 30 s only. Longer centrifugation
causes the pellet to become very compact and difficult to resuspend.

9. Usually, 20–50 µg of crosslinked material (from the whole CsCl peak) were taken
for the immunoprecipitations. The results with smaller samples were found to
be irreproducible.

10. In our studies, different membranes were used for the hybridization. Best results
were obtained with the Zeta-Probe membrane (Bio-Rad).

11. If a quantitative estimation of the protein(s) present on a specific DNA
sequence(s) is required, as for example was made for the histones on the Xenopus
rDNA (16), the following procedure is recommended. Dot aliquots from the
antibody-precipitated DNA preparations on a Zeta-Probe filter. Apply increasing
amounts of genomic DNA (in the range 50–1000 ng) to the same filter to produce
a calibration curve and repeat exactly the same set of dots on a second filter.
Hybridize one filter with the specific DNA probe and the second with labeled
total genomic DNA. Exposure of the autoradiogram must be made within the
linear range of the film or using a phosphorimager. Scan the hybridization sig-
nals and estimate (in nanograms of bulk DNA) the amount of DNA precipitated
by the antibody, using the respective calibration curve (genomic hybridization
signal versus nanogram of total DNA or sequence-specific signal, versus nano-
gram of total DNA). If the crosslinked protein does not exhibit sequence-specific
DNA binding, the signals obtained with the two hybridization probes, although
differing in magnitude, should indicate the same amount of bulk DNA. If, how-
ever, the protein is a sequence-specific one, the two results will differ.
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Plasmid Vectors for the Analysis
of Protein-Induced DNA Bending

Christian Zwieb and Sankar Adhya

1. Introduction
Bending of DNA by proteins plays an important role in transcription initia-

tion, DNA replication, and recombination. The degree of protein-induced
DNA-bending can be simply and conveniently determined by combining gel
electrophoresis of DNA–protein complexes with the use of special plasmid
vectors carrying the bendable DNA sequence (1,2). The vectors contain dupli-
cate sets of restriction sites in a direct repeat order and cloning sites for inser-
tion of protein-binding sequences between the two sets. Restriction enzyme
digestion readily generates DNA fragments, which are identical in size but
differ in the location of the protein-binding site (Fig. 1).

The mobility of a DNA fragment is less when a bend is located at its center
than when the same bend is located toward one or the other end (3,4). The
bending angle α is defined as the angle by which a segment of the rod-like
DNA duplex bends away from linearity. Thus, the bending angle is 0° for a
straight DNA-fragment. α can be estimated by measuring µM (mobility of the
complex with the protein bound in the middle of the fragment) and µE (mobil-
ity of the complex with the protein bound near the end of a DNA fragment)
using the empirical relationship µM/µE = cos(1/2α) (4,5).

To carry out a bending experiment, the protein-binding site is inserted into
the bending vector. Next, DNA fragments with the binding site located at a
variety of positions are generated by digestion of the vector with different
restriction enzymes. Finally, DNA–protein complexes formed with these DNA
fragments are analyzed by gel electrophoresis to determine the bending angle
α. As an example, we illustrate bending at the lac promoter by cyclic AMP
receptor protein (CRP) (4,6). However, the method is easily adopted to other
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protein–DNA complexes if they can be separated from free DNA by gel elec-
trophoresis. General considerations for successful complex formation and for
the selection of restriction sites are discussed in the Notes section.

pBend3, 4, and 5 (Figs. 1 and 2) are different versions of the bending vector
pBend2 (4). pBend2 and pBend3 contain the same 236-base-pair EcoRI–
HindIII fragment with 17 duplicated restriction sites. Because of the higher
copy number of pBend3, preparation of plasmid DNA is more efficient. The
remainder of the digested vector DNA is less likely to comigrate with protein–
DNA complexes; therefore, larger DNA-binding proteins with a high degree
of bending can be analyzed without tedious purification of individual frag-
ments containing the protein-binding site. pBend4 and pBend5 contain an
additional HpaI cloning site to facilitate the insertion of DNAs with blunt ends.
The promoters for T3 and T7 polymerase have potential use for analyzing the

Fig. 1. Schematic representation of the pBend3 insert located between the EcoRI
and HindIII sites. pBend3 was constructed by cloning of the 236-base-pair EcoRI–
HindIII fragment of pBend2 (4) into pBluescript SK (Stratagene). pBluescript is a
high-copy-number plasmid and generates a large amount of DNA upon plasmid
extraction. The EcoRI–HindIII fragment contains 17 duplicated restriction sites. The
duplicated sites can be used to generate DNA fragments of identical length, but in
which the protein-binding sequence (gray rectangle) is shifted. The sites XbaI and SalI
(in boxes) are unique and suitable for cloning of the protein binding sequence. Restric-
tion sites are not drawn to scale. The sequence of the insert is shown in the lower part
of the figure.
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bending of double-stranded RNA or RNA/DNA hybrids by proteins such as
transcription factor TFIIIA (7). Details of the construction of pBend3, 4, and 5
are described in the legends to Figs. 1 and 2.

For unidirectional cloning of the protein-binding site into any of the pBend
vectors, one has to use two cloning sites (e.g., XbaI and SalI). Because the
efficiency of cleavage by both enzymes is somewhat impaired when the two
target sites are close to each other, incomplete cutting results in a large amount
of recircularized vector DNA without insert after ligation. This may make clon-
ing of a binding site difficult. To make detection of cloned inserts easier,
another pBend-derivative pBendBlue (Fig. 3) has been made (8). pBendblue,
available from the authors in this reference, allows a color (blue/white) screen-
ing of the transformants after cloning of the inserts. The construction of the
pBendBlue plasmid is described in the legend to Fig. 3.

2. Materials
2.1. Insertion of the Protein-Binding Site into a pBend Plasmid

1. pBend vector (provided by the authors upon request).
2. Oligonucleotides or DNA fragments containing the binding site of the protein

being investigated with ends compatible with the cloning sites of pBend.

Fig. 2. Restriction and cloning sites of pBend3, 4, and 5. Portions of pBluescript SK
(Stratagene) are shown in gray; the XbaI and SalI sites of pBluescript are abolished by
partial digestion with XbaI or SalI, filling in with DNA polymerase (Klenow) and
ligation with T4 DNA ligase. Promoters for T3 and T7 polymerase are indicated by the
arrows. They can be used to study the bending by proteins that bind to double-stranded
RNA or to RNA–DNA hybrids. The region between the EcoRI and HindIII sites (indi-
cated in black) is identical to the one shown in Fig. 1. pBend4 and pBend5 contain
additional SalI and HpaI sites as shown.
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3. Restriction enzymes: HpaI, EcoRI, HindIII, and MluI at about 10 U/µL with 10
times concentrated digestion buffers as specified or provided by the vendors.

4. 500 mM EDTA pH 8: Dissolve 93 g of disodium ethylene diamine tetraacetate.
2H2O in 400 mL water, adjust pH to 8.0 by adding about 20 g of NaOH pel-
lets (only then will EDTA dissolve completely), adjust volume to 500 mL,
and autoclave.

5. TE: 10 mM Tris-HCl, pH 7.5, 1 mM EDTA. Mix 1 mL of 1 M Tris-HCl, pH 7.5,
and 200 µL of 500 mM EDTA, pH 8.0 in a total volume of 100 mL water.
Store at 4°C.

Fig. 3. Restriction and cloning sites of pBendBlue along with the ORF of the
lacZ(α) gene passing through the entire permuted sequence of pBend3, including the
two cloning sites (XbaI and SalI). The 241-bp permuted sequence of pBend, including
the XbaI and SalI cloning sites (shown in shade) was inserted between the SstI (SacI)
and ApaI sites of plasmid pBSK (strategene). The SstI and ApaI sites are two of the
cloning sites within the lacZ gene of pBSK plasmid. The 241-bp pBend2 segmented is
cloned in such a way that the lacZ ORF remain uninterrupted when passing through
the entire EcoRI and HindIII segment of pBend3. The amino acid sequence of the
lacZ(α) is shown above the DNA sequence. Note that pBSK carries only the α-comple-
menting portion of lacZ, necessitating the use of ∆lacZα host (strain Epicuran coli,
Strategene), which is an w donor. A complementation between α and ω makes a cell
β-galactosidase proficient. The inserted segment is also bounded by T3 and T7 pro-
moter sequence, respectively, both within the ORF.
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6. 7.5 M ammonium acetate: Dissolve 57.8 g ammonium acetate in a total volume
of 100 mL water. Store at 4°C.

7. 80% Ethanol: Mix 80 mL ethanol with 20 mL water. Store at 4°C.
8. Oligonucleotide annealing buffer: Mix 1 mL of 1 M Tris-HCl, pH 7.5, 200 µL of

500 mM EDTA pH 8.0, and 10 mL of 1 M NaCl in a total volume of 100 mL.
9. Ligation buffer, five times concentrated: 500 mM Tris-HCl, pH 7.6, and 100 mM

MgCl2, 100 mM dithiothreitol (DTT). Store at –20°C
10. 5 mM ATP: Dissolve 3 mg of ATP (disodium salt) in 1 mL of TE. Store at –20°C.
11. T4 polynucleotide kinase: 10 U/µL.
12. T4 DNA ligase: 1 U/µL.
13. Competent Escherichia coli cells (e.g., strain DH5α.
14. LB-amp plates: Suspend 10 g of LB powder and 7.5 g of Bacto-agar in 500 mL

of water; autoclave and dissolve agar by swirling, cool solution to 55°C in a
water bath, add 50 mg of ampicillin (for final concentration of 100 µg/mL), dis-
solve by swirling, and pour plates and store in a plastic bag at 4°C.

15. LB media: Suspend 10 g of LB powder in 500 mL water and autoclave. Store at
room temperature. For the ampicillin containing LB, add and dissolve the speci-
fied amount to the media at room temperature.

16. Tris–sucrose: 5 mM Tris-HCl (pH 7.8) containing 10% (w/v) sucrose (prepare fresh).
17. Lysozyme solution: 10 mg/mL in 250 mM Tris-HCl, pH 8.0. Keep frozen aliquots

at mL 20°C, thaw once immediately before use, and discard unused portions.
18. 200 mM EDTA, pH 8.0: Prepare by dilution of 500 mM EDTA (item 4).
19. TLM: Mix 3 mL of 10% Triton X100, 75 mL of 250 mM EDTA pH 8.0, 15 mL

of 1 M Tris-HCl, pH 8.0, and 7 mL water.
20. Phenol: Add 62.5 mL water to bottle with 250 g phenol, mix, warm as little as

possible, add 300 mg of 8 mL hydroxychinoline, and fill 20-mL aliquots in 30-mL
Falcon tubes. Upon use, thaw, add 1 mL of 1 M Tris base to one aliquot. Keep
refrigerated not longer than 1 mo.

21. RNase A: 250 µg/mL in 10 mM Tris-HCl, pH 7.5. Store at mL –20°C.
22. 20X Tris–acetate: Dissolve 96.8 g of Tris base, 22.84 mL glacial acetic acid, and

40 mL EDTA (500 mM, pH 8.0), and add water to a final volume of 1 L.
23. 2% Agarose gel, about 5 mm thick, 7 cm long, and 10 cm wide: Mix 0.6 g agar-

ose (electrophoresis grade), 1.5 mL of 20X concentrated Tris–acetate and 30 mL
water in a 100-mL reagent bottle. Be sure that the cap of the bottle is loose before
melting agarose in a microwave oven. Swirl the mixture occasionally to dissolve
the agarose completely. Adjust the volume to 30 mL with water and pour the gel.
Insert a comb for about 3-mm-wide slots and let the agarose solidify. Cover the
gel with Tris–acetate electrophoresis buffer containing 1 µg/mL ethidium bro-
mide (Caution: Ethidium bromide is mutagenic).

24. 10 mg/mL Ethidium bromide solution: Dissolve 1 g of ethidium bromide in
100 mL of water by stirring for several hours. Store in the dark at 4°C.

25. Agarose loading buffer: Mix 1 vol of 50% glycerol, 1 vol of Tris–acetate
electrophoresis buffer, and 1/10 vol of a 2.5% (w/v) bromophenol blue solu-
tion in TE.
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26. DNA molecular-weight markers in the range of 100–1000 base pairs (e.g., HaeIII
digest of bacteriophage ΦC174 DNA).

27. Ultraviolet (UV) transilluminator.
28. X-ray film for autoradiography.
29. Horizontal electrophoresis apparatus for agarose gel, approx dimensions: 7 × 10 cm.

2.2. Detection of Plasmid Clones by Blue/White Color

LB-amp–XG plates: LB-amp plates (see Subheading 2.1., item 14) con-
taining 0.05 mg/mL of X-gal and 5 × 10–5 M of IPTG. Stocks of 2% X-gal in
dimethylsulfoxide and 0.1 M IPTG in water can be made and appropriate
amounts can be spread onto LB-amp plates the day before use.

2.3. Purification of Plasmid DNA

1. E. coli suspension buffer: 50  mM Tris-HCl, pH 8.0, and 100 mM NaCl; prepare
by mixing 50 mL of 1 M Tris-HCl, pH 8.0, and 100 mL of 1 M NaCl in a total
volume of 1 L. Store at 4°C.

2. Tris–glucose–EDTA: 25 mM Tris-HCl, pH 8.0, 50 mM glucose, and 10 mM EDTA,
prepare freshly by mixing and dissolving 2.5 mL of 1 M Tris-HCl, pH 8.0, 1 g
glucose, and 2 mL of 500 mM EDTA pH 8.0 in a total volume of 100 mL of water.

3. NaOH–SDS (sodium dodecyl sulfate): 200 mM NaOH and 1% SDS, prepare by
mixing 10 mL of 10% SDS and 2 mL of 10 N NaOH in a total volume of 100 mL
of water.

4. 3 M sodium acetate pH 4.8. Adjust pH with glacial acetic acid.
5. 2 M ammonium acetate: dissolve 154.2 g ammonium acetate in a total volume of

1 L of water. Store at 4°C.
6. Isopropanol.
7. Cheese cloth.
8. Quick-Seal polyallomer centrifuge tubes (e.g., Beckman No. 342413).
9. Cesium chloride.

10. 1 M NaCl: Dissolve 58.44 g of NaCl in 1 L of water, autoclave, and store at
room temperature.

11. CsCl mix: Dissolve 122.1 g of cesium chloride (DNA grade) in 128 mL TE; add
4.13 mL of ethidium bromide (10 mg/mL). The final volume is 165 mL.

12. n-butanol: Mix n-butanol with an equal volume of water and an amount of cesium
chloride that leaves some undissolved. Use only the upper (n-butanol) phase.

2.4. Analysis of DNA–Protein Complexes

1. Vertical electrophoresis apparatus for polyacrylamide gel, approx dimensions
15 × 15 cm.

2. Acrylamide/bis-acrylamide (30/0.8, w/w): Add 30 g acrylamide and 0.80 g bis-
acrylamide dissolved in 100 mL water.

3. 10X TBE: Dissolve 108 g Tris-base, 55 g boric acid, and 9.3 g EDTA (ethylenedi-
aminetetraacetic acid, disodium salt) in water. Fill up to a total volume of 1 L.
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4. 8% Polyacrylamide slab gel (about 15 × 15 cm, 1 mm thick): Mix 31 mL of water,
13.3 mL of 30% acrylamide/bis-acrylamide, 5 mL of 10X TBE, 600 µL of 10% APS
(dissolve 1 g of ammonium persulfate in 10 mL of water), and 60 µL of TEMED
(N,N,N',N'-tetrαmethylethylene diamide). Pour solution between the glass plates of
the assembled vertical electrophoresis apparatus. Insert a comb for about 1-cm-
wide slots. Let the gel polymerize for several hours, preferably overnight.

5. 5X DNA–protein binding buffer for Gal repressor: 50 mM KCl, 10 mM Tris-HCl,
pH 7.5, 50 mM KCl, 1.0 mM EDTA, 20 µM cyclic AMP, 50 µg/mL bovine serum
albumin (BSA), 10% glycerol.

6. Ethidium bromide stain: Add 100 µL of ethidium bromide solution (10 mg/mL)
to 1 L of TE.

2.5. E. coli Host Strains

For pBendBlue, Epicuran coli SURE2 competent cells (Strategene) are rec-
ommended. For other pBend plasmids, any transformation proficient E. coli
strains may be used.

3. Methods
3.1. Insertion of the Protein-Binding Site into pBend

1. Add 25 µL of pBend DNA (1 mg/mL), 10 µL of 10X HpaI digestion buffer, 55 µL
of water, and 10 µL (100 U) of HpaI restriction endonuclease to a 1.5-mL Eppendorf
tube. Mix and incubate at 37°C for 2 h or overnight.

2. To precipitate the restriction enzyme, place the digest on ice, add 3 µL of
500 mM EDTA pH 8, 100 µL of ice-cold TE, and 100 µL of ice-cold 7.5 M
ammonium acetate. Keep the sample at 4°C for 10 min. Centrifuge in a tabletop
centrifuge for 10 min. Remove the supernatant (containing the DNA) and add it
to 600 µL ice-cold ethanol. Incubate at mL –70°C for 20 min, and centrifuge in a
tabletop centrifuge for 10 min. Discard the supernatant, add 500 µL of ice-cold
80% ethanol, centrifuge for 5 min, and discard the supernatant. Dry the DNA
pellet in a vacuum centrifuge and dissolve the sample in 250 µL of TE. Store the
linearized pBend DNA at mL –20°C.

3. Synthesize two complementary oligonucleotides that, when annealed to each
other, form the protein-binding site. (See Note 1 for the design of DNA inserts.)
The purification of the oligonucleotides is likely to be unnecessary if they are
shorter than 30 nucleotides. Dissolve each oligonucleotide in autoclaved distilled
water at a concentration of 200 µg/mL.

4. Add 10 µL of each oligonucleotide and 180 µL of oligonucleotide annealing
buffer to a 1.5-mL Eppendorf tube. Incubate the sample for 3 min in a 300-mL
beaker with about 150 mL of boiling water. Place the beaker with the tubes in the
coldroom at 4°C to allow for annealing of the oligonucleotides over a period of
several hours. Store the DNA at mL –20°C.

5. Mix in a 1.5-mL Eppendorf tube, 2 µL of annealed oligonucleotides, 3 µL of
five times concentrated ligation buffer, 1 µL of 5 mM ATP , 8.5 µL of water,
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and 0.5 µL of T4 polynucleotide kinase. Incubate for 10 min at 37°C. Place
the sample on ice and add 3 µL of five times concentrated ligation buffer, 1 µL
of linearized vector DNA (from step 2), 1 µL of 5 mM ATP, 9 µL of water, and
1 µL of T4 DNA ligase. Incubate at 15°C for several hours or overnight. The
samples can be stored in a refrigerator for several days and aliquots can be used
for several transformations.

6. Transform competent E. coli cells according to the protocol provided by the ven-
dor and plate on LB-amp plates. Incubate the plates at 37°C overnight or until the
colonies appear.

7. For preparation of the plasmid DNA on a small scale, use sterile toothpicks to
transfer individual colonies to 15 mL tubes containing 5 mL of LB with 200 µg/mL
ampicillin; also, streak cells from each transformant onto a LB-amp plate. Incu-
bate this master plate at 37°C and shake the liquid cultures at 37°C overnight.

8. Pellet the cells by centrifugation for 15 min at about 700g at 4°C (e.g., at
3000 rpm in a Sorvall RT6000B refrigerated centrifuge with a H1000B rotor).
Decant the supernatant, add 200 µL Tris–sucrose and transfer to 1.5-mL
Eppendorf tubes. Add 25 µL of lysozyme solution. Mix and add 130 µL of 200 mM
EDTA pH 8.0, and 130 µL of TLM. Mix and place at 65°C until lysis occurs
(which usually takes a few min). Vortex briefly and centrifuge for 15 min in a
tabletop centrifuge. Remove the pellet with a sterile toothpick; add half a volume
of the prepared phenol and half a volume of chloroform. Vortex for 10 s, centri-
fuge for 10 min and carefully remove about 200 µL of the aqueous (upper) phase
while staying clear of the interface. Add 400 µL of ice-cold ethanol, mix and
centrifuge for 5 min, decant the supernatant, add 1 mL of 80% ethanol, centri-
fuge for 2 min, carefully decant the supernatant and dry the pellet in a vacuum
centrifuge. Dissolve the pellet in 30 µL of TE with occasional mixing. Store the
samples at –20°C.

9. To verify successful insertion of the protein-binding site, digest an aliquot of the
DNA with EcoRI and HindIII. To a 5-µL aliquot of the plasmid preparation, add
2 µL of water, 1 µL of 10 times concentrated EcoRI digestion buffer, 1 µL of
EcoRI, 1 µL of HindIII, and 1 µL of RNase. As a control, digest 1 µg of pBend
DNA. Incubate all samples at 37°C for several hours or overnight. Place digests
on ice, add 1 µL of 200 mM EDTA pH 8.0, 90 µL of ice-cold TE, and 50 µL of
ice-cold 7.5 M ammonium acetate. Keep on ice for 10 min. Centrifuge in a table-
top centrifuge for 10 min. Collect the supernatant and add it to an Eppendorf tube
containing 300 µL ice-cold ethanol. Mix and incubate at mL 70°C for 20 min.
Centrifuge in a tabletop centrifuge for 10 min. Remove supernatant, add 300 µL
ice-cold 80% ethanol to the pellet, centrifuge for 5 min, and discard supernatant.
Carefully dry the pelleted DNA in a vacuum centrifuge and dissolve it in 5 µL of
TE. Add 5 µL of Tris–acetate loading buffer and mix briefly.

10. Prepare a 2% agarose gel. Load the samples from step 9 in parallel with DNA
molecular-weight markers. Electrophorese at 80 V until the bromophenol blue
has migrated about 4 cm. Examine the DNA under a UV transilluminator and
take a picture with a Polaroid camera (film type 57 or 55). Successful insertion is
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indicated by an EcoRI–HindIII fragment of the expected mobility (242 base pairs
plus insert). Electrophoresis can be continued to discover minor mobility differ-
ences, but then fresh electrophoresis buffer should be used. Eventually, the nature
of the positive clone must be verified by DNA sequencing, which also reveals
the orientation of the inserted binding site (see Note 2 for the selection of suit-
able sequencing primers).

3.2. Detection of the Protein-Binding Site Cloned
into pBend Blue by Blue/White Color Screening

After ligation of the DNA segment corresponding to the protein-binding site
into pBendBlue DNA, as described in steps 1–5 of Subheading 3.1., trans-
form competent E. coli cells (strain Epicuvan) and plate on LB-amp–XG plates.
Incubate the plates at 37°C overnight or until the colonies are large enough to
distinguish their blue/white color phenotype. By this procedure, usually 1–10%
of the transformed colonies on LB-amp–XG plates are white. Verify the white
colonies by purifying on LB-amp–XG plates. Sequence verification shows that
almost all of the white colonies contain the desired insert. Thus, when the clon-
ing efficiency is poor, the color screening allows successful use of pBendBlue
in cloning short DNA sequences for studying DNA binding.

3.3. Purification of pBend DNA

1. To obtain pure DNA of the positive pBend derivative, set up a 5-mL culture of
the positive clone in LB with 500 µg/mL of ampicillin starting from an indi-
vidual colony of the master plate (step 7 of Subheading 3.1.). Shake at 37°C for
several hours until the culture becomes turbid. Transfer the cells to a 2-L sterile
Erlenmeyer containing 400 mL of LB with ampicillin. Shake overnight at 37°C.

2. Place the culture on ice and transfer the cells into centrifuge bottles. Pellet the
cells by centrifugation at 4°C at about 1600g (e.g., 3500 rpm in a H6000A rotor
of a Sorvall RC3C centrifuge). Decant the supernatant, resuspend the pellet in
20 mL E. coli suspension buffer and transfer the cells to a 50-mL centrifuge tube
(preferably Nalgene, cat. no. 3131-0024). Centrifuge at 4°C for 10 min at about
5000g (e.g., in Sorvall SS34 rotor at 10,000 rpm). Freeze the pellet completely
by placing the sample on dry ice or in a –80°C freezer.

3. Thaw the pellet and resuspend the cells in 6 mL of Tris–glucose–EDTA. Add
12 mg of lysozyme powder, mix and keep on ice for 30 min. Bring to room tem-
perature and add 12 mL of NaOH–SDS. Mix and place on ice for 5 min.

4. Add 9 mL of 3 M sodium-acetate pH 4.8, shake, and leave on ice for 30 min.
Centrifuge at about 12,000g at 4°C for 15 min (e.g., in an SS34 rotor at
15,000 rpm).

5. Transfer the supernatant to a new centrifuge tube by filtering through a cheese-
cloth. Add half a volume of isopropanol to the transferred solution, leave 5 min
at room temperature and centrifuge at 4°C for 10 min at 5000 g (e.g., in the SS34
rotor at 10,000 rpm).
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6. Discard the supernatant and add 6 mL of ice-cold 2 M ammonium-acetate to the
pellet. Vortex repeatedly to dissolve the plasmid DNA until only small particles
are visible. Centrifuge at 4°C for 10 min at 5000g.

7. Transfer the supernatant (containing the plasmid DNA) to a new centrifuge tube,
add 4 mL of isopropanol, mix, and centrifuge at 4°C for 10 min at 5000g.

8. Discard the supernatant and completely dissolve the pellet in 7 mL of TE with
occasional shaking. Add 8 g of cesium chloride, 400 µL of 1 M NaCl, 400 µL of
1 M Tris-HCl, pH 8.0, 160 µL of ethidium bromide (10 mg/mL) and 2.5 mL of
CsCl mix.

9. After the CsCl is dissolved, draw the solution into a 20-mL syringe and transfer it
into a Quick-Seal centrifuge tube. Fill a second tube with CsCl mix and make
sure that the two tubes are balanced. Seal the tubes and centrifuge overnight at
about 20,000g at 20°C (e.g., at 50,000 rpm in a Beckman NTV65 rotor).

10. Remove the tubes from the rotor, puncture the top of the tube, then collect the
lower of the two visible bands with a syringe by puncturing the side of the tube.
Transfer the DNA into a 15-mL Corex glass centrifuge tube.

11. Extract the ethidium bromide by adding 1 mL of n-butanol that has been satu-
rated with water and cesium chloride. Vortex and remove the upper phase with a
glass pipet. Repeat this process beyond the point where the color becomes invis-
ible (usually about six times).

12. Add 2.5 mL of water and 7 mL of ethanol. Mix and incubate at mL –70°C for
15 min. (Do not leave too long, otherwise CsCl will precipitate). Centrifuge for
15 min at 4°C at about 7000g preferably in a swinging-bucket rotor (e.g., Sorvall
HB4 rotor at 10,000 rpm).

13. Pour off the supernatant, add 5 mL of ice-cold 80% ethanol to the pellet, repeat the
centrifugation, discard the supernatant and evaporate excess ethanol under vacuum.

14. Dissolve the DNA in 500 µL of TE and determine the absorbance at 260 nm.
Add the appropriate amount of TE to adjust the concentration of the plasmid
DNA to 1 mg/mL (1 A260 is equivalent to 50 µg/mL). Store the DNA at 4°C.

3.4. Analysis of DNA–Protein Complexes

1. To generate restriction fragments with the protein-binding site located at the end
or in the middle, digest the pBend construct with MluI (end) and EcoRV (middle)
separately or with the entire set of restriction enzymes with duplicated targets
individually. One digestion contains 100 µL (100 µg) of plasmid DNA from
step 14 of Subheading 3.3., 30 µL of 10 times concentrated MluI (or EcoRV)
digestion buffer, 160 µL of water, and 10 µL of MluI or EcoRV restriction
enzyme (100 U). Incubate the samples at 37°C for several hours or overnight.
Place the samples on ice, add 15 µL of 500 mM EDTA, pH 8.0, 150 µL of ice-
cold 7.5 M ammonium acetate and leave at 4°C for 10 min. Centrifuge in a table-
top machine for 10 min. Remove and add the supernatant (containing the DNA)
to a new Eppendorf tube filled with 900 µL of ice-cold ethanol. Mix and incu-
bate at –70°C for 20 min. Centrifuge for 10 min. Discard the supernatant, add
500 µL of ice-cold 80% ethanol, centrifuge again for 5 min and decant the super-
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natant. Carefully dry the pellet in a vacuum centrifuge and dissolve the DNA in
50 µL of water. Verify the success of the digestion by electrophoresis of an ali-
quot on a 2% agarose gel (described in item 23 of Subheading 2.1.).

2. Pour a vertical 8% polyacrylamide slab gel. Assemble the electrophoresis appa-
ratus and pre-electrophorese at room temperature for 1 h at 100 V with TBE
buffer containing 1.0 µM cyclic AMP in the reservoirs.

3. Isolate the different DNA fragments containing the protein-binding site after gel
electrophoresis for end labeling, if necessary (see Note 6). Label the ends of the
DNA fragments by T4 polynucleotide kinase and [γ-32P]ATP as recommended
by the supplier of the enzyme.

4. Mix at room temperature 2 µL of digested DNA fragments (from step 1 or step 3),
1.6 µL of five times concentrate solution of CRP binding buffer, 4.4 µL of water,
and 2 µL of diluted CRP. Keep the time between diluting the protein and addition
to the DNA as short as possible. Do not vortex; mix gently with the tip of the
pipet. Prepare a control without added protein. Incubate all samples for 10 min at
room temperature.

5. Flush the wells of the polyacrylamide gel with reservoir buffer and load samples
without the addition of loading buffer and tracking dyes. The glycerol in the
binding buffer gives the sample sufficient density. A long plastic microcapillary
tip is helpful for delivering the sample to the bottom of the slot. Glass capillaries
should be avoided because proteins tend to stick to glass. In a separate slot, load
DNA molecular-weight markers with bromophenol blue. Electrophorese at room
temperature for 5 h at 200 V. Separate the glass plates and immerse the gel in
ethidium bromide stain for visualization of the DNA under UV light. Take a
picture with a Polaroid camera and subsequently autoradiograph gel (consult
Notes 3 and 4 if complexes cannot be detected).

6. Measure the distances between the gel loading slot and the position of the pro-
tein–DNA complex of the MluI (µE) and the EcoRV digest (µM). Also, examine
the mobilities of the free DNA (Fig. 4) to make sure that the DNA fragments
contain no intrinsic bending. Calculate the bending angle α using the empirical
formula µM/µE = cos(1/2α).

4. Notes
1. Protein-binding sites can be inserted into the pBend vectors using restriction frag-

ments or synthetic oligonucleotides. Restriction fragments should not be consid-
erably larger than the protein-binding site to be tested. Oligonucleotides are
normally available with blunt ends and can be cloned into the HpaI sites of
pBend4 or pBend5 (Fig. 2). Newly synthesized oligonucleotides can be designed
with “sticky” ends such that they are compatible with the XbaI and the SalI sites;
they can be cloned more efficiently and inserted in a single orientation.

2. Insertion of the protein-binding site may not occur if the oligonucleotides are of
poor quality. In this case, they should be purified and checked by polyacrylamide
gel electrophoresis. If the transformation efficiency with supercoil control DNA
is high, yet very few transformants are obtained with the annealed oligonucle-
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otides, reduce the amount of insert DNA. Multiple insertion of the binding site
can occur and is detected by gel electrophoresis and sequencing. For sequencing,
use primers named T3, T7, M13-20, or reverse primer (Stratagene). Do not use
the SK and KS primers (Stratagene) because they are not fully complementary to
pBend3, 4, and 5.

3. Bending experiments with radioactively labeled DNA are particularly useful if
the protein has not been purified or if its availability is limited. Labeling can be
accomplished with T4 polynucleotide kinase and [γ–32P]ATP. Often, the DNA
ends generated by the various restriction enzymes are labeled to different degrees.
This problem can be overcome by loading the gel with aliquots of the binding
reaction adjusted for the efficiency of fragment labeling. It is best to purify and
isolate the protein-binding fragments because the radioactively labeled plasmid–
DNA might obscure the region where the complexes are located. Another poten-
tial problem (which is also the case with unlabeled DNA) might be that bands
appear which represent minor digestion products. In order to identify these, make
sure to include controls without added protein.

4. One of the frustrating aspects of conducting a bending experiment can be the
inability to detect a complex on the polyacrylamide gel. Even if the binding and
electrophoresis conditions are known one should be careful to avoid solutions
and equipment that have been in contact with SDS. If possible, dedicate one
electrophoresis setup to “gel-shift” experiments. Many DNA-binding proteins are
insoluble in the low salt concentration of the electrophoresis buffer and must be stored
at high ionic strength. Limit the time between dilution and addition to the DNA.
Avoid vortexing during complex formation and do not add tracking dyes because
they interact with the complex and might change its mobility. Larger protein–
DNA complexes (e.g., Lac repressor [6]) behave better in low percentage poly-
acrylamide gels (e.g., 4%) with a high acrylamide/bis-acrylamide ratio (80:1).
The protein concentration for obtaining about equal amounts of free and
complexed DNA should always be determined in a preliminary experiment.

5. If many transformants are obtained, but none contain the protein-binding site, the
pBend DNA might not have been fully linearized. Alter the DNA–enzyme ratio
in favor of the enzyme and confirm complete digestion of an aliquot by electro-
phoresis on an agarose gel.

6. In the initial bending experiment, it is advisable to restrict only with MluI or
BamHI (to place the binding site close to the ends) and EcoRV or PvuII (to place
the binding site in the middle). Do not select restriction sites that also occur in the
protein-binding sequence. When exploiting the 17 circular permutated restriction
sites, attention must be paid to the property of some of the restriction enzymes as
follows: ClaI sites are methylated in most E. coli strains; its use is therefore lim-
ited to prior growth of the plasmid in a methylation-defective (dam-) host. StyI
will also cut at NcoI of the repeat; for the purpose of a bending experiment, it can
therefore only be used under partial digestion conditions. An additional SpeI site
is present in the vicinity of the single EcoRI site as part of pBluescript SK (see
Fig. 2). SpeI digestion generates an additional small fragment, which contains no
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protein-binding site and does not interfere with the bending assay. Three addi-
tional DraI sites are located in the plasmid corresponding to pBluescript coordi-
nates 1912, 1931, and 2623. Depending on their electrophoretic property, some
of the vector-derived DNA fragments might comigrate with certain protein–DNA
complexes. Make sure to include a control without added protein. Likewise, two
additional PvuII sites correspond to pBluescript coordinates 529 and 977. A SmaI
site is present close to EcoRI (see Fig. 2). Two additional SspI sites correspond
to pBluescript coordinates 442 and 2850, and two additional RsaI sites corre-
spond to pBluescript coordinates 665 and 2526. NcoI will also cut at StyI of the
repeat and can only be used under partial digestion conditions. An additional
BamHI-site is present close to the EcoRI site (see Fig. 2).

7. The bending angle a assumes a value of 0° for a straight duplex. Since the mobil-
ity of a rigid DNA fragment is related to its end-to-end distance, the latter equals
L cos(1/2α), with L being the length of the unbent DNA. The end-to-end distance
of a fragment bent at the end will be virtually the same as L. Thus, µM/µE = L
cos(1/2α)/L = cos(1/2α), where µM is the mobility of the complex with the protein
bound centrally and µE the mobility of the complex with the protein bound at the
end of the DNA fragment. The apparent bending angle for the lac promoter,
induced by CRP is 96° (see Fig. 4 of ref. 2). We measure the distance between
the top of the gel and the front of the band representing the protein–DNA com-
plex. Whatever method is used, one must be consistent. Possible intrinsic bend-

Fig. 4. Gel electrophoresis of permuted fragments of lac CRP sites. CRP was mixed
separately with 11 different 5'-end 32P-labeled DNA fragments. In a volume of 20 µL,
a sample of each labeled fragment was mixed with 10 mM Tris-HCl, pH 7.5, 1 mM EDTA,
50 mM KC1, 20 µM cAMP, 50 µg/mL BSA, 10% glycerol, and 1 nM CRP. Polyacryla-
mide concentration was 10%. The protein and DNA concentrations were such that 50% of
the DNA was engaged in complexes with CRP. The DNA fragments used were gener-
ated by restriction enzymes, which, from left to right, are MluI, BglII, NheI, SpeI,
XhoI, EcoRV, PvuII, StuI, NruI, KpnI, and BamHI. The fragments at the bottom of the
gel are free DNA and those at the upper part are bound to the cAMP–CRP complex.



416 Zwieb and Adhya

ing in the free DNA must be considered in the calculation of the bending angle. It
should be noted that the calculated values may be different from absolute bend-
ing angles, because factors other than the end-to-end distance influence the
mobility of protein-bound and unbound DNA fragments. The method measures
the net bend and cannot distinguish between a single sharp bend at one position
and a smooth curving over a larger DNA region. For precise determination of
bending angles, at least three independent experiments should be conducted. If
possible, use control lanes containing a similar size complex in which a DNA
fragment is bent to a known degree by binding to a specific protein.
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Engineering Nucleic Acid-Binding Proteins
by Phage Display

Mark Isalan and Yen Choo

1. Introduction
In the phage display method, peptides (1) or protein domains (2,3) cloned as

fusions to the coat proteins of filamentous bacteriophage are displayed on the
capsid, which encloses the viral genome. Proteins of interest and their associ-
ated phage can be selected from a large pool of variants (a library) by affinity
purification using an appropriate ligand bound to a solid support. Thus, while
weakly interacting phage are removed by washing, strongly bound phage are
retained and can be subsequently amplified by passage through a bacterial host.
Sequential rounds of selection and amplification lead to enrichment of those
clones with the highest affinity for the target ligand. The identities of these
clones can then be deduced by sequencing part of the phage genome.

Protein–nucleic acid interactions (4,5), which often involve complicated
networks of intermolecular contacts, can be investigated expeditiously using
phage display because large numbers of protein variants can be screened
simultaneously. We and others have used this powerful technique to study DNA
binding by the TFIIIA-type zinc finger motif (6–11) and, more recently, by
RNA binding by zinc fingers (12,13), the HIV-1 Tat protein (14), and an RNP
domain from the U1A spliceosomal protein (15). In this chapter, we describe
the steps involved in cloning phage display libraries of nucleic-acid-binding
proteins (1) preparation of high-quality vector for cloning; (2) preparation of a
cassette coding for the protein library to be expressed on phage; and (3) liga-
tion of these two components and transformation of competent bacteria. Also
described are the protocols we use to (1) perform selections of nucleic-acid-
binding proteins displayed on phage and (2) assay the binding affinity and
specificity of selected clones using phage enzyme-linked immunosorbent assay
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(ELISA). Moreover, since we have found that the success of such phage-
display experiments is as dependent on experimental strategy as it is on
technique, we have commented on the rationale underlying our published
phage-display experiments (8,11,16) in Subheading 4. We anticipate that these
general principles and methods can be applied to the phage display of many
other nucleic-acid-binding motifs.

2. Materials
2.1. Preparation of Phage Vector

1. 2X TY medium: 16 g/L Bactotryptone, 10 g/L Bactoyeast extract, and 5 g/L NaCl).
2. Tetracycline.
3. Escherichia coli strain expressing the F pilus (e.g., E. coli TG1 [F' traD36 lacIq

∆(lacZ)M15 proA+B+/supE ∆(hsdM-mcrB)5(rK-mK-McrB-) thi ∆(lac-proAB])
grown on minimal medium.

4. Phage vector suitable for phage display, (e.g., Fd-TET-SN [8]).
5. Plasmid purification system (e.g., Wizard Maxiprep kit [Promega]).
6. TE buffer: 10 mM Tris, pH 7.4, and 1 mM EDTA, pH 8.0.
7. Cesium chloride.
8. Water-saturated butan–2-ol.
9. SfiI 20,000 U/mL, and NEBuffer 2 (New England Biolabs).

10. NotI 10,000 U/mL, and NEBuffer 3 (New England Biolabs).
11. Mineral oil.
12. TAE, 50X stock solution: 242 g Tris base, 57.1 mL glacial acetic acid, 37.2 g

Na2EDTA·2H2O, and H2O to 1 L.
13. Ethidium bromide, 10 mg/mL.
14. AgaraseI (Sigma).

2.2. Construction of a Gene Cassette Coding
for a Protein Library

1. T4 polynucleotide kinase (10 U/µL) and buffer (New England Biolabs).
2. T4 DNA ligase (400 U/µL) and buffer (New England Biolabs).

2.3. Cloning of Library DNA Cassette into Phage Vector

1. Electrocompetent E. coli (e.g., strain TG1).
2. Electroporation cuvets (2-mm path, Equibio).
3. SOC medium: 0.5% (w/v) yeast extract, 2% (w/v) tryptone, 10 mM NaCl, 2.5 mM

KCl, 10 mM MgCl2, 10 mM MgSO4, and 20 mM glucose.
4. TYE medium: 1.5% (w/v) agar, 1% (w/v) Bactotryptone, 0.5% (w/v) Bactoyeast

extract, and 0.8% (w/v) NaCl.

2.4. Phage Selection Against Nucleic Acid Targets

1. 2X nucleic acid annealing buffer: 40 mM Tris buffer, pH 8.0, and 200 mM NaCl).
2. Streptavidin-coated paramagnetic beads (Dynal AS).
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3. Phosphate-buffered saline (PBS): 10X stock: 80 g NaCl, 2 g KCl, 11.5 g
Na2HPO4·7H2O, 2 g KH2PO4, water to 1 L.

4. Fat-free freeze-dried milk (Marvel).
5. Tween-20.
6. Sonicated salmon sperm DNA (10 mg/mL).
7. 0.1 M triethanolamine.
8. 1 M Tris-HCl, pH 7.4.

2.5. Assaying Binding Properties of Selected Clones
by Phage ELISA

1. Streptavidin-coated microtiter wells (Roche).
2. Horseradish peroxidase-conjugated anti-M13 IgG (Pharmacia Biotech).
3. 3,3',5,5'-tetramethyl-benzidine (TMB, Sigma).
4. Dimethyl sulfoxide (DMSO).
5. 3 M Sodium acetate (pH 5.5).
6. 30% (v/v) hydrogen peroxide.
7. 1 M sulfuric acid.

3. Method
3.1. Preparation of Phage Vector

1. Prepare vector DNA (see Note 1) from a 1-L bacterial culture by using a
large-scale plasmid preparation kit (e.g., Wizard Maxipreps, Promega) fol-
lowed by additional purification on a cesium chloride gradient (see Note 2).
We have found that only cesium-chloride-pure phage DNA is suitable for
library construction.

2. Resuspend 40 µg pure vector in 460 µL of 1X NEBuffer 2 containing 100 µg/mL
bovine serum albumin (BSA). Add 10 µL (200 U) of SfiI, overlay with mineral
oil, and incubate at 50°C. Supplement the reaction with 10 µL (200 U) of SfiI
every 2 h to a total incubation time of 8 h.

3. Purify DNA by extracting once with phenol and once with chloroform, followed
by ethanol precipitation.

4. Resuspend DNA in 460 µL of 1X NEBuffer 3 containing 100 µg/mL BSA. Add
10 µL (100 U) of NotI and incubate at 37°C. Supplement the reaction with 10 µL
(200 U) of NotI every 2 h to a total incubation time of 8 h.

5. Purify the cut vector by agarose gel electrophoresis prior to cloning. Run the cut
vector DNA on a 1% low-melting-point agarose gel, made up in 1X TAE con-
taining 0.5 µg/mL ethidium bromide.

6. Excise the vector DNA band under ultraviolet (UV) light.
7. Extract the vector DNA from the gel slice by digestion using AgaraseI (Sigma).

Purify DNA by extracting once with phenol and once with chloroform, followed
by ethanol precipitation.

8. Resuspend DNA in sterile water and quantitate by spectrophotometry. Vector
may be stored in aliquots at –20°C.
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3.2. Construction of a Gene Cassette Coding
for a Protein Library

1. Design and synthesize the pool of related genes using end-to-end ligation of syn-
thetic “template” oligonucleotides, directed by annealing “guide” oligonucle-
otides, according to the schematic in Fig. 1. The DNA cassette must code for the
genes in frame with the leader sequence and geneIII. Note 3 provides guidelines
regarding the design of randomizations in the protein library.

2. Use polyacrylamide gel electrophoresis to purify about 100 mg of each oligonucle-
otide. Adjust purified oligonucleotide concentration to 10 pmol/µL in distilled water.

3. 5'-Phosphorylate the “template” oligonucleotides prior to ligation (Fig. 1). Take
10 µL of each oligonucleotide at 10 pmol/µL and add 1.2-µL of 10X T4 ligase
buffer (this is essentially T4 polynucleotide kinase buffer containing 1 mM ATP).
Add 1 µL (10 U) of T4 polynucleotide kinase and incubate at 37°C for 1 h. Heat
inactivate the enzyme by incubating at 65°C for 10 min.

4. Take 100 pmol of each phosphorylated template oligonucleotide in (12-µL vol-
umes from kinase reactions) and mix with 100 pmol of each guide oligonucleotide

Fig 1. Construction of a gene cassette coding for the protein library to be displayed
on phage. The pool of genes is constructed by end-to-end ligation of synthetic “tem-
plate” oligonucleotides (T1–T3), containing nucleotide randomizations (marked X),
which is directed using “guide” oligonucleotides (G1, G2) that bridge the junctions by
sequence-specific annealing. After the ligation reaction, a full-length, double-stranded
gene cassette is amplified by the PCR using primers that contain restriction enzyme
sites for cloning.
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(10 µL of 10 pmol/µL in 1X T4 DNA ligase buffer). Place in a boiling waterbath for
3 min, then turn off the heat source and leave to cool to room temperature to allow
annealing of the template and guide oligonucleotides. Finally, place on ice.

5. Add an equal volume of 1X T4 DNA ligase buffer to the oligonucleotide mixture.
Supplement with 8 µL (3200 U [DNA end ligation units]) of T4 DNA ligase per
100 µL. Incubate at 16°C for 8–24 h.

6. Carry out a small-scale (25-µL) trial polymerase chain reaction (PCR) reaction,
with appropriate primers (as shown in Fig. 1), to amplify full-length double-
stranded DNA cassette (see Note 4). Typically, 1 µL of the ligation reaction
contains sufficient template. The correct size of the PCR product should be veri-
fied by agarose gel electrophoresis. When PCR conditions are optimized, scale
up the PCR reaction 10-fold. If the PCR product is not of the predicted size, then
gel purification of the ligated single-stranded template may be required. Purifica-
tion is facilitated by 32P end labeling of the 3'-terminal oligonucleotide used in
constructing the gene cassette.

7. Prepare the PCR product for restriction digestion by extracting once with phenol
and once with chloroform, followed by ethanol precipitation.

8. Resuspend DNA in 460 µL 1X NEBuffer 2 containing 100 µg/mL BSA. Add 10 µL
(200 U) of SfiI, overlay with mineral oil, and incubate at 50°C. Supplement the
reaction with 10 µL (200 U) of SfiI every 2 h to a total incubation time of 8 h.

9. Prepare DNA for the second digestion by extracting once with phenol and once
with chloroform, followed by ethanol precipitation.

10. Resuspend DNA in 460 µL 1X NEBuffer 3 containing 100 µg/mL BSA. Add 10 µL
(100 U) of NotI and incubate at 37°C. Supplement the reaction with 10 µL (200 U)
of NotI every 2 h to a total incubation time of 8 h.

11. Remove small restriction fragments and prepare the cassette for cloning using
agarose gel purification: run the cut cassette on 2% low-melting-point agarose
gel in 1X TAE containing 0.5 µg/mL ethidium bromide. Excise the band of interest
from the gel and extract DNA by any suitable method such as AgaraseI digestion.

12. The DNA yield should be quantitated and the cassette stored in distilled water at
–20°C. This protocol gives 1–3 µg of library cassette, of which less than 0.5 µg is
typically required to clone a library of 5 million transformants.

3.3. Cloning of the Library DNA Cassette into Phage Vector

1. Ligate DNA insert into a 1 µg (approx 0.2 pmol) phage vector. This is carried out
in a total volume of 30 µL in 1X T4 DNA ligase buffer supplemented with 3 µL
(1200 U) of T4 DNA ligase. Incubate at 16°C for 16 h. A 5:1 molar ratio of insert
to the vector should give good yields, but results can be improved by optimizing
this ratio after each new vector and insert preparation.

2. Purify ligation products by phenol/chloroform extraction followed by ethanol
precipitation. Wash the precipitate thoroughly with 70% ethanol and dry for 5 min
in a lyophilizer. Resuspend pellet in 10 µL of distilled water. It is important to
minimize the amount of salt carried through because this can cause arcing during
electroporation.
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3. Electroporate 2-µL (approx 200 ng) samples of ligated vector into 50–70 µL of
electrocompetent E. coli (see Note 5) in a 2-mm-path electroporation cuvet (Equibio).

4. Pulse cells in electroporation apparatus set to 2.5 kV and 25 µF, with a pulse
controller set to 200 Ω.

5. Immediately resuspend cells in 1 mL room-temperature SOC. Incubate for 1 h at
37°C with shaking.

6. Plate cells out on TYE medium containing 15 µg/mL tetracycline and grow 16 h
at 30°C. Large 24-cm × 24-cm plates are convenient for plating out approx 106

transformant colonies. Plate out a dilution series of the transformation on smaller
plates to estimate the total number of colonies obtained (i.e., the library size).

7. The efficiency of the cloning can be verified by PCR screening 20 randomly
selected colonies using internal primers that amplify the cloned cassette (see Note
4). Individual colonies can be cultured in liquid medium to produce phage (see
Note 6) for DNA sequencing to confirm that the library contains unbiased
randomizations at the expected positions.

8. Harvest the library by gently scraping colonies into 1–3 mL of 2X TY. Bacteria
may be stored at –70°C after the addition of 50% (v/v) glycerol.

9. To obtain phage particles, grow phage-infected bacteria in 2X TY containing
15 µg/mL tetracycline. Use 50 mL of culture medium/mL of harvested bacteria
and incubate for 8–24 h at 30°C.

10. Centrifuge cultures at 500g for 20 min to obtain clear phage-containing superna-
tant. This may be filtered through a 2-µm filter to remove bacteria, stored at 4°C
or –20°C, or alternatively used for selection experiments.

3.4. Phage Selection Against Nucleic Acid Targets

1. Nucleic acid targets used for selection are prepared by annealing complementary
DNA oligonucleotides together, or refolding an RNA hairpin structure. At least
one of the oligonucleotides must be biotinylated. Mix 10 µL of (each) oligo-
nucleotide at 10 pmol/µL with 20 µL of 2X nucleic acid annealing buffer. Place
in a boiling waterbath for 3 min, then turn off the heat source and allow to cool to
room temperature. Finally, place on ice. Annealed binding sites may be diluted in
water to a 1 pmol/µL stock solution stored at –20°C.

2. Fresh phage are prepared for selection by growing phage-infected bacteria in 2X
TY containing 15 µg/mL tetracycline for 8–24 h at 30°C. Grow 1 mL of culture
for each selection experiment (see Note 7).

3. Take 50 µL of dynabeads solution and separate the beads from the preservative
buffer using a magnet. Then, add 1 pmol of nucleic acid target site to the blocked
beads in 50 µL PBS and allow to bind for 30 min (see Note 8).

4. Start growing 1 mL of fresh TG1 bacteria per selection experiment, in 2X TY at
37°C. The bacteria will be ready when an OD600 of 0.6 is reached (this takes
about 3 h if 2–5 mL of 2X TY is inoculated with a single colony). In the mean-
time, steps 5–10 of the selection should be performed.

5. Block the nucleic-acid-coated beads for 1 h at 20°C by adding 1 mL of PBS
containing 4% (w/v) fat-free freeze-dried milk (Marvel).
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6. Centrifuge bacterial cultures from step 2 on a bench-top microfuge at top speed
for 10 min to obtain clear phage-containing supernatants.

7. Prepare 1 mL phage binding mixture for each selection (see Note 9):
897 µL of PBS containing 2% (w/v) fat-free dried milk (Marvel) and 1%

(v/v) Tween-20
100 µL phage-containing supernatant (see Note 10)
2 µL (10 mg/mL) of sonicated salmon sperm DNA (or tRNA) competitor
1 mL (10 pmol) unbiotinylated competitor nucleic acid

8. Separate the nucleic-acid -coated beads from the blocking mixture and add 1 mL
of phage binding mixture. Incubate for up to 1 h at 20°C. RNA selections may
require shorter incubations at lower temperatures. We have selected variants of
the U1A RNA-binding motif by incubating for 5 min on ice. In this case, the
addition of ribonuclease inhibitors (e.g., RNasin [Promega]), is optional.

9. Wash away unbound phage from the beads with 15–20 washes of 1 mL PBS
containing 2% (w/v) fat-free freeze-dried milk (Marvel) and 1% (v/v) Tween-20.
Vortex the beads thoroughly during washes. The number of washes may need to
be optimized for a particular selection. If too few washes are carried out, then
selection is poor as many nonspecific binding phage are carried through. Too
many washes can reduce phage yield to the point where specific binders are lost.
Carry out one final wash with 1 mL PBS.

10. Remove PBS and elute phage from beads by adding 100 µL of 0.1 M triethanola-
mine. Mix on vortex for 1 min, then collect beads and remove the supernatant
that should be immediately neutralized with 100 µL of 1 M Tris buffer, pH 7.4.

11. Infect 500 µL of fresh logarithmic phase TG1 (from step 4) with 50 µL of eluted,
neutralized phage solution. Incubate without shaking at 37°C for 1 h. Dilutions of the
infected E. coli culture may be plated out on TYE containing tetracycline to estimate
phage yields in order to follow the progress of the selection over several rounds.

12. Centrifuge the infected culture for 5 min at top speed in a bench-top microfuge to
harvest the bacteria. Resuspend bacterial pellet in 2 mL 2X TY supplemented
with 15 µg/mL tetracycline, and grow for 16 h at 30°C to obtain phage for further
rounds of selection (see Note 11).

13. After the final round of selection, infected bacteria are plated out and individual
colonies are cultured to produce phage for binding assays and DNA sequencing.

3.5. Assaying Binding Properties of Selected Clones
by Phage ELISA

1. Prepare biotinylated nucleic acid binding sites as in step 1 of Subheading 3.4.
2. Prepare a fresh phage culture for ELISA (see Note 12) by inoculating 2 mL of

2X TY containing 15 µg/mL tetracycline with a single bacterial colony and incu-
bating for 8–24 h at 30°C.

3. Add between 0 and 100 pmol of biotinylated nucleic acid target site (in 50 µL of
PBS) to each streptavidin-coated microtiter well (250 µL capacity, Boehringer-
Mannheim) and allow to bind for 30 min. Initially, it may be worthwhile to carry
out binding assays using a range of nucleic acid target concentrations. Bear in
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mind the biotin binding capacity of the streptavidin-coated microtiter plate.
4. Block microtiter-plate wells for 1 h at 20°C by adding 150 µL PBS containing

4% (w/v) fat-free freeze-dried milk (Marvel).
5. Centrifuge phage cultures from step 2 on a bench-top microfuge for 10 min at top

speed to obtain clear phage-containing culture supernatant.
6. Prepare 50 µL phage-binding mixture for each ELISA well by mixing 5 µL phage

supernatant (see Note 10) with 45 µL of PBS containing 2% (w/v) fat-free freeze-
dried milk (Marvel), 1% (v/v) Tween-20, and 1-µg competitor nucleic acid (e.g.,
calf liver tRNA or sonicated salmon sperm DNA, depending on the application).

7. Discard blocking mixture from microtiter plate wells and add 50 µL of phage-
binding mixture per well. Incubate for up to 1 h at 20°C. Assays using RNA
targets may require shorter incubations at lower temperatures. We have assayed
variants of the U1A RNA-binding motif by incubating for 5 min on ice. The
addition of ribonuclease inhibitors (e.g., RNasin [Promega]) is optional.

8. Remove unbound phage by washing microtiter-plate wells seven times with PBS
containing 1% (v/v) Tween-20, followed by three washes with PBS.

9. Remove all PBS and add 100 µL of PBS containing 2% (w/v) fat-free freeze-
dried milk (Marvel) and 0.02% (v/v) peroxidase-conjugated anti-M13 IgG
(Pharmacia Biotech). Incubate for 1 h at 20°C.

10. About 10 min before the incubation from step 9 is over, prepare the reagents for
the ELISA developing solution. Dissolve a 1-mg TMB tablet in 100 µL of DMSO.
Make up a 10-mL solution of 0.1 M sodium acetate (pH 5.5) and add 2 µL of 30%
(v/v) hydrogen peroxide.

11. Remove unbound antibody by washing microtiter-plate wells three times with
PBS containing 0.05% (v/v) Tween-20, followed by three washes with PBS. Dis-
card all traces of PBS from the final wash.

12. Mix the solutions from step 10 to make developing solution and immediately add
100 µL to each microtiter-plate well.

13. Allow the colorimetric reaction to develop between 1–10 min. The time required
for developing depends on factors such as the concentration of nucleic acid target
bound to the plate, the amount of phage added to the reaction, and the quality of
the antibody used. A blue color develops in microtiter-plate wells that contain
phage, whereas empty control wells and wells to which phage have not bound
remain colorless.

14. Stop the reaction with 100 µL of 1 M sulfuric acid per well, which converts any
blue signal to yellow. Absorbance may be quantitated in a plate-reader spectro-
photometer at 450 nm.

4. Notes
1. Nucleic-acid-binding motifs such as the zinc finger (17) and the ribonucleopro-

tein motif (18) have been displayed on the surface of filamentous bacteriophage
as fusions to the minor coat protein encoded by gene III. This type of display can
be achieved using either phage vectors (which encode gIII and all functions
required for phage replication, packaging and infection, as well as antibiotic
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resistance) or phagemid vectors (which comprise only plasmid-encoded gIII and
require “rescue” with “helper phage” in order to replicate and package the single-
stranded genome) (19). Although either vector type is suitable for the experi-
ments described, each system has its own particular advantage. Phagemid vectors
are advantageous because they can be used to transform E. coli with greater effi-
ciency (107–108 clones/µg DNA) relative to phage vectors (105–106 clones/µg
DNA), hence facilitating cloning of larger combinatorial libraries. On the other
hand, we have found that phage vectors are more suitable for phage ELISA, which
can be used to study protein–nucleic acid interactions without the need to
subclone the selected genes into protein expression vectors. This may be because
the phage vectors permit polyvalent display of proteins, allowing for stronger
binding to ligands attached onto a solid support. Because the choice between
phage and phagemid depends on the application, we have almost always used a
phage vector, as we consider this vector system easier to work with and phage
ELISA to be particularly useful in our experiments.

2. Cesium chloride gradient purification of the phage vector is carried out as fol-
lows. Dissolve 10–100 µg of DNA in 4 mL TE buffer containing 4 g of cesium
chloride and 0.1 mL of ethidium bromide solution (10 mg/mL). Mix well to dis-
solve and dispense into a 5-mL ultracentifuge tube. Centrifuge at 370,000g for
20 h at 20°C using a Beckman Vti 65.2 rotor. Two bands of DNA should be
visible under UV light. The lower (supercoiled plasmid) band should be col-
lected with a syringe and washed four times with water-saturated butanol to
remove all traces of ethidium bromide. The resulting solution is diluted threefold
in TE buffer and then ethanol precipitated to recover pure phage vector.

3. A key step in designing the randomized gene cassette that will code for proteins
to be displayed on phage is to clearly define the purpose of the phage-display
experiment in order to decide the nature and extent of combinatorial randomiza-
tions. These decisions concern mainly (1) the part of the protein structure that is
to be varied, (2) the number of positions that should be randomized, and (3) the
amino acids to be represented at each varied position.

The process can be illustrated by analyzing the strategy behind our initial
experiments using the phage display of zinc fingers, which were designed to study
DNA recognition by the three-finger DNA-binding domain from transcription
factor Zif268. In the earliest experiment (8), our goal was to determine which
residue positions of the zinc-finger structure were responsible for DNA base rec-
ognition, and the amino acids at those positions which would effect nucleotide
discrimination. We therefore chose to randomize residues in only one zinc finger
of the three-finger DNA-binding domain such that the register of the protein–
DNA interaction would be defined by the interaction of the other two wild-type
fingers with the DNA-binding site.

The X-ray crystal structure of the Zif268 DNA-binding domain in complex
with DNA (20) showed that only three or four amino acids on the α-helix of each
zinc finger were responsible for base contacts. To determine whether it was
indeed these α-helical positions that were responsible for DNA-binding specific-
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ity, we decided to randomize several additional residues (in fact a total of seven
residues) in the zinc-finger α-helix in order to compare biases in the identity of
selected amino acids throughout the helix.

As we did not want to bias the selection to particular residues, we decided that
each randomization would represent most of the 20 amino acids, but we reduced
the theoretical library size by designing the randomized codons such that the first
base in the triplet was not thymine, thus precluding all stop codons and the codons
for Phe, Tyr, Trp, and Cys, which occur very rarely in the α-helices of zinc fin-
gers. The theoretical library size for the combinatorial variation of seven posi-
tions, each with 16 possible amino acids, was approx 5 × 108; however, because
of the practical limitations (essentially the poor efficiency of transformation with
phage vector) we were only able to clone approx 2 × 106 members of the library.
Thus, the randomizations to be designed into a phage display library depend
partly on the aims of the experiment and partly on the practical limitations of the
technique, particularly the library size that can be cloned in practice.

Another important consideration in the phage display of proteins is that the
assembly of phage particles requires the gIII fusion protein to be translocated to
the periplasmic space of E. coli to await packaging (see ref. 15). Nor-
mally, this can be achieved by the presence of a cleavable signal peptide
sequence that is coded by most phage-display vectors. However, in the
event that phage yield is poor or that phage particles are not assembled at all,
particular attention must be paid to the amino acid sequence directly C-terminal
of the signal peptide. In many cases, it is worthwhile randomizing two to three
amino acids of this sequence in a pilot experiment, to select phage that are capable
of displaying the relevant nucleic-acid-binding protein. It should be noted, how-
ever, that certain nucleic acid binding motifs will prove very difficult or indeed
impossible to display on phage. In this case, the failure will become apparent
when phage particles fail to be produced on growing a culture of E. coli that have
been transformed with the recombinant phage vector.

4. Polymerase chain reactions typically contain 10 µL 10X Taq reaction buffer,
4 µL of each primer (stock conc., 10 pmol/µL), 1 µL of 20 mM dNTPs, 1.4 µL
Taq polymerase, and 1 µL ligation mixture, in a final volume of 100 mL.

5. Assuming all prior steps have proceeded smoothly, the efficiency of transforma-
tion will dictate the practical limit of the library size: 105–106 transformants per
microgram of well-prepared phage vector is a typical yield. For best results, trans-
formations are carried out by electroporation of fresh (unfrozen) electrocompetent
cells prepared to a competency of at least 109 transformants per microgram
supercoiled pUC19 plasmid. As this technique requires practice and is also
unpredictable, it may be prudent to purchase such cells from a commercial supplier.

6. At this stage, it is worthwhile growing phage from individual colonies that con-
tain the recombinant phage vector in order to check that the construct is compe-
tent for phage particle assembly. The phage titer can be estimated by reinfecting
fresh E. coli from a liquid culture grown to mid-log phase, and plating on TYE
containing tetracycline.



Engineering Nucleic Acid-Binding Proteins 427

7. Certain nucleic-acid-binding motifs may require supplements to the growing
medium to ensure biological activity. For example, during phage display of zinc
fingers, we recommend supplementing all solutions with 50 µM zinc chloride.

8. The 1 pmol of target site will be used to select phage from 1 mL of binding
mixture. The concentration of binding site is therefore roughly in the nanomolar
range; phage that can bind with a Kd below this range will be retained. For nucleic-
acid-binding motifs that bind their targets more weakly, the amount of target
site may have to be increased. Streptavidin-coated tubes or plates can also be
used for selection.

9. Phage displaying nucleic-acid-binding motifs of interest are selected from a large
library by affinity purification using biotinylated nucleic acid targets that have
been immobilized on a streptavidin-coated matrix. Unbound phage are washed
away and the phage that remain are eluted and amplified by passaging through
bacteria. After several (three to six) rounds of selection, the phage library
becomes enriched in those members that display proteins with the highest affini-
ties for the target sites.

Conditions of binding, washing, and elution can influence the results of a
phage-display experiment. We have found that selections using streptavidin-
coated paramagnetic beads (e.g., Dynabeads, Dynal) are more reliable than
selections using streptavidin-coated microtiter plates or tubes. The amount of
biotinylated nucleic acid target used for selection will determine the stringency
of the selection (see Note 8).

The amount and type of nonspecific competitor nucleic acid can also have an
effect. In early rounds of selection, nonspecific competitor such as sonicated
salmon sperm DNA, or tRNA, may be used. In later rounds, the selection may be
refined by adding competitor sequences that are closely related to the desired
target site but containing systematic base variations from the target sequence.

The composition of the binding and washing buffers will also affect the strin-
gency of selection. High-ionic-strength buffers tend to increase the stringency,
whereas relatively high concentrations of detergents help to reduce background.
It is important to wash away nonspecific binding phage thoroughly, and for this
purpose, we recommend at least 15 changes of buffer.

Finally, the method of elution can affect the results of the selection experi-
ments and can be manipulated accordingly; for example to yield all retained phage
(elution with alkali or acid) or only those bound phage with the highest specific-
ity (elution with nucleic competitors).

10. This protocol suggests a 1:10 dilution of the phage-containing supernatant, which
we find typically contains about 109–1010 colony-forming units/mL, but this is
only intended as a guideline. Depending on the application, we have also previ-
ously used 1:1 dilutions of the phage-containing supernatant, or indeed 50-fold
concentrates of the phage-containing supernatant. Higher concentrations of phage
are particularly useful during the early rounds of selection, when specifically
binding phage are rare in the library. Precipitation of the phage (e.g., by centrifu-
gation at 60,000 rpm for 20 min) is also useful prior to binding reactions involv-
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ing RNA, in order to minimize exposure to ribonucleases present in the bacterial
culture supernatant.

11. It is convenient to do one round of selection per day so that transfected phage can
be grown overnight for another round the next day. In practice, three to six rounds
of selection are usually sufficient to obtain clones of interest. Depending on the
nature of the library, however, the number of rounds required may vary greatly.
An alternative strategy is to plate out the bacteria infected with selected phage
after each round and to start a culture using a pool of the bacteria the next day.
This increases the number of phage that are produced in the overnight culture,
and reduces the selection advantage of fast-growing clones.

12. Phage clones isolated by selection against a nucleic acid target site must be
assayed to characterize their range of binding affinities and specificities. This is
conveniently done by phage ELISA, in which phage-displaying nucleic-acid-
binding proteins bind to microtiter-plate wells coated with appropriate nucleic-
acid-binding sites and are detected using an antiphage antibody. We routinely
perform phage ELISA using phage derived from Fd-TET-SN and displaying
either zinc-finger domains or the RNA-binding domain from U1A protein. How-
ever, we do not have any data on phage ELISA carried out with phagemid-derived
phage particles.
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Genetic Analysis of DNA–Protein Interactions
Using a Reporter Gene Assay in Yeast

David R. Setzer, Deborah B. Schulman,
and Michael J. Bumbulis

1. Introduction
Understanding the underlying structural and physico-chemical basis for the

recognition of specific DNA sequences by regulatory proteins is a central goal
of modern biochemical genetics. A method for the rapid identification of
mutant molecules altered in the affinity and/or specificity of such interactions
could be a powerful tool in the hands of those studying this difficult problem.
Conventional genetic approaches for obtaining and analyzing interesting
mutant forms of specific DNA-binding proteins are often infeasible because of
the genetic intractability of the species being studied or as a result of difficul-
ties in identifying relevant and specific phenotypes associated with alterations
in the interaction under investigation. High-resolution genetic analysis of
DNA–protein interactions is particularly problematic in metazoans. We have
devised an approach that makes use of the modularity in structure and function
of eukaryotic transcription factors (1), the power of the polymerase chain reac-
tion (PCR) to generate specific DNA fragments with defined levels of
mutagenesis in vitro (2,3), and the recombinogenic potential of S. cerevisiae
(2,4) to carry out a high-resolution genetic analysis of the sequence-specific
DNA-binding properties of Xenopus transcription factor IIIA (TFIIIA) (5). It
seems likely that this approach will be generally applicable to the study of
many DNA–protein interactions.

1.1. Outline of the Approach

In its simplest form, the method we describe here involves the construction
and introduction of two plasmids into an appropriate yeast strain (Fig. 1). The
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first, called the reporter plasmid, contains a reporter gene (Escherichia coli
β-galactosidase) under control of the core promoter of the S. cerevisiae iso-
1-cytochrome-c (CYC1) gene. In the parent plasmid, the upstream activator
sequence (UAS) normally required for expression from the CYC1 promoter
has been deleted so that β-galactosidase is expressed at very low levels, and
yeast strains containing this plasmid are white on X-gal indicator plates. A
DNA fragment containing the cognate recognition site for the DNA-binding

Fig. 1. Schematic representation of generic expression and reporter plasmids
derived from pG1 and p∆SS, respectively. Only the plasmid components functional in
yeast cells are shown; the plasmids also contain colE1 origins and β-lactamase genes
for replication and selection in E. coli.
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protein to be analyzed is substituted for the normal UAS. In the second plas-
mid, called the expression construct, the VP16 activation domain from Herpes
simplex is fused in-frame to a sequence encoding the DNA-binding domain of
the protein of interest. The DNA-binding-domain–VP16 fusion protein is
expressed under control of the constitutive glyceraldehyde-3-phosphate dehy-
drogenase (GPD) promoter of S. cerevisiae. The reporter and expression plas-
mids carry different selectable markers (URA3 and TRP1, for example) so that
both can be selected and maintained in an appropriate yeast strain (ura3–trp1–,
for example). When both plasmids are introduced into a single yeast cell and if
the DNA-binding domain of the protein of interest binds with sufficiently high
affinity and specificity to its recognition site in the reporter construct, the
VP16 activation domain will be displayed in the vicinity of the core CYC1
promoter and result in activation of transcription of the β-galactosidase
reporter gene. On X-gal indicator plates, such a strain will be blue. Thus, this
blue phenotype can be used as a marker for high-affinity interaction of the
DNA-binding domain of interest with its recognition sequence. Mutations in
either the DNA-binding protein or the DNA sequence to which it binds may
adversely affect binding, resulting in white or light blue colonies, or may
increase the affinity of binding, resulting in dark blue colonies (see Notes 1–5).

Generation of randomly mutated sequences encoding either the protein of
interest or its cognate recognition site and the introduction of these mutated
sequences into their appropriate contexts in either the expression or reporter
plasmids is achieved with technical ease and high efficiency using a combina-
tion of error-prone PCR in vitro and homologous recombination in vivo fol-
lowing transformation (Fig. 2). Unusually long oligonucleotide primers are
used for error-prone PCR (about 60–70 nucleotides, but see Note 6). The 3'
portion of these primers anneals to a substrate plasmid at sites flanking the
sequence to be mutagenized. The primers also contain 5' sequences identi-
cal to those which flank the ends of a linear version of the plasmid construct
into which the mutated sequences are to be introduced. Error-prone PCR is
used to synthesize a population of mutant DNA fragments containing the
sequence of interest flanked by the sequences defined by the long amplifica-
tion primers. In parallel, the plasmid into which the mutagenized PCR product
is to be inserted is linearized or gapped by digestion at one or two sites, respec-
tively, such that the unique ends of the PCR product correspond to sequences
at the ends of the linear or gapped plasmid. When cotransformed into compe-
tent yeast cells, the linear plasmid and mutant PCR products undergo homolo-
gous recombination in vivo to produce a circular plasmid product in which the
mutagenized fragment is integrated into the target plasmid at or between the
restriction sites used in linearization/gapping. Successful recombination events
can be clonally selected using the marker (URA3 or TRP1, for example) on the
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target plasmid. If the yeast strain used for transformation already contains the
second plasmid component of the system, then resulting colonies containing
both reporter and expression plasmids can be selected and screened subse-
quently by replica-plating on indicator plates to identify mutants resulting in
altered phenotypes (white, light blue, or dark blue). After further tests to
ensure the mutant phenotype is authentic and the mutant protein or DNA
sequence is likely to be of interest, the mutant plasmid is recovered in E. coli
and the mutation identified by DNA sequence analysis, If desired, the mutant
DNA–protein interaction can be subjected to detailed biochemical or further
genetic analysis.

Fig. 2. Error-prone PCR in vitro and homologous recombination in vivo to
mutagenize the DNA-binding protein of interest and introduce the mutagenized frag-
ment into the expression vector. The asterisk represents a mutation introduced during
error-prone PCR. In the example shown here, the substrate used for error-prone PCR
is the expression plasmid itself, derived in this case from pG1, and the entire DNA-
binding protein is subjected to mutagenesis. It is also possible to target only a portion
of the DNA-binding protein for mutagenesis or to use a different plasmid as a sub-
strate for PCR, provided the expression plasmid and amplification primers are appro-
priately designed.
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2. Materials
2.1. Initial Design and Testing of the System

1. S. cerevisiae strain BJ2168 (6) or other haploid strain with appropriate genotype
(stable mutant alleles of genes used as selectable markers in expression and
reporter plasmids) (see Note 1).

2. p∆SS (7) or other plasmid to be used as parent for reporter plasmid construction
(see Note 2).

3. pG1 (7) or other plasmid to be used as parent for expression plasmid construction
(see Note 3).

4. pSJT-1193-CRF1 (8) or other source of DNA encoding the VP16 activation
domain (see Note 4)

5. Source of DNA encoding the DNA-binding protein or DNA-binding domain
of interest.

6. Source of DNA including the recognition sequence for the DNA-binding protein
or DNA-binding domain of interest.

7. Complete medium (C) agar plates lacking appropriate nutrients to permit selec-
tion of yeast strains containing reporter and expression plasmids. These will
include C-uracil, C-tryptophan, and C-uracil–tryptophan for systems making use
of derivatives of p∆SS and pG1. Procedures for preparation of liquid C medium
and C agar are described by Rose et al. (9). Our specific procedures are as follows:
a. Dissolve in 1 L water the following: 20 g dextrose, 20 g Bactoagar, 1.7 g

yeast nitrogen base without amino acids and without ammonium sulfate, 5 g
ammonium sulfate, and 0.5 g amino acid mixture (see step 7b). Autoclave to
sterilize and use to pour approx forty 100-mm plates.

b. The amino acid mixture used to prepare C agar plates contains 0.2 g arginine,
0.2 g histidine, 0.5 g lysine, 0.4 g methionine, 0.2 g phenylalanine, 0.4 g
tryptophan, 2.0 g threonine, 0.4 g tyrosine, 0.5 g serine, 0.2 g adenine, and 0.1 g
uracil. For selective plates, the appropriate combination of nutrients (uracil
and tryptophan [e.g., to select for plasmids containing URA3 and TRP1 mark-
ers]) should be omitted from the mixture.

8. SSX agar plates lacking appropriate nutrients as described in step 7, but also
containing 40 µg/mL X-gal, prepared as follows:
a. Dissolve the following in 900 mL water: 1.7 g yeast nitrogen base without

amino acids and without ammonium sulfate, and 5 g ammonium sulfate, 20 g
dextrose, 14 g Sigma agar, 0.5 g appropriate amino acid mixture (see step
7b). Autoclave to sterilize.

b. Cool to 48°C and add aseptically: 1 mL of 40 mg/mL X-gal prepared in N,N-
dimethylformamide and 100 mL 10X phosphate buffer (see step 8c).

c. 10X phosphate buffer is prepared by mixing the following in 1 L water: 136.1 g
KH2PO4 (1 M), 19.8 g (NH4)2SO4 (0.15 M), and 42.1 g KOH (0.75 N). Adjust
the pH to 7.0 and autoclave to sterilize.

9. Standard reagents and methods for subcloning DNA fragments into plasmids.
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2.2. Error-Prone PCR

1. Plasmid(s) or other source(s) of DNA containing the sequence encoding the pro-
tein of interest and/or the DNA sequence recognized by the protein of interest.

2. Oligonucleotide primers that contain, at their 5' ends, approx 50 nucleotides of
sequence identity to the site immediately adjacent to the end of the linear plasmid
into which the PCR product is to be inserted. The 3' 15–20 nucleotides of
these primers should have sequence identity with the parts of the substrate
plasmid that define the DNA sequence to be amplified and mutagenized (see
Fig. 2 and Note 6).

2. Taq DNA polymerase.
3. Stock solutions of 100 mM MgCl2 and 100 mM MnCl2.
4. 10X stock solution of Taq PCR buffer, lacking MgCl2: 100 mM Tris, pH 9.0,

500 mM KCl, and 1% Triton X-100 (Promega).
5. Individual stock solutions of dATP, dGTP, dCTP, and dTTP, each at a concen-

tration of 10 mM. In addition, individual stock solutions of the same, each at a
concentration of 2 mM.

6. Thermal cycler.

2.3. Yeast Transformation and Homologous Recombination

1. S. cerevisiae strain BJ2168 or other appropriate strain (see Note 1).
2. If the DNA-binding protein is to be mutagenized, BJ2168 containing the reporter

plasmid and BJ2168 containing the parent of the reporter plasmid (p∆SS, for
example).

3. If the DNA recognition site is to be mutagenized, BJ2168 containing the expres-
sion plasmid and BJ2168 containing the parent of the expression plasmid (pG1,
for example).

4. Linearized or gapped plasmid to be used as the target for integration of the PCR-
generated DNA fragment.

5. Crude product of the error-prone PCR
6. C-agar plates lacking the relevant nutrients for selection and maintenance of both

reporter and expression plasmids (uracil and tryptophan for p∆SS- and pG1-
derived plasmids).

7. Sterile stock solution of 100 mM lithium acetate, 1 mM EDTA, 10 mM Tris–Cl,
pH 8.0.

8. Sonicated salmon sperm DNA of about 10,000 bp average length, denatured by
heating to 100°C for 5 min at a concentration of about 5–10 mg/mL. Commer-
cially available salmon sperm DNA should be extracted with phenol/chloroform
and precipitated prior to use.

9. 40% (w/v) Polyethylene glycol (PEG) (average molecular weight of 3350). To
prepare this solution, autoclave 2 g solid PEG in a sealable tube. The PEG will
melt during sterilization and resolidify at room temperature. Many sterile PEG
aliquots can be prepared simultaneously. On the day of use, add 3.5 mL sterile
solution from step 7 to one of these aliquots, heat to 65°C, and mix vigorously to
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dissolve (final concentration of PEG is 40%). This quantity of solution is suffi-
cient for approx 10 transformations.

10. Sterile SOS solution: 2 mL 2 M sorbitol, 1.3 mL YEPD medium (9), 0.26 mL 100 mM
CaCl2, 0.4 mL H2O. YEPD medium: per liter of water, add 10 g Bactoyeast
extract, 20 g Bactopeptone, and 20 g glucose.

2.4. Screening for Mutants

1. C-agar plates lacking both uracil and tryptophan, and containing 40 mg/mL X-gal.
2. Liquid C-trp or C-ura medium for selection of only one of the two plasmids in BJ2168.
3. C-agar plates lacking uracil and tryptophan individually, as well as plates

lacking both.
4. Standard E. coli strain for plasmid transformation, propagation, and isolation,

along with reagents for distinguishing reporter and expression plasmids by
restriction endonuclease analysis.

5. 2% Sodium dodecyl sulfate (SDS)
6. Acid-washed glass beads (0.45 mm in diameter, from Sigma) prepared by wash-

ing overnight in 3 N HCl and then rinsing repeatedly in water.
7. Reagents for protein concentration determination using the BCA method (Pierce).
8. If possible, antibodies to the DNA-binding protein of interest and/or the activa-

tion domain used in the construction of the expression plasmid; reagents for
Western blotting.

2.5. Analysis of Mutants

1. Z buffer for determination of β-galactosidase activity: 60 mM Na2HPO4, 40 mM
NaH2PO4, 10 mM KCl, 1 mM MgSO4, and 40 mM β-mercaptoethanol, pH 7.0.

2. Other reagents for determination of β-galactosidase activity: chloroform, 0.1%
SDS, 4 mg/mL o-nitrophenol-β-D-galactoside (ONPG) prepared in Z buffer, and
1 M Na2CO3.

3. Reagents for DNA sequence determination.

3. Methods
3.1. Initial Design and Testing of the System

Details of the construction of appropriate reporter and expression constructs
will depend on the specific features of the plasmids and clones to be used. It is
therefore impossible to describe a step-by-step protocol for use in every case,
but standard recombinant DNA methods should suffice for preparation of
the desired plasmids. We will briefly outline the steps necessary for construc-
tion and testing of reporter and expression constructs prepared in p∆SS and
pG1, respectively.

3.1.1. Construction of the Reporter Plasmid

It is necessary that a DNA fragment containing one or more copies of the
DNA sequence recognized by the protein of interest be subcloned upstream of
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the CYC1 core promoter in p∆SS. The only unique restriction site in p∆SS that
is suitable for insertion of such a fragment is an XhoI site. A DNA fragment
with XhoI-compatible ends and containing one or more copies of the relevant
DNA sequence should be subcloned into the XhoI site of p∆SS. Most typically,
this fragment would be either a restriction fragment from another plasmid or a
PCR product digested to produce XhoI-compatible ends. It is possible, and
probably desirable, to obtain p∆SS derivatives with multiple inserts of the DNA
sequence of interest, and with single inserts in either orientation. The number
and orientation of insert fragments must be diagnosed by some means, typi-
cally including restriction endonuclease mapping using enzymes that cut asym-
metrically within the insert fragment to determine orientation, PCR with
primers flanking the insert site to determine number of inserts, or DNA
sequence analysis to determine either orientation or number of inserts if the
insert fragment is not too long. An alternative to subcloning the insert fragment
into the XhoI site of p∆SS is to use homologous recombination as described in
Subheading 3.3. to integrate a PCR-generated DNA fragment into XhoI-
digested p∆SS. In this case, the PCR fragment should be produced under high-
fidelity conditions; even so, we recommend sequencing of the inserted
fragment in the resulting plasmid to ensure that no mutations were introduced
during amplification. If homologous recombination is used to generate the
reporter plasmid, judicious choice of sequences in the long primers used for
PCR can be used to regenerate either or both of the XhoI sites at the end of the
insert, or even to introduce novel restriction endonuclease recognition ele-
ments. This may facilitate the introduction of multiple copies of the DNA-
binding site into p∆SS.

3.1.2. Construction of the Expression Plasmid

One or more DNA fragments encoding an in-frame fusion of the DNA-bind-
ing protein of interest and a transcriptional activation domain must be intro-
duced into pG1 downstream of the GPD promoter. The unique SalI site in pG1
is probably the most convenient site for doing this. Fusion of the DNA-binding
protein of interest and the VP16 activation domain can be done directly in pG1
or, perhaps more conveniently, in a smaller, simpler plasmid vector and then
subcloned as a unit into pG1. Subsequent mutagenesis (Subheading 3.2.) can
be more directly targeted to the DNA-binding protein rather than to the activa-
tion domain if a unique restriction site (more precisely, one that does not occur
elsewhere in the plasmid outside of the sequence encoding the DNA-binding
protein) can be engineered at the junction of the DNA-binding protein and the
activation domain. It is also important to note that some DNA-binding pro-
teins, and particularly transcriptional activator proteins acting through the RNA
polymerase II core machinery, may contain endogenous transcriptional activa-
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tion domains that will function in S. cerevisiae; in that event, transcriptional
activity in the absence of the VP16 activation domain may be observed. The
existence of an intrinsic activation domain in the protein of interest might
obviate the need to prepare a fusion construct, but one must be careful in the
subsequent analysis to distinguish mutations affecting DNA-binding affinity
from those affecting transcriptional activation directly. The VP16 activa-
tion domain coding sequence followed by a polyadenylation signal from the
H. simplex thymidine kinase gene can be excised on a KpnI–HindIII fragment
of approx 760 bp from the plasmid pSJT-1193-CRF1 (8). At the KpnI cleavage
site, the reading frame for fusion to VP16 is XXG-GTA-CCX, but other plas-
mids in which the VP16 reading frame is shifted relative to the KpnI cleavage
site have also been constructed (8). The KpnI–HindIII fragment from this fam-
ily of constructs is suitable for preparing a fusion protein in which the VP16
domain is at the C-terminus. Depending on what is known about the polarity of
DNA binding by the protein of interest, this may or may not be desirable. Con-
struction of N-terminal fusions may be preferable in some cases (see Note 7);
these can be made by taking advantage of one of a number of vectors intended
for the construction of libraries for use in two-hybrid screens (e.g., pACT-II,
pGAD-GH, and pB42-AD from Clontech). One must be cautious in the choice
of vector, however (see Note 3). In the case of Xenopus TFIIIA binding to the
Xenopus 5S rRNA gene, some of these vectors (including pGAD10) result in
very low levels of protein expression and no detectable transcription activa-
tion. Also, see Note 4 concerning choice of activation domains vis-a-vis sensi-
tivity of the genetic assay.

3.1.3. In Vivo Assay of the Reporter and Expression Constructs

For each reporter plasmid constructed and the parent vector (p∆SS), as con-
trol, two strains derived from BJ2168 should be prepared, one containing the
expression plasmid in addition to the reporter, and one containing the parent
plasmid from which the expression plasmid was derived (pG1) in combination
with the reporter. The different selectable markers on these two plasmids
(URA3 and TRP1) allow their simultaneous maintenance in BJ2168 (ura3–

trp1–) by selecting for growth in medium lacking uracil and tryptophan. The
requisite strains should be constructed by sequentially transforming BJ2168
with the reporter and expression plasmids. Methods for transformation of
BJ2168 (or other yeast strains) are described in detail in Subheading 3.3. One
need only adjust the protocol to reflect the nutritional requirements of the strain
being transformed and the selectable marker on the plasmid being introduced.
Thus, the doubly transformed strain would be selected on C-ura-trp plates.

Colonies of strains containing both reporter and expression plasmids can be
replica plated, spotted, or streaked onto C-ura-trp plates containing 40 µg/mL
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X-gal. Colony color is assessed at an empirically determined time after robust
colony growth has occurred. For analysis of the Xenopus TFIIIA–5S rRNA
gene interaction, this was done typically after 2–3 d of growth at 30°C and an
additional 2–3 d at room temperature. For the system to be exploited success-
fully, one must be able to distinguish reproducibly the color of strains contain-
ing both the expression and reporter plasmids from that of all the other control
strains (lacking either expression of the fusion protein containing the DNA-
binding domain[s] of interest or the cognate recognition site in the reporter
construct, or both). If this is not the case, it may be possible to correct the
problem by manipulation of parameters as described in Note 5. Of course, it is
also possible that the particular interaction being studied will not be amenable
to analysis with this method; among other reasons, this could result from a
low-affinity/specificity interaction or from the existence of endogenous yeast
factors that interact with the binding site introduced into the reporter plasmid,
resulting in high levels of transcriptional activity in the absence of the interac-
tion being targeted for study.

3.2. Error-Prone PCR

The DNA-binding protein or its recognition site can be subjected to random
mutagenesis using error-prone PCR. In the following protocol, we assume that
the DNA-binding protein is targeted for mutagenesis, but the procedure can be
adapted readily for mutagenesis of the recognition site.

1. Set up a 50-µL polymerase chain reaction mixture containing 10–50 ng of plas-
mid DNA containing the sequence encoding the region to be mutagenized. This
can be the expression plasmid itself (see Note 8) or another plasmid containing
the sequence of interest. In addition, add 5 mL of 10X PCR buffer lacking MgCl2,
long amplification primers (see Subheading 2.2., Fig. 2, and Note 6) to a final
concentration of 0.3 µM each, three deoxynucleoside triphosphates to a final con-
centration of 1 mM each, the fourth deoxynucleoside triphosphate to a final con-
centration of 0.2 mM, MgCl2 to a final concentration of 3 mM, MnCl2 to a final
concentration of 0.05 mM, and 1 unit Taq DNA polymerase (see Note 9).

2. Amplify using a thermal cycler for 25 cycles, with each cycle being 94°C for
1 min, 42°C for 2 min, and 72°C for 1 min. After 25 cycles, use a final extension
step of 72°C for 7 min (see Note 9).

3. Use the crude PCR product (without purification) in a yeast transformation with
linearized/gapped target plasmid as described in Subheading 3.3.

3.3. Yeast Transformation and Homologous Recombination

1. Prepare a stock of linearized or gapped target plasmid by digesting to completion
with one or two restriction endoncleases that result in ends corresponding to the
site at which integration of the mutagenized DNA fragment is to occur. As an
example, with an expression plasmid derived from pG1, this might be a double
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digest with SalI and an enzyme recognizing the fusion junction between the DNA-
binding protein and the VP16 activation domain (see Note 10). A stock of this
gapped plasmid can be prepared in 10 mM Tris–Cl, pH 8.0, and 1 mM EDTA at
a concentration of 10–100 ng/µL and stored at –20°C.

2. Prepare competent yeast cells:
a. Grow a 50-mL culture of the yeast strain containing the reporter plasmid

(if mutations in the DNA-binding protein are to be analyzed) or expression
plasmid (if mutations in the DNA recognition site are to be analyzed) over-
night at 30°C until the OD600 = 0.5–1.0.

b. Pellet the yeast cells by spinning for 5 min in a clinical centrifuge (1000g) at
room temperature.

c. Resuspend the cells in 10 mL of 100 mM lithium acetate, 1 mM EDTA, and
10 mM Tris–Cl, pH 8.0. Pellet again as in step 2b.

d. Resuspend again in 10 mL of 100 mM lithium acetate, 1 mM EDTA, and 10 mM
Tris–Cl, pH 8.0.

e. Incubate at 30°C for 30 min without agitation and pellet again as in step 2b.
f. Resuspend in 500 mL of 100 mM lithium acetate, 1 mM EDTA, and 10 mM

Tris–Cl, pH 8.0. Place on ice until used for transformation.
3. Combine 100 µL competent yeast cells with 40 µL of the error-prone PCR mixture

(Subheading 3.2.), 50 µg sonicated, denatured salmon sperm DNA, and 150 ng
gapped plasmid (see Notes 11 and 12).

4. Incubate at 30°C for 30 min without agitation.
5. Add 0.5 mL of 40% PEG (3350 mol. wt.) in 100 mM lithium acetate, 1 mM

EDTA, and 10 mM Tris–Cl, pH 8.0, and incubate further at 30°C for 60 min.
6. Incubate at 37°C for 5 min.
7. Centrifuge for 10 s at room temperature in a microcentrifuge at 14,000 rpm (16,000g).
8. Remove the supernatant and resuspend in 100 µL SOS solution.
9. Plate half of the resuspended transformed cells on each of the two C-agar plates

lacking the appropriate nutrients for selection of both expression and reporter
plasmids (e.g., C-ura-trp).

10. Incubate at 30°C for 2–3 d, until robust colony growth is obtained.

3.4. Screening for Mutants

1. Initial screen.
a. Replica plate the colonies obtained in step 10 of Subheading 3.3. onto selec-

tive C agar plates (C-ura-trp, for example) containing 40 µg/mL X-gal.
b. Place replica plates at 30°C for 2–3 d and then at room temperature for an

additional 2–3 d.
c. Identify potentially interesting mutants by color. These could include light

blue, white, or dark blue colonies; in each case, the color is in comparison to
that exhibited by colonies containing wild-type versions of both the expres-
sion and reporter plasmids.

2. Pick candidates for further study and respot on selective C-agar plates. Grow for
about 2 d at 30°C. Replica plate onto indicator media and score colony color
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again after growth as in step 1. If the phenotype is consistent with that seen
initially, proceed to step 3.

3. Enrich for cells containing only the mutagenized plasmid.
a. Pick one or more colonies with an interesting phenotype from selective C-agar

plates without X-gal indicator. Grow in 2 mL liquid C-trp medium (if the
expression plasmid has been mutagenized; grow in C-ura medium if the
reporter plasmid has been mutagenized) overnight at 30°C.

b. Prepare a 1:200 dilution of this overnight culture in liquid medium and plate
10 µL of this diluted culture on a C-trp plate (assuming throughout that the
expression plasmid has been mutagenized).

c. After 3 d of growth at 30°C, replica plate onto C-ura-trp as well as onto C-trp.
d. Grow overnight at 30°C and compare the colonies that grew on the two rep-

lica plates. Choose several that grew on C-trp but not on C-ura-trp. These are
likely to have lost the reporter plasmid but not the expression plasmid. Use
these to inoculate 2-mL liquid cultures of C-trp and grow overnight at 30°C.

4. Isolate the mutated plasmid using Method 1 as described by Strathern and Higgins
(10) (see Note 13).

5. Use the isolated plasmid to transform E. coli. Pick individual colonies and per-
form standard plasmid minipreps. Analyze the plasmids thus obtained using
appropriate restriction digests to ensure that the plasmid isolated is the muta-
genized plasmid (e.g., the expression plasmid) and not the other plasmid compo-
nent of the system (e.g., the reporter plasmid).

6. Analyze isolated plasmids by retransformation.
a. Use the purified plasmid to retransform the appropriate yeast strain (already

containing the reporter plasmid) and obtain colonies on selective C-ura-trp
plates of cells with both reporter and expression plasmids.

b. Analyze transformants by replica plating onto indicator plates as described
in step 1. If the phenotype observed is consistent with that seen initially, then
one can conclude that the phenotype is plasmid dependent. If the expression
plasmid was mutagenized and it is the DNA-binding protein that is under
analysis, continue with step 7. If, instead, the reporter plasmid was muta-
genized and is being studied, one can move directly to Subheading 3.5.

7. Western blot screen to ensure the expressed fusion protein is full length and
expressed at normal levels
a. Inoculate 30 mL of C-ura-trp medium with a mutant strain and grow over-

night at 30°C.
b. Pellet the cells in a clinical centrifuge at (1000g) for 5 min. Resuspend the

pellet in 1 mL of 2% SDS.
c. Add 1 g glass beads and vortex vigorously for 15 min.
d. Transfer the mixture to another tube and spin in a microcentrifuge at top speed

(16,000g) for 15 s. Transfer the supernatant to another tube.
e. Determine protein concentration in the extract using the BCA method

(reagents from Pierce) (11) with bovine serum albumin as the standard.
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f. Using standard Western blot methods, analyze 20 µg total protein from each
mutant and compare to equivalent amounts of protein from a control strain
expressing wild-type DNA-binding protein as well as a second, negative con-
trol strain containing the parent plasmid from which the expression construct
was derived, but which lacks a coding sequence for the DNA-binding protein.
The primary antibody used in the Western blot should be specific for the
DNA-binding protein of interest; if such antibodies are unavailable, it may be
possible to obtain, from commercial sources, antibodies to the activation
domain used in the fusion. The point of the Western blot exercise is to exclude
from further consideration those mutants whose steady-state level of expres-
sion is different from that of wild-type protein or which are truncated as a
result of chain-termination or frame-shift mutations. Some truncation mutants
may be interesting, but recall that the activation domain will be completely
absent from truncated proteins if the activation domain was fused to the
C-terminus of the DNA-binding protein. We have found that a substantial
fraction of potential loss-of-function mutants (white phenotype) of TFIIIA
are truncation mutants and a Western blot screen was important in removing
them from further, more laborious analysis (5).

3.5. Analysis of Mutants

3.5.1. Quantitative Determination of β-Galactosidase Activity

We have found that relative DNA-binding affinities of various mutant forms
of TFIIIA can be predicted with reasonable precision from measurements
of β-galactosidase activity in vivo in yeast reporter strains expressing the
mutant protein fused to the activation domain of VP16. Whether this will
prove to be generally true remains to be seen, but β-galactosidase activities
can be readily measured using standard methods and may prove informative.

1. Inoculate 12.5 mL liquid C-ura-trp medium with the yeast strain to be analyzed.
In addition, prepare a similar culture of a control strain containing the same
reporter plasmid but with the parent vector (e.g., pG1) of the expression con-
struct, rather than the expression construct itself. This control will permit
determination of β-galactosidase activity in the absence of the DNA–protein
interaction of interest. Grow the cultures overnight at 30°C until the OD600 =
0.3–1.0. Note the actual optical density.

2. Pellet cells by spinning at 1000g for 5 min in a clinical centrifuge. Resuspend in
3 mL of Z buffer.

3. Divide into three 1-mL fractions. In addition, process a tube containing 1 mL Z
buffer in parallel. This will serve as the blank for spectrophotometric determina-
tion of β-galactosidase activity. Add 30 µL chloroform and 20 µL of 0.1% SDS to
each and vortex for 10 s.

4. Incubate at 30°C for 5 min and add 200 µL ONPG at a concentration of 4 mg/mL
in Z buffer. Incubate at 30°C until a yellow color becomes apparent.

5. Add 500 mL Na2CO3 and note the elapsed time since ONPG was added.
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6. Transfer 800 µL of the reaction mixture to a microfuge tube and centrifuge at
16,000g for 2 min.

7. Measure the absorbance at 420 nm relative to that of the control processed in parallel.
8. Calculate the number of units of β-galactosidase activity according to the follow-

ing formula:

Absorbance at 420 nm × 100

(Assay duration [min]) (culture volume analyzed [mL]) (OD600 of culture)

10. Average the three different determinations of activity to obtain a single value
(see Note 14).

11. Normalize the final average β-galactosidase activity relative to that of the nega-
tive control culture (see Note 14).

3.5.2. Sequence Determination

Ultimately, one must determine the sequence of the mutant DNA-binding
protein or recognition site in the expression or reporter plasmid, respectively.
The details of the sequencing strategy to be used will depend on the specific
system under analysis and the technology available to the investigator. We do
recommend that the complete set of screens described in Subheading 3.4. be
completed prior to sequence analysis, as the latter is typically laborious,
expensive, or both.

3.5.3. Biochemical Analysis of Mutants

Until correlations between in vivo phenotypes and DNA-binding affinity
and/or specificity can be verified in a particular system, the approach described
here can be applied best as a method for generating interesting mutants that can
be subjected to further biochemical analysis. In most cases, this will require
expression and purification of the mutant DNA-binding protein under analysis,
preferably without a fusion to the artificial activation domain. Again, the details
of how this can be done will depend on the specific interaction being studied.
We recommend, however, that the necessity of further sequence manipulation,
including subcloning into other plasmid vectors, be taken into account in the
initial design and construction of the yeast expression vector.

4. Notes
1. The genotype of strain BJ2168 is reported to be MATa ura3-52 trp1 leu2 pep4-3

prc1-407 prb1-1122 gal2 (6). A variety of alternative strains should also be suit-
able for use. The only relevant genotypes for the approach used here pertain to
the nutritional markers used for plasmid selection. If HIS3 were to be used as a
reporter, then it would also be important that the parent strain be his3- or that the
chromosomal HIS3 locus be placed under control of the hybrid promoter being
used in the analysis. Clearly, the mutant chromosomal alleles of the nutritional
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markers should be stable and not give rise to revertants at measurable frequen-
cies. BJ2168 also contains mutations in three vacuolar proteases (the PEP4,
PRC1, and PRB1 genes), but it is unlikely that these are relevant to the approach
described here. In fact, we have made use of other strains that presumably con-
tain wild-type alleles at these loci without detectably altering the results obtained
using the Xenopus TFIIIA/5S rRNA gene interaction.

2. A variety of reporter gene constructs probably can be used successfully. Plas-
mid-based reporters could be constructed using various parent plasmids contain-
ing different selectable markers, and alternative reporter genes might also be
chosen. In addition, the use of a chromosomally integrated reporter gene is pos-
sible; in fact, we have successfully used HIS3 as a chromosomal reporter gene in
this fashion to study the Xenopus TFIIIA–5S rRNA gene interaction. Advantages
of β-galactosidase as a reporter include the fact that it permits a range of pheno-
types to be scored and the ease with which quantitative measurements of activity
can be made using a simple spectrophotometric assay. HIS3, on the other hand, is
probably much more sensitive, permitting detection of weaker DNA–protein
interactions or use of a single-copy reporter when multicopy β-galactosidase
reporters are required. It also allows selection of rare gain-of-function mutants
that might occur at such a low frequency that identifying them would be difficult
or impossible using a screening protocol like that required with β-galactosidase
as a reporter. HIS3 expression does not provide a wide dynamic range of pheno-
types in a single-plate assay; however, this limitation can be overcome partially
by analyzing growth on plates containing variable 3-amino-triazole (3-AT)
concentrations. 3-AT is an inhibitor of the HIS3 gene product and can, therefore,
be used to adjust the level of HIS3 expression required to permit growth.

We have not investigated the use of different core promoter elements other
than that derived from CYC1. Even for CYC1, however, levels of reporter gene
expression potentially can be manipulated by adjusting the number of copies and
orientation of the DNA target sequence for the binding protein under study rela-
tive to the core promoter. We have found that both orientation and number of
TFIIIA-binding sites in the promoter can have substantial effects on reporter gene
activity when a TFIIIA-VP16 fusion protein is expressed. In our case, the orien-
tation dependence could be explained readily on the basis of the known polarity
of TFIIIA binding to the 5S rRNA gene (12). If similar information is available
for the DNA-binding protein of interest, it may be possible to design reporter
constructs rationally. Otherwise, it is probably advisable to generate multiple
constructs for testing. It is possible that homodimers binding to symmetrical sites
may exhibit little or no orientation dependence. With TFIIIA, we found that
increasing the number of binding sites from one to two in the reporter gene pro-
moter resulted in a doubling of β-galactosidase activity (5). For many natural Pol
II activators, the effect of having multiple binding sites is synergistic (13), so it is
possible that even larger effects will be observed when the number of binding
sites for other DNA-binding proteins is increased. We have not investigated the
effects of varying spacing between the artificial upstream activator sequence and
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the core promoter, but others have shown that transcriptional activity is only
moderately affected by alterations in the wild-type spacing between these two
elements (14–16). Nonetheless, it is possible that attaining maximal activity in
any particular system may require optimizing the spatial relationship between
the DNA recognition site of interest and the core promoter. In the end, it may be
necessary or desirable to adjust several of these parameters to obtain a level of
reporter gene activity that is phenotypically detectable but that also provides for
reasonable sensitivity in the detection of mutants weakening the DNA–protein
interaction under analysis.

3. A variety of alternative expression plasmids are available, including several from
commercial sources that may be preferable to pG1 in some respects (see Sub-
heading 3.1.2.). We have used vectors other than pG1 and, in some cases, these
vectors are better engineered for the easy introduction of DNA fragments encod-
ing the DNA-binding protein of interest while producing an in-frame fusion to an
N-terminal activation domain. Choice of expression vector may be affected by
the selectable marker used, the presence of an activation domain in the vector,
whether the domain is to be N- or C-terminally fused to the DNA-binding domain,
and the strength of the promoter driving expression of the fusion protein. It is
also possible that regulated expression of the fusion protein will be desirable, in
which case a regulated promoter, like that of the GAL1 gene, might be chosen
over the constitutive GPD promoter of pG1.

4. The VP16 activation domain we have used (8) is probably the best studied acti-
vation domain acting to stimulate transcription by RNA polymerase II, and is
probably also the strongest one in common use. Depending on the system being
studied (see Note 5) and the choice of expression plasmid, an alternative activa-
tion domain might be chosen. We have used both the GAL4 activation domain
and the synthetic domain B42 in addition to that of VP16 to study the Xenopus
TFIIIA–5S rRNA gene interaction.

5. It may be necessary to adjust the system’s parameters to achieve a level of tran-
scriptional activity that affords a reasonable sensitivity of the assay to variations
in binding affinity. Potentially, activity may be affected not only by the affinity
of the interaction but also by the number, spacing, functional synergy between,
and orientation of the binding sites in the reporter construct (see Note 2), by the
level of expression of the fusion protein (see Note 3) and the fraction of protein
that is available for binding (effective in vivo concentration), by the copy number
of the reporter gene (see Note 2), by the choice of reporter gene (see Note 2), and
by the choice of activation domain (see Note 4). Our experience in analyzing the
Xenopus TFIIIA–5S rRNA gene interaction suggests that, for TFIIIA–VP16
under control of the GPD promoter on a 2 µ-containing plasmid, the effective in
vivo concentration of protein was much lower than the total in vivo concentra-
tion as determined by Western blot (5). Transcriptional activation in this system
could not be detected on X-gal plates when the Kd was above 2 nM, using an E. coli
β-galactosidase reporter gene containing two TFIIIA-binding sites upstream of
the CYC1 promoter on a plasmid with a 2 µ origin of replication.
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duced from the expression plasmid. To minimize this problem, we recommend
several steps. If possible, use two different restriction endonucleases to generate
the linear, gapped plasmid. Second, treat the cut plasmid with phosphatase to
dephosphorylate the 5' termini generated by restriction digestion. Third, gel-
purify the gapped plasmid to eliminate any small fragment that was removed by
the restriction digestion as well as to eliminate any uncut molecules that might
remain as a result of incomplete cleavage.

11. The quantities of gapped plasmid and error-prone PCR product that are optimal
for recovery of the maximal number of colonies containing plasmids with inte-
grated PCR products have not been carefully optimized, and probably should be.
We have some evidence that suggests that transformation efficiencies are
improved by reducing the amount of PCR product relative to the amount of
gapped plasmid recommended here.

12. We have routinely used the crude, unpurified products of the error-prone PCR
reaction in cotransformations with the gapped expression plasmid to generate
and study mutant forms of TFIIIA without encountering significant problems
(5). In some related applications, however, we have noted that a high background
of colonies can be produced as a consequence of poorly characterized recombi-
nation events that we believe derive from the production and integration of aber-
rant PCR products into the gapped target plasmid. It is most likely that these are
small DNA fragments, perhaps “primer dimers.” If these are produced at any-
thing other than a very low frequency and are capable of recombining with the
target plasmid, they can complicate the identification of loss-of-function mutants
in the DNA-binding protein of interest, because they result in the production of
white colonies on X-gal plates. If initial studies in a new system suggest that a
similar problem occurs with the use of the crude PCR product, then we recom-
mend purifying the mutagenized PCR product prior to recombination/transfor-
mation. Simply gel-isolating a product of the correct length should eliminate any
problems derived from the presence of unincorporated primers, primer dimers, or
other aberrant products of the PCR.

13. As minor modifications to the procedure of Strathern and Higgins (10), we have
isolated plasmids directly from yeast colonies in lieu of growing liquid cultures,
have used Prep-a-Gene (Bio-Rad) rather than Geneclean reagents, do not pre-
cipitate DNA after elution from Prep-a-Gene, and transform E. coli with 10% of
the DNA sample recovered from the Prep-a-Gene reagent (2 µL of 20 µL total).

14. We recommend repeating the triplicate assays described here for each mutant at
least three times with independent cultures to obtain an overall average value.
Normalization of activity to a standard seems to be important in correcting day-
to-day variability in the determination of β-galactosidase activity.
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Assays for Transcription Factor Activity

Virgil Rhodius, Nigel Savery, Annie Kolb, and Stephen Busby

1. Introduction
Most transcription activator proteins have three important features that can

be probed at the molecular level: they bind to specific sequences near promot-
ers, they can be interconverted between active and inactive forms by covalent
or noncovalent modification, and, when bound at target promoters, they can
stimulate the initiation of transcription by RNA polymerase (1). This chapter is
concerned with in vitro methods for measuring the transcription activation
function of this important class of proteins. In most cases, these methods are
applied to activators that have been substantially purified, and for which the
target sequences are known and the binding sites characterized (other chapters
in this volume cover methods for locating and investigating the binding sites
for such activators). Here we are concerned with the measurement of the prod-
ucts of activation. Because Escherichia coli transcription activators have been
studied more than any others, we will take these as the paradigm, though, in
principle, the techniques can be applied to any organism for which in vitro
systems have been developed.

The starting point of the methodology was the observation, made in the early
1970s, that purified E. coli RNA polymerase could initiate transcription at pro-
moters in purified DNA (2). With improvements in RNA methodology, it was
found that the transcription start site in vitro, in many cases, was the same as in
vivo. Further, at a number of promoters, interactions with specific transcrip-
tion activators could be demonstrated and factor-dependent transcription in
vitro occurred. The literature is now full of instances of factor-dependent tran-
scription initiation with purified proteins and DNA, setting the scene for stud-
ies on the mechanism of transcription activation. However, as with all in vitro
techniques, it is worth noting that the conditions found in the plastic tube differ
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greatly from those in vivo and that, for some instances, the reconstituted tran-
scription system simply may not work.

Two principal methods can be used to monitor transcription activation: tran-
script assays and abortive initiation (Fig. 1). In transcript assays, RNA poly-
merase is incubated with a DNA template carrying the promoter of interest
either with or without the transcription activator protein. Radioactively labeled
nucleotides are then added and RNA polymerase molecules that have formed
transcriptionally competent complexes start to make RNA. RNA polymerase
molecules then “run” to a suitably placed downstream terminator (or to the end
of the fragment), thus making labeled RNA of a discrete length that can be
monitored and quantified (3). In abortive initiation assays, nucleotide precur-
sors corresponding just to the start of the message are added. RNA polymerase
forms transcriptionally competent complexes at the chosen promoter, but elon-
gation is prevented because some of the four nucleoside triphosphates are with-
held (4). The result is that RNA polymerase is “trapped” at the promoter and
can only synthesize a short oligonucleotide, which is released as the polymerase
cycles between a number of conformations in the abortive complex (it is termed
abortive because a longer transcript cannot be made). The consequence of the
cycling is that each polymerase molecule, trapped at a single promoter, synthe-
sizes the oligonucleotide continuously, and the appearance of the product can
be measured directly. The rate of product formation will be dependent on the
number of promoters that are occupied by polymerase in an open complex.
This, in turn, will usually depend on the activity of the transcription factor
under study. In most cases, transcript assays are used to locate transcription
starts and to monitor factor activity qualitatively, whereas abortive initiation
assays are exploited for quantitative and kinetic work.

2. Materials
1. E. coli RNA polymerase. This enzyme can be purified (5,6) or can be purchased

from Boehringer (Mannheim, Germany), Pharmacia (Piscataway, NJ), or other
molecular biology companies. The enzyme can also be reconstituted from indi-
vidual subunits that have been overproduced using overexpression vectors (7,8).
Purity can be easily checked by denaturing polyacrylamide gel electrophoresis
and activity can be verified using standard templates. Preparations of RNA poly-
merase are usually stored at –20°C in buffer containing 50% glycerol.

2. Transcription factors. These must be purified, at least partially, away from any
nuclease activities. Transcription assays can be used to monitor the purification.

3. Plasmids and DNA fragments. The DNA used for transcription assays should be
free from nicks and RNase activity. Short DNA sequences carrying different pro-
moters can be constructed using standard recombinant DNA methodology and
cloned into plasmid vectors such that a strong transcription terminator is located
downstream of the promoter (9). Transcript assays can be performed directly on
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Fig. 1. Overview of techniques discussed in this chapter. Section A illustrates a
plasmid carrying a test promoter, cloned on a restriction fragment, upstream of a
terminator. The location of the reference RNA I promoter is shown. Section B
illustrates the various techniques described: see Subheading 3.1. for transcript
assays, Subheading 3.2. for abortive initiation assays, and Note 10 for probes to
detect unwinding.
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such recombinant plasmids, providing they have been purified, for example by
using cesium chloride gradient centrifugation (10). Alternatively, linear, pro-
moter-containing fragments can be purified from restricted plasmid DNA by
polyacrylamide or agarose gels by a variety of methods (10). Although any DNA
fragments can be used (see Note 1), fragments around 200–1000 bp are most
desirable. Stock solutions of most short fragments will be adjusted to around
20 mg/mL, the concentration being checked after gel electrophoresis.

4. Transcription buffer: 20 mM Tris-HCl, pH 8.0, 100 mM NaCl, 5 mM MgC12,
0.1 mM EDTA, 1 mM dithiothreitol (DTT), 50 µg/mL nuclease-free bovine serum
albumin (BSA), and 5% glycerol. This is a standard 1X buffer for many in vitro
transcription assays and can be prepared as a 10X stock. There are many varia-
tions of this and the literature must be checked for any particular instance.

5. Heparin, cat. no. H6279 from Sigma (St. Louis, MO), made up as a 10 mg/mL
stock solution in water.

6. Nucleotides. [α-32P] UTP from NEN (Boston, MA) or Amersham (Arlington
Heights, IL) can be used in conjunction with the four nucleoside triphosphates
from Boehringer or Pharmacia. For transcription assays, most workers use final
concentrations of 200 µM ATP/CTP/GTP, 10 µM UTP, 0.5–5.0 µCi of [α-32P]
UTP per reaction, and 100 µg/mL heparin to prevent reinitiation. Typically, an
8X stock NTP + heparin solution is prepared containing 80 µM UTP, 1.6 mM of
the three other NTPs, and 800 µg/mL heparin in 2X transcription buffer. A “hot”
NTP + heparin mix is then made by diluting this 1:1 with [α-32P] UTP in water.

7. Dinucleotides. These can be bought from Sigma and used without further purifica-
tion as 10-mM stock solutions in water. The choice of the appropriate dinucleotide
for priming abortive initiation assays is discussed in Subheading 3.2.1.

8. Transcription stop solution: 80% deionized formamide, 0.1% xylene cyanol FF, 0.1%
bromophenol blue, 20 mM EDTA in the standard gel running buffer, and 1X TBE.

9. RNA gels. Standard 6% polyacrylamide sequencing gels containing 6 M to 8 M
urea and run in TBE (10) can be used to separate runoff transcripts. Autoradiog-
raphy or a phosphor screen are used to detect the products.

10. Gel running buffer, TBE. This is usually made up in large volumes and kept as a
5X stock solution. To make up 1 L of 5X stock use 54 g Tris base, 27.5 g boric
acid, and 20 mL of 0.5 M EDTA.

11. Whatman 3MM paper. Cut into strips 20 cm in length for chromatography of
abortive products.

12. Chromatography buffer: 18:80:2 (v/v/v) water/saturated ammonium sulfate/isopropanol.
13. RNA size markers. These are usually generated from runoff transcripts of well-

characterized DNA fragments. Alternatively, sequence ladders can be used.
14. 0.1 M EDTA.

3. Methods
3.1. Transcript Assays

1. The first step is the binding reaction. Purified transcription factor and supercoiled
plasmid or linear template DNA (see Note 1) are mixed gently in 1X transcrip-
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tion buffer (see Note 2) in a final volume of 8 µL and incubated for 5 min at 37°C
(see Note 3). It is important to include any cofactor required by the transcriptional
activator. For example, the cyclic AMP receptor protein (CRP) requires cAMP in
the transcription buffer for activity. Some other transcription activators require
covalent modification, such as phosphorylation. The active form must be used.

2. Next, 4 µL of RNA polymerase, diluted in 1X transcription buffer, is added and
mixed in gently. The binding reaction is then incubated for a further 5–20 min at
37°C. Typically, the incubations are performed in a final volume of 12 µL with a
template concentration of 0.5–5 nM, a range of transcription factor con-
centrations from 5 to 50 times the promoter concentration and up to 100 nM
RNA polymerase.

3. The second step is the transcription reaction. Add 4 mL of “hot” NTP + heparin
mix (see Note 4) to each 12 µL binding reaction, mix gently, and incubate at
37°C for 5 min (see Note 5). For each individual DNA molecule, the RNA poly-
merase may or may not have reached an open complex depending on the activity
of the transcription factor. At molecules where an open complex has formed, the
polymerase will then “run” from the promoter to the downstream terminator (or
to the end of the fragment) making a discrete-sized RNA product. Because only
one molecule of polymerase can occupy a promoter at any time and because the
inclusion of heparin prevents further initiation, the amount of any particular run-
off transcript will be directly proportional to the amount of open-complex forma-
tion (see Notes 6 and 7).

4. Terminate the reactions by adding 12 µL of transcription stop solution. The
samples can be stored for short periods on ice, or for longer periods at –20°C,
until ready for loading on a sequencing gel.

5. Heat the samples for 2 min at 90°C and load 8 µL on a sequencing gel, together
with size markers, and perform the electrophoresis. We routinely use the S2
model from Gibco-BRL (Gaithersburg, MD), running the gel for 2–3 h at 60 W
constant power. After running, the gel is dried, an autoradiograph is exposed, and
the film is developed. From the sequence marker it is possible to identify bands
caused by transcription initiation at the promoter under study and to determine
the effects of the transcription activator on the appearance of these bands. An
example is shown in Fig. 2 (taken from ref. 11) (see Notes 8–10).

3.2. Abortive Initiation Assays
1. Choose the nucleotides to be employed in the assay. Typically, this is done by

selecting a dinucleotide appearing in the sequence anywhere from position –4 to
+2, and using the next nucleotide as the labeled precursor. For example, at the E.
coli galP1 promoter (12), the sequence at the transcription start is 5'-TCATA-3'
with the central A as +1. The dinucleotide CpA and [α-32P] UTP can be used to
give the product, 32P-labeled CpApU. It is important to ensure that no extended
products can form (see Note 11).

2. Before the assay is performed, set up a series of Whatman 3MM paper chromato-
grams (typically 20 cm long). Spot the origins with 20 µL of 0.1 M EDTA to
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ensure that product formation ceases the moment that the samples are loaded on
the chromatogram.

3. Set up the standard assay, using concentrations of reagents as for the transcript
analysis experiment. In a typical starting experiment, excess RNA polymerase
and transcription factor will be premixed with DNA and incubated long enough
to reach complete open complex formation. The experiment will be started by
the addition of nucleotides. The final reaction mix will contain, for example,
0.5–5 nM promoter DNA, 100 nM RNA polymerase, 0.5 mM dinucleotide, and
0.05 mM UTP with 2.5 mCi [α-32P] UTP in 100 µL. Run experiments both with
and without the transcription factor and perform a control with no DNA.

4. At different times after addition of the [α-32P] UTP, remove 15-µL aliquots and
spot at the origin of the chromatogram. Six aliquots taken every 5 min will suffice.

5. Develop the chromatogram using chromatography buffer. After the solvent front
has progressed 20 cm, remove the chromatogram and dry. Cut the paper into 5-mm
slices and count each slice for Cerenkov radiation to locate the bands resulting
from product and unincorporated UTP. For each time point, determine the num-
ber of counts incorporated into the product (CPMproduct), and the number of counts
in the unincorporated UTP (CPMu). From the ratio of counts in the product to the
total counts (CPMproduct+CPMu), the amount of product at each time-point can be
deduced. Alternatively, the products can be analyzed and quantified using a
phosphorimager. In this case, it is sufficient to spot 2-µL aliquots onto the chro-

Fig. 2. In vitro transcription from plasmid carrying a CRP-independent promoter,
lacUV5 (lanes 1–5) or a CRP-dependent promoter, CC(–41.5) (lanes 6–20), cloned
upstream of a transcription terminator. The figure shows the transcripts produced using
purified RNA polymerase containing wild-type or mutant α-subunits (EA261, RA265,
TA285, and VA287 as indicated). Prior to the addition of RNA polymerase, CRP or
CRP carrying the HL159 substitution (that interferes with the CRP–RNA polymerase
interaction) was added to the reaction mixtures as indicated. The position of tran-
scripts initiated at the lacUV5 or CC(–41.5) promoters, and the position of the plas-
mid-encoded RNA I transcript are indicated. (From ref. 11.)



Assays for Transcription Factor Activity 457

matogram, and the transcription reactions can be scaled down threefold to five-
fold (see Note 12).

A plot of product formed versus time should be linear, and from the slope, the
rate of product formation can be deduced (see Note 13). The rate of product
formation per promoter (TON, turnover number) can then be calculated from the
molar amount of DNA fragment that was used in the experiment. A control run
without the transcription factor will give factor-independent activity and will
allow the effect of the activator to be quantified. Assuming that the rate of prod-
uct formation in the presence of the activator reflects 100% occupancy at the
promoter, the occupancy in the absence of the activator can be calculated (from
the ratio of the TON values in the absence and the presence of the activator) (see
Note 14).

6. The analysis can then be taken a stage further (e.g., see refs. 13–16). In the
experiment above, RNA polymerase is preincubated with the DNA template prior
to the addition of substrate, so product formation is linear from zero time. How-
ever, if the reaction is started by the addition of polymerase, the plot of product
formation versus time shows a lag where the RNA polymerase “installs” itself at
the promoter. This lag time (τ) can easily be measured and is a function of the
initial binding of polymerase to the promoter and subsequent isomerizations to
the open complex (see Fig. 3).

The interaction of holoenzyme with promoters involves at least two steps: a
rapid and reversible binding to promoter DNA, characterized by an association
constant KB, which leads to the “closed” inactive complex, followed by a confor-
mation change to the “open” complex characterized by the rate constant kf. For
most promoters, the reverse of open-complex formation is extremely slow. Thus,
according to McClure (4), the measured lag time (τ) is related to the enzyme
concentration [RNP] by the relation

τ = 1/kf + 1/(KBkf[RNP])

To make a kinetic analysis, it is necessary to perform the assays with a range of
different polymerase concentrations (typically 5–200 nM: for kinetic analysis,
RNA polymerase should always be present in significant excess over promoter
DNA). The lag time (τ) is measured in each case and is plotted as function of the
reciprocal of the RNA polymerase concentration (Fig. 4). This plot can be
extrapolated to infinite RNA polymerase concentrations (the intersect with
the y-axis) to give the reciprocal of kf, and KB can be deduced from the intercept
of the τ plot with the x-axis. Alternatively, KB can be calculated from the ratio of
the lag time at infinite enzyme concentration and the slope of the straight line.
Data are normally fitted using a computer program, such as Enzfitter or Fig-P
(see Notes 15 and 16).

4. Notes
1. Transcript analysis assays are generally performed on templates with the tran-

scription start of interest positioned 50–150 bp upstream from a transcription
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terminator or the end of the fragment. Often, a longer fragment that carries more
than one promoter will be chosen; longer transcripts can be sized by running the
sequence gels further. Individual transcripts can be identified by using families
of fragments that are truncated from one end. Transcription assays can be per-
formed using both relaxed and supercoiled DNA. Reference promoters can be
used to aid in the quantification of transcripts (e.g., if colE1 plasmid derivatives
are used as vectors for the promoter under study, the 107 nucleotide transcript
from the RNA I promoter can be used; see Figs. 1 and 2).

2. A number of alternative buffer systems can be used and the final choice is largely
a matter of trial and error. An alternative system is 40 mM Tris, pH 8.0, 100 mM
KCl, 10 mM MgCl2, 1 mM DTT, and 100 µg/mL acetylated bovine serum albu-
min. In some cases, the effects of substituting different anions or cations may be
significant (17). Many recent studies have used glutamate-containing buffers to
enhance DNA binding of different factors.

Fig. 3. Lag plots of a CRP-dependent promoter in the presence of different concen-
trations of RNA polymerase (50 nM [RNP]1 and 16.7 nM [RNP]2). A 15-µL sample of
4 nM DNA fragment in standard buffer containing CRP HL159 and cAMP was
preincubated for 10 min at 37°C with 5 µL of a mixture containing 3 mM ApU and
300 mM UTP with 0.75 µCi [α-32P]UTP. At time 0, 10 µL of a prewarmed RNA
polymerase solution was added (150 nM or 50 nM) and the reaction carefully mixed.
At the indicated times, 2-µL portions of the reactions were removed for product
quantification. The normalized quantity of ApUpU product was fitted using the Fig-P
program according to the equation Y = Vt – Vτ(1 – e–t/τ), where V is the final steady-
state velocity (moles of ApUpU per mole of promoter per minute). Care was taken to
run the reaction until t = 5τ and to check that the final slope V was in agreement ±15%
with the value of the TON, determined after preincubation of promoter and holoen-
zyme as described in step 5 of Subheading 3.2.



Assays for Transcription Factor Activity 459

3. Care should be taken to avoid introducing RNase contamination during protein
and DNA purifications, in the preparation of solutions and in the handling of
plasticware. If necessary, commercially available RNase inhibitors can be added
to the transcription reactions to counteract low levels of nuclease contamination.

4. The inclusion of heparin in assays ensures a single round of transcript formation.
However, multiround assays can be performed by omitting the heparin. This

Fig. 4. Tau plots comparing the effects of different substitutions in CRP on tran-
scription activation at a CRP-dependent promoter. The lag time (τ) before linear
production of ApUpU is plotted against the reciprocal of RNA polymerase concentra-
tion. Plot A compares CRP carrying the HL159 substitution (which inactivates
Activating Region 1 and decreases KB) with wild-type CRP. Plot B compares CRP
carrying the KE101 substitution (which inactivates Activating Region 2 and decreases
kf) with wild-type CRP. KBkf and kf can be calculated from the slope and intercept of
each plot, respectively. Each data point represents the average of three independent
assays and the error bars show one standard deviation on either side of the mean (data
taken from ref. 16).
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can be useful when working with promoters where the open complex is sensitive
to heparin.

5. The transcription step of the protocol is very fast and complete in min. Some-
times a doublet band is seen corresponding to a particular transcript. This is often
due to “hesitation” by the polymerase at the end of the transcript. The relative
intensities of the doublet can depend on temperature or the length of time of
the elongation step. In some cases, multiple bands are caused by ambiguity in
the starting base of the transcript. This can be resolved by working with [γ-32P]-
labeled initiating nucleotide (e.g., see ref. 18).

6. The kinetics of open-complex formation can be monitored using transcript assays.
After the addition of polymerase, take aliquots at different times and add to the
“hot” NTP + heparin mix. Because heparin blocks reinitiation, the amount of
transcript from that sample will be proportional to the amount of open complex
formed at that time (for an example, see ref. 19). Typically, for these conditions,
the half-time for open-complex formation ranges from 20 s to 30 min. In prin-
ciple, it is possible to make these measurements at different polymerase concen-
trations and make the τ plot analysis, as for abortive initiation; in practice, this is
extremely difficult and the abortive initiation assay is preferable.

7. Elongation can be studied by preforming open complexes and then adding nucle-
otide precursors one by one. 3' O-methyl (20) or dideoxy (21) derivatives of
nucleotides can be used to freeze elongation complexes at particular lengths.

8. Transcript analysis assays provide a simple method for monitoring the effects of
transcription factors and their cofactors. However, it can also be exploited to
investigate effects of conditions (e.g., temperature, salt, etc.) on open-complex
formation. It is important to note that changes may affect elongation rather than
transcription initiation. This can be checked simply by preforming open com-
plexes and then altering the conditions. In our experience, the elongation step is
usually unaltered by changes in the assay conditions, and differences reflect
changes at one or other step in the formation of the open complex (22).

9. Many, but not all, promoters are active in transcript assays and there is no way of
predicting whether a particular activator will or will not work in vitro. Many
workers find that such experiments produce more bands than “ought” to be seen.
In particular, some runoff transcripts made with purified fragments as templates
exceed the size of the template fragment (3). This results from RNA polymerase
molecules failing to stop when reaching the end of the fragment, turning around,
and continuing to transcribe the opposite strand. This effect can be partially cir-
cumvented by lowering NTP concentrations or decreasing the temperature.
Another problem may arise because any DNA sequence will contain a number of
potential transcription starts that are normally not used in vivo, because the com-
petition for polymerase in vivo favors stronger promoters. In vitro conditions are
such that there is little discrimination against weak promoters (e.g., see ref. 23).
If the appearance of bands from these weak promoters “spoils” the results, they
can be reduced by using higher salt concentrations or lower concentrations of
polymerase to increase specificity.
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10. Although the appearance of a transcript makes a good assay for the activity of a
transcription factor, there may be situations in which the transcript cannot be
detected. In this case, the best strategy is to attempt to monitor open-complex
binding directly by the opening of the strands. In most cases, the activity of a
transcription factor will cause a measurable unwinding of the DNA duplex around
the –10 sequence and transcription start. Many chemical reagents can be used to
monitor unwinding, but one of the simplest is potassium permanganate, that pref-
erentially attacks nonbase-paired thymines. To measure the unwinding, start with
end-labeled DNA and make open complexes with RNA polymerase and activator
proteins, as in the runoff assays. Typically, then add 1 µL of fresh 200 mM potas-
sium permanganate per 20-µL sample and incubate for 1 min (still at 37°C). After
the addition of 50 µL stop buffer (3 M ammonium acetate, 0.1 mM EDTA, 1.5 M
β-mercaptoethanol), phenol-extract the sample and alcohol-precipitate the DNA.
The labeled DNA can then be cleaved at the sites of permanganate modification
by using the Maxam–Gilbert piperidine protocol. The resulting fragments are run
on a sequence gel to find the sites of unwinding. A typical experiment will include
runs with DNA alone, DNA plus polymerase, and DNA plus polymerase plus
activator. This provides a simple method for checking that the activator is func-
tional and provides information on the size of the region of unwinding in the
open complex (24,25).

11. A great feature of the abortive initiation assay is that it can be performed on
promoters carried by both circular DNA and linear fragments: the dinucleotide
primer picks out one promoter from others. Obviously, there is more chance of
interference from other promoters with longer DNAs. Thus, if working with cir-
cular plasmid, it is prudent to test the reaction using plasmid either with or with-
out the insertion carrying the promoter under study. It may be possible to reduce
interfering signals from the vector by altering the dinucleotide used. Some prim-
ers can be used without being completely specific for the promoter tested. For
instance, CpA and UTP gives the trinucleotide CpApU at galP1, but also the
longer oligonucleotides CpApUpU and CpApUpUpU starting from galP2, which
can be separated on the chromatogram (28).

12. The abortive initiation assay is tedious because of the chromatographic analysis
of the products, which takes 2–3 h. One way to accelerate the procedure is to
replace radioactive UTP with a fluorescent analog, UTP-γ-ANS (1-naphtylamine-
5-sulfonic acid UTP). The assay can then be measured fluorometrically by
following the increase in light emission caused by the release of the pyrophos-
phate–ANS moiety each time a unit is incorporated (27). A considerable advan-
tage of this method is that it allows the continuous monitoring of product
formation. A disadvantage is that the fluorescent label may alter the kinetics,
although, to date, this has not been reported.

13. In some cases, product formation may never become linear with respect to time.
Assuming that there are no contaminating nucleases, this is likely to be a result of
the consumption of nucleoside triphosphates, which reduces the reaction veloc-
ity. This can be overcome by lowering the dinucleotide concentration. Ideally,
any time-course needs to be run for at least five times τ.
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14. Before starting any kinetics, it is advisable to check chosen combinations of
primer and nucleotide for specificity and for product formation: a TON value of
<10/min is useless for kinetic studies. Some promoters give no abortive cycling
reaction, whereas others may give homopolymer synthesis caused by slippage in
the enzyme’s active site (28), rendering the abortive initiation assay useless.

15. The most powerful use of abortive initiation is to determine the microscopic rate
constants of individual steps during transcription initiation. Measurements of these
rates in the absence or presence of a transcription factor can provide mechanistic
information about the enzymology of activation. However, the method relies on a
number of assumptions that are true for most, but not all, promoters (4). First,
active RNA polymerase must be present in significant (i.e., >5X) excess over
the promoter DNA; second, the isomerization from the closed to open complex
must be essentially irreversible over the time-course of the experiment; and third,
in order for the equation in step 6 of Subheading 3.2. to hold true, the closed
complex must be in rapid equilibrium with free polymerase and DNA.

16. In different situations, transcription activators can affect KB (14), kf (13), or TON
(14). In a small number of cases, transcription factors have no effect on abortive
initiation parameters. In such instances, the activator cannot be intervening at the
level of open complex formation, but must be affecting later steps of the tran-
scription process (e.g., see ref. 29). Such situations can be analyzed by single or
multiple rounds of transcript assays. Note that in some complex cases (e.g., over-
lapping promoters), microscopic rate parameters cannot be deduced from abor-
tive initiation assays (30).
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Using Oligonucleotides

Bernard A. Connolly, Hsiao-Hui Liu, Damian Parry,
Lisa E. Engler, Michael R. Kurpiewski, and Linda Jen-Jacobson

1. Introduction
Type II restriction endonucleases are familiar to most investigators in the

biological sciences as indispensable reagents for a variety of molecular
biology techniques. Usually, these dimeric enzymes cut double-stranded DNA
at defined, palindromic, sequences 4, 6, or 8 base pairs in length (1). Restric-
tion endonucleases have extremely high specificities, a key property that
underlies their applications in genetic engineering and which has attracted the
attention of scientists interested in sequence-specific DNA discrimination.
Considerable effort has been expended in trying to elucidate the mechanisms
that underlie specificity, often using the “structural perturbation” approach
(2,3). Here, an alteration is made to the protein by site-directed mutagen-
esis, or to the nucleic acid by substituting with natural base pairs, or with
synthetic base, sugar and phosphate analogs and the effects on binding and
cleavage observed. A useful measure of the perturbation can be obtained by
evaluation of the parameter

(kst/KD)modified/(kst/KD)unmodified

where “unmodified” refers to the native endonuclease and the natural DNA
target sequence and “modified” indicates that either the protein or the
nucleic acid has been changed in order to delete a selected interaction. The
parameter kst is the first-order rate constant obtained under single-turnover
conditions. Provided that the association of DNA and the essential cofactor
Mg2+ with the protein are rapid (see Note 1), kst measures the slowest step
following the assembly of the endonuclease–DNA–Mg2+ complex up to and
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including the hydrolysis step. KD (the equilibrium dissociation constant) =
[E]f[D]f/[ED].*

The evaluation of (kst/KD)modified/(kst/KD)unmodified can be highly informative,
revealing how much a particular interaction contributes to the energetics of
DNA discrimination and whether the effect arises at substrate or transition state
binding (2,3). Examples include the use of oligonucleotides containing base
and phosphate analogs to probe DNA recognition by the EcoRI restriction
endonuclease (4,5). The underlying rationale of the “structural perturbation”
method have been treated comprehensively elsewhere (2) and are beyond the
scope of this chapter. Similarly, methodology for the alteration of proteins by
site-directed mutagenesis and the preparation and uses of oligonucleotides con-
taining modified bases, sugars, and phosphates will not be discussed. Rather,
this chapter will concentrate on the practical aspects of kst and KD measurement.

In order to measure kst, the oligonucleotide is labeled with 32P, most com-
monly at the 5' terminus using γ-[32P]-ATP and polynucleotide kinase. Alter-
natively, labeling at the 3' end with α-[32P]-ddNTP and terminal transferase
can be used. Restriction endonucleases have an absolute requirement for Mg2+,
enabling the reaction to be initiated in a number of ways: usually the addition
of Mg2+ to a premixed solution of an enzyme plus oligonucleotide or the addi-
tion of an enzyme to a solution containing the oligonucleotide and Mg2+ (see
Note 1). At various times aliquots are removed and the reaction quenched. The
substrate and product DNA are separated using denaturing polyacrylamide gel
electrophoresis (PAGE) and quantitated by phosphorimaging. The data
obtained are fitted to appropriate equations to give kst values. Several consider-
ations need to be taken into account:

• Measurement of a rate constant under single-turnover conditions requires all the
substrate to be bound to the enzyme at the start of the reaction. This necessitates
(a) [E]t > [D]t and (b) [D]t >> KD (see Note 2).

• When a wild type restriction endonuclease is used to cut its natural DNA target,
both strands of the duplex are usually cut at the same rate. However, introducing
a modification into only one of the DNA strands often results in the individual
strands being cut at different rates. In these cases cleavage is most simply and
accurately measured if the two substrate strands and the two labeled product
strands can be separated, as shown in Fig. 1.

• Measurement of DNA cleavage by restriction endonucleases, under single-turn-
over conditions, approaches the limit of manual manipulation. In some cases, it
has been possible to mix the enzyme with its substrate and withdraw aliquots by

*Throughout this chapter, E = endonuclease; D = DNA; ED = enzyme–DNA complex. The
subscripts t and f denote the total and free amounts of E and D present (i.e., [E]f = [E]t – [ED];
[D]f = [D]t – [ED]). Several investigators use KA (= 1/KD) rather then KD. Both terms are accept-
able, and in some instances in this chapter KA has been used.
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hand. In others, the reaction is too fast to be evaluated in this manner and a rapid-
mixing quenched flow apparatus must be used. Alteration to the endonuclease or
the DNA often cause a reduction in the single-turnover rate constant and it is
often possible to use manual methods in these cases.

The most suitable method for KD determination depends critically on its
magnitude and hence the stability of the protein–DNA complex (see Note 3).
Several approaches for the measurement of KD are presented, enabling equilib-
rium constant evaluation under conditions that range from very tight (KD ≈ pM)
to very weak (KD ≈ mM) binding. When commencing experiments, the KD will
not be known and good practice requires an initial estimate, followed by an
accurate evaluation using the optimal approach. Modification to the endonu-
clease or the DNA often weakens their interaction, sometimes by a consider-
able amount. Therefore, the method used in the “natural” case may not be the
best when alterations to the macromolecules are present. Whatever method is
used, it is important to prevent DNA hydrolysis and this is most simply
achieved by omission of Mg2+ and addition of EDTA.

Two commonly used methods for KD determination are filter binding and
gel retardation (electrophoretic mobility shift assay [EMSA]). Both are dis-
cussed elsewhere in this volume (see Chapters 1 and 2) and this chapter

Fig. 1. Oligonucleotides that have been used to measure single turnovers with the
EcoRV and EcoRI restriction endonucleases (recognition sequence shown with line,
cleavage sites with arrows). With EcoRV, both the substrate strands are different
lengths. In the case of EcoRI, the two substrate strands can be separated by denaturing
gel electrophoresis, despite having the same length, as the top strand is dG rich and the
bottom dC rich. dC-rich strands migrate faster than dG (dA and T base-pairs affect
migration much less). With EcoRV 3' labeling (*ddA) was used, and with EcoRI, 5'
labeling (*P) was used. The offset recognition sites gives products of different sizes.
The two arrangements ensure the separation of both substrate and both labelled prod-
uct strands and so allow independent measure of the rate of cleavage of the two strands.
Only the labeled products are shown. For both enzymes the “top” strands are written
in the 5' → 3' direction and the “bottom” are written in the 3' → 5' direction.
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emphasizes their application to restriction endonucleases and also the use of
competition titration. Most often, a 32P-labeled oligonucleotide is incubated
with increasing amounts of restriction enzyme to produce a protein–DNA com-
plex. The free and protein-bound DNA are then separated and the relative
amounts in each pool determined. This allows the construction of a binding
isotherm and KD evaluation. Data analysis is simplified when [E]t ≈ [E]f and
experimentation is usually carried out under these conditions (see Note 4). It is
also useful to carry out a “reverse” titration: incubating a fixed amount of
endonuclease with increasing quantities of 32P-labeled oligonucleotide.
Titrations with a fixed [DNA] may give rise to shifts in the oligomeric state of
the protein because of its increasing concentration, which can produce biphasic
isotherms or curves that do not show asymptotic behavour. This arises due to
the coupled reactions E2 + E2 → E4 → En (where E2 is the active form) and is
particularly relevant to modified substrates that show weak binding; requiring
titration with concentrations of protein that may exceed the KD for the coupled
dimer–tetramer equilibrium. If both procedures give identical KD values, one
has confidence that the coupled reaction can be ruled out as an obfuscating
factor. In addition, the combination of the two approaches permits precise
determination of the number of active protein molecules, providing that the
DNA concentration is accurately known.

Filter binding and gel retardation differ in the manner used to separate the
free DNA and the protein–DNA complex. In filter binding, separation is
achieved using a nitrocellulose filter that retains proteins, and hence protein–
DNA complexes, but allows the passage of free DNA. Some proteins are poorly
bound by nitrocellulose filters although this difficulty can sometimes be cir-
cumvented by using a different filter material (e.g., pure nitrocellulose rather
than mixed-ester filters). Gel retardation uses non denaturing PAGE; free DNA
migrates more rapidly than the protein–DNA complex giving, under ideal con-
ditions, two well-resolved bands. Both approaches are sensitive (can be used at
very low [DNA] to measure tight binding), experimentally very simple to carry
out, and do not require specialized equipment.

Whether filter-binding or gel-shift methods are chosen, the direct titration
protocol is not recommended for modified substrates that show very weak bind-
ing (i.e., KD > 10–7 M), because the lifetime of the complexes (see Note 3) is
always shorter than the time required either for filtration or for entry into the
gel (see Note 5). This may result in partial dissociation of the endonuclease–
DNA complex during the measurement (i.e., a “nonequilibrium” situation).
For weak binding, a competition titration (6) protocol should be used. Here, a
fixed quantity of an endonuclease and a 32P-labeled oligonucleotide (most often
containing an unmodified recognition sequence for the endonuclease under
study) are allowed to form a complex. Progressively increasing amounts of a
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nonradioactive competitor DNA (e.g., a variant oligonucleotide in which there
has been a base-analog or natural base-pair substitution) are added. The unla-
beled DNA molecules compete with the 32P-labeled oligonucleotide for the
DNA-binding site on the protein and so leads to a displacement of the radioac-
tive probe. It is good practice to compare some of the KD values obtained by
the direct method with those obtained by competition titration, both to test
whether equilibrium is significantly perturbed in the direct method and to pro-
vide confidence that all binding reactions have achieved equilibrium in the
more indirect competition method. Thus, one should include in the experimen-
tal set of modified oligonucleotides at least one “internal control” for which
both direct and competition titrations can be performed (see Note 6).

Equilibrium constants can also be determined using fluorescence anisotropy
(7,8) with oligonucleotides labeled with hexachlorofluorescein. When a
fluorophore is excited with plane polarized light, the extent to which the emitted
light becomes depolarized depends on the rate at which the fluorophore tumbles
(which, in turn, depends on molecular weight) and also the lifetime of the fluo-
rescence excited state (see Note 7). When a protein binds to an fluorescent
labeled oligonucleotide, the mass associated with the fluorophore, and there-
fore the fluorescence anisotropy, is increased, allowing KD determination.
Hexachlorofluorescein is commercially available as a phosphoramidite suit-
able for automated DNA synthesis, enabling its attachment to the 5' terminus
of an oligonucleotide via a six-carbon-chain linker (Fig. 2). The flexible linker
gives the probe a degree of motion independent of the dynamics of the DNA or
the protein–DNA complex. However, although the probe is not rigidly attached
to the DNA, it has enough movement coupled to the DNA, together with
an appropriate fluorescence lifetime of about 3 ns for the probe attached to a
21-mer (9), to make it sensitive to protein binding (see Note 7).

The minimum concentration of hexachlorofluorescein that can be easily
measured is about 1 nM and this limits the technique to measuring KD values
of approx 1 nM and above. It has been used to measure KD values that approach

Fig. 2. The structure of hexachlorofluorescein and its linkage to the 5'-phosphate of
an oligonucleotide.



470 Connolly et al.

1 µM. Thus, fluorescence anisotropy is much less sensitive than filter binding
or gel retardation, which rely on the detection of 32P. The biggest advantage of
this method is that it is a strictly equilibrium approach and does not suffer from
problems caused by protein–DNA dissociation. Drawbacks include the require-
ment for expensive equipment and inability to measure tight binding (KD< 1 nM).

2. Materials

2.1. Oligodeoxynucleotides and Restriction Endonucleases

1. [32P]-labeled oligodeoxynucleotides. These should be of high specific activity,
prepared using either γ-[32P]-ATP (3000–6000 Ci/mmol)/polynucleotide kinase
(5' labeling) or α-[32P]-ddATP(>5000 Ci/mmol)/terminal transferase (3'-label-
ing) and purified by standard procedures (10). Duplex oligodeoxynucleotides are
prepared by heating equimolar amounts of each strand to 95°C in buffer with the
same pH value and salt concentration to be used in kst or KD measurement and
cooling slowly to room temperature. For kst determination, both strands must be
labeled; for KD evaluation, only one strand needs to be labeled.

2. Oligodeoxynucleotides containing hexachlorofluorescein at their 5' termini.
These can be prepared by chemical synthesis using commercially available
hexachlorofluorescein–phosphoramidite (Glen Research, Sterling, VA;
Cruachem Ltd., Glasgow, Scotland) and purified by reverse-phase high-perfor-
mance liquid chromatography (HPLC) (9). Duplexes, only one strand of which
needs to contain the fluorophore, are prepared as in item 1.

3. Restriction endonucleases under study. In this case, EcoRI, EcoRV, and BamHI
purified from overproducing Escherichia coli strains.

2.2. kst Determination

1. Vertical slab gel apparatus (140 × 160 k 0.75 mm) (e.g., Hoefer SE600 or equiva-
lent) and power pack with ≈200 V direct current output.

2. Denaturing polyacrylamide gel. Prepared from 16% acrylamide (acrylamide/bis-
acrylamide, 19/1) in 0.089 M Tris–borate, pH 8.0, containing 8 M urea and 1 mM
EDTA and polymerized with 0.05% ammonium persulfate (added from a freshly pre-
pared 10% aqueous solution) and 1% TEMED (N,N,N'N'-tetramethylethylene
diammine). The gel should be prerun at a constant power of 30 W, for 1 h, prior to use.

3. Gel running buffer: 0.089 M Tris–borate, pH 8.0, containing 1 mM EDTA.
4. Hydrolysis buffer (made up at 2X the final concentration, freshly prepared and

stored at 4°C): in the examples given using EcoRV endonuclease; 20 mM HEPES,
pH 7.5, 200 mM NaCl, and 20 mM MgCl2 (see Note 8).

5. Enzyme dilution buffer: Incubation buffer plus 5% (v/v) glycerol (see Note 8).
6. Stop solution: 0.1 M Tris-HCl, pH 8.0, 0.1 M EDTA, 2.5 M urea, 10% (w/v)

sucrose, and 125 mg/mL (each) bromophenol blue and xylene cyanol FF.
7. Vacuum bag sealer and plastic sheets.
8. Phosphorimager (e.g., Fuji BAS-150) and phosphorimager screen (e.g., Fuji

BAS-MP) (or equivalent).
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9. Quenched flow apparatus (e.g., Hi-Tech RQF–63 [Hi-Tech Scientific, Salisbury,
UK]) or equivalent.

2.3. KD Determination (Filter Binding)

1. Vacuum filtration manifold (e.g., Millipore 1225 Sampling Vacuum Manifold,
Bedford, MA).

2. Mixed ester nitrocellulose membrane filters (e.g., Gelman GN6, Millipore
HAWP02500, Schleicher & Schuell ME25) or pure nitrocellulose membrane fil-
ters (e.g., Schleicher & Schuell, type BA85), 25 mm disks, 0.45-µm pore size.

3. Enzyme dilution buffer: Binding buffer plus 5% glycerol and 0.2 M or 0.6 M
NaCl (final concentrations), pH 7.4 (see Note 8).

4. Filter buffer (stored at 4°C): 10 mM BTP (bis-Tris propane), 1 mM EDTA, 0.02%
NaN3 at desired pH (e.g., pH 7.4) and desired salt concentration (e.g., 0.2 M
NaCl) (see Note 8).

5. Binding buffer (stored at 4°C): Filter buffer plus 0.1 mg/mL bovine serum albu-
min and 50 µM dithiothreitol (DTT).

6. Polyethylene liquid-scintillation vials (6 mL capacity).
7. Liquid-scintillation fluid (e.g., Scintisafe 30%, Fisher Biotech, Pittsburgh, PA).
8. Liquid-scintillation counter (e.g., Packard model 1600; Meridan, CT).

2.4. KD Determination (Gel Retardation)

1. Vertical slab gel apparatus (140 × 160 × 0.75 mm) (e.g., Hoefer SE600 or equiva-
lent) and power pack with ≈200 V direct current output.

2. 10% Nondenaturing polyacrylamide gel (acrylamide/bis-acrylamide, 37.5/1) in
0.089 M Tris–borate, pH 8.0, and 1 mM EDTA and polymerized with 0.05%
ammonium persulfate (added from a freshly prepared 10% aqueous solution) and
1% TEMED. The gel should be prerun at a constant power of 20 W with gel
running buffer and the wells rinsed with this buffer, prior to use.

3. Gel running buffer: Usually 0.089 M Tris–borate, pH 8.0, containing 1 mM
EDTA. However, the running buffer can, to a limited extent, be varied to produce
a better match with the binding buffer (see Note 9).

4. Binding buffers and enzyme dilution buffers: As in Subheading 2.3., items 3 and 5
except that the binding buffer should additionally contain 3% (v/v) glycerol (see Note 10).

5. Bromophenol blue solution: 0.25% (w/v) in 30% (v/v) glycerol.
6. Vacuum bag sealer and plastic sheets.
7. Phosphorimager e.g., Fuji BAS–150 and phosphorimager screen (e.g., Fuji

BAS-MP) (or equivalent).

2.5. KD Determination (Fluorescence Anisotropy)

1. Fluorimeter, with thermostated cuvet compartment, capable of measuring fluo-
rescence anisotropy e.g., Aminco SLM-8100.

2. 3-mm-thick 570-nm longpass filter, (OG-570, Schott Glaswerke).
3. 0.5 mL semimicro quartz fluorescence cuvets (excitation and emission

pathlengths 5 mm).
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4. Fluorescence binding buffer and enzyme dilution buffer: In the examples given
with the EcoRV endonuclease, 50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 1 mM
DTT, 1 mM EDTA, and 0.1 mg/mL acetylated bovine serum albumin. The fluo-
rescence binding buffer should be prepared using the best quality reagents and
HPLC-grade water and both degassed and passed through 0.22-µm filters (e.g.,
Millex-GV13, Millipore) prior to use.

2.6. Data Analysis

Software capable of fitting reaction data to single and multiple exponential
decay(s) and binding data to single-site binding isotherms using nonlinear
regression analysis. The software used for binding analysis should be able to
deal with direct titrations when the simplifying assumption [E]f = [E]t cannot
be made (see Note 4) and competitive titrations. Three packages described in
this chapter are GraFit (11), Scientist (12), and SigmaPlot (13), but any soft-
ware with a similar capability is perfectly acceptable.

3. Methods
3.1. Determination of kst

3.1.1. Slow Hydrolysis (t1/2 15 s or More ≈kst Values Slower
Than 3 min–1; KD Between 2 and 40 nM)
(e.g., with Mutant EcoRV or Altered Oligodeoxynucleotides)

1. In a plastic microcentrifuge tube, prepare 11 µL of a solution containing 1.5 µM
of radiolabeled DNA duplex in hydrolysis buffer (in this case for the EcoRV
endonuclease, 10 mM HEPES, pH 7.5, 100 mM NaCl, and 10 mM MgCl2) (see
Note 8). Keep on ice.

2. Withdraw 1 µL of the above solution and add to 10 µL of stop solution (item 6 of
Subheading 2.2.). This serves as a zero time-point.

3. Prepare 5 µL of a solution containing 30 µM of EcoRV endonuclease in 10 mM
HEPES, pH 7.5, 100 mM NaCl, and 10 mM MgCl2. Keep on ice.

4. Incubate the solutions prepared in steps 1 and 3 at 25°C for 10 min.
5. Mix the two solutions to give a final oligonucleotide concentration of 1 µM and a

final endonuclease concentration of 10 µM (see Notes 1 and 2). Vortex briefly to
ensure thorough mixing and incubate at 25°C.

6. Withdraw 1-µL aliquots at times up to 25 h (the exact time range to be used must
be found by trial and error and will depend on the particular mutant enzyme
and/or altered oligodeoxynucleotide under study) and quench the reaction by
the addition to 10 µL of stop solution (item 6 of Subheading 2.2.). Store the
quenched samples on ice.

7. Run the samples on 16% denaturing polyacrylamide gels (item 2 of Subheading
2.2.) until the bromophenol blue dye marker reaches the bottom of the gel.

8. Remove the gel from the electrophoresis apparatus and seal in a plastic bag using
a vacuum bag sealer.
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9. Determine the amount of radioactivity present in each substrate and product band
using a phosphorimager (see Note 11).

10. From the data obtained from the phosphorimager, determine the percentage of
the two substrate and the two product strands present at each time-point.

3.1.2. Rapid Hydrolysis (t1/2 15 s or Less ≈kst Values Faster
Than 3 min–1; KD Between 2 and 40 nM) (e.g., with Wild-Type EcoRV
and Cognate GATATC Recognition Sites

1. Fill the three syringes of the quenched flow apparatus with the following:
a. Reaction syringe 1: 0.1 mL of 2 µM radiolabeled DNA in 10 mM HEPES,

pH 7.5, 100 mM NaCl and 10 mM MgCl2.
b. Reaction syringe 2; 0.1 mL of 20 µM EcoRV endonuclease in 10 mM HEPES,

pH 7.5, 100 mM NaCl, and 10 mM MgCl2.
c. Quench syringe 3; 0.1 mL of 0.3 M EDTA.

2. Set the apparatus to mix the 0.1 mL of the oligonucleotide and enzyme solution
(final concentrations of each 1 µM and 10 µM, respectively) and to quench the
reaction at the first time-point (0.051 s) by the addition of the 0.1 mL of the
EDTA solution.

3. Keep the quenched sample on ice.
4. Repeat for each subsequent time-point (in this case, 19 further points between

0.094 and 20 s) (see Fig. 4).
5. As a zero time-point, 0.1 mL of the oligonucleotide solution manually mixed

with 0.1 mL of 10 mM HEPES, pH 7.5, 100 mM NaCl, and 10 mM MgCl2, and
0.1 mL of 0.3 M EDTA can be used.

6. Add 5 µL of each of the quenched samples to 5 µL of stop solution (Subheading
2.2., item 6).

7. Proceed with the analysis by gel electrophoresis and phosphoroimaging (Sub-
heading 3.1.1., step 6–9).

3.1.3. Data Analysis; kst Determination

1. Cleavage of a duplex oligonucleotide by a restriction endonuclease involves par-
allel sequential reactions (Fig. 3), giving intermediates in which one strand is
nicked, and described by four rate constants (14,15). In some instances, the reac-
tion scheme can be simplified. This is usually true for wild-type endonucleases
acting on their natural, unmodified, target sequences. Here, both strands are effi-
ciently cut in a concerted reaction and nicked intermediates do not accumulate.
In this case, the cutting of each of the two substrate strands (or the accumulation
of the two radiolabeled products) can be described by a single rate constant with
an acceptable degree of accuracy.

2. If simplification is possible, fit the data to an equation describing a single expo-
nential using GraFit (11). This equation is supplied within GraFit and almost all
biological kinetic software packages. The design of the oligonucleotides used
(Fig. 1) means that the cutting of each strand can be evaluated individually. GraFit
requires time and the percentage of substrate or product present at these times to
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Fig. 3. Parallel sequential cutting of a double-stranded oligodeoxynucleotide by the
EcoRV endonuclease.

be entered into a spreadsheet and to use these data to evaluate kst. Concerted
cutting of both strands implies that the kst for each of them should be, within the
limits of experimental error, identical. An example is shown in Fig. 4.

3. With modified oligonucleotides or enzymes altered by mutagenesis, cutting often
becomes inefficient and nicked intermediates accumulate. Altering any one point
in a palindromic recognition site produces structural asymmetry, leading to dif-
ferent values of k1 and k2. In such cases, the following equations are used to
obtain values of the four rate constants that describe the unsimplified reaction
scheme (Fig. 3):

k2P1 = S1[1 – eλt – — (e–λt – ek4t)]
k4 – λ

k1P2 = S2[1 – eλt – — (e–λt – ek3t)]
k3 – λ

where λ = k1 + k2 and S1 and S2 are the percentages of total radioactivity in each
DNA substrate strand at t = 0. If end labeling of the two strands is equal, then S1

= S2 = 50%. The ability to separate the two DNA substrate strands permits nor-
malizing for “differential labeling” in the event that the two strands have been
radiolabeled with slightly different efficiencies (e.g., if S1 = 40% and S2 = 60%,
these values should be entered into the equations). If the radioactivity of the two
strands is markedly different, the program has more difficulty finding the best fit.
This is especially the case when a strand that has an intrinsically faster cleavage
rate constant has lower specific radioactivity than the other strand. Therefore, it
is preferable to attempt to label both strands to the same specific activity.

Reaction times (t) and the amount of products (P1 and P2, expressed as per-
centage of total radioactivity for each time point) are entered into the Scientist
(12) software spreadsheet. A plot of the experimental and “fitted” values of P1

and P2 is generated along with numerical values of the rate constants k1 to k4.
Such fits are most statistically robust when the uncertainties in the independent
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Fig. 4. Cleavage of the duplex oligonucleotide (1 µM) produced by mixing
5'-AAAGTCTGTGGATATCCAAGTGGCTACCGT-*ddA and 5'-CCCCCACGG-
TAGCCACTTGGATATCCACAGACT-*ddA (Fig. 1) with EcoRV endonuclease
(10 µM) using a quench-flow apparatus. The top part shows an autoradiograph of
denaturing PAGE analysis of the two substrates and the two labeled products present
after various mixing times (given on top of the gel lanes in s). The bottom part shows
fits for the formation of each product using the simplified model (i.e., formation of
each product is fitted using a single exponential with Grafit [11]). It should be noted
that data were obtained by phosphorimaging of the gel, and the autoradiograph is pre-
sented for illustrative purposes only. The kst values found were 0.94 s–1 and 0.77 s–1

for the production of P2 and P1 respectively. Fits to the full parallel sequential model
(figure 3) using Scientist (12) (not shown) gave a k2 (for P2 and production) of 0.65 s–1

and a k1 (for P1 production ) of 0.51 s–1. Thus, in the case of wild-type EcoRV with its
cognate GATATC sequence, the simplified model gives rates that are very similar to
the rigorously correct full model.
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variable (time) are much smaller than the uncertainties in the dependent variable
(here, each radioactivity measurement in a product) and when the number of data
points is sufficiently high to provide a good sampling of experimental uncertain-
ties. The “goodness of fit” of the experimental data to the fitted curve is judged
by the individual reaction point residuals, which should vary no more than 10%.
We have found that a rigorous test of the robustness of the fit to the above equa-
tions is to measure the second strand cleavage rate constants for “nicked” con-
structs, assembled from three individual fragments. When using the full
parallel-sequential model, it is good practice to apply the same calculation method
to reference reactions with the normal enzyme–substrate pair. A comparison of
the rate constants obtained from the “full” and “simplified” calculation methods
then tests the validity of using the simplified-model fit for the cleavage rate con-
stants k1 and k2 for the reference pair (see Note 12).

3.2. Filter Binding

3.2.1. K D Determination: Direct Binding–Titration of DNA
with Protein. Example: KD = 0.66 nM KA = 1/KD = 1.5 × 109 M–1

1. Presoak nitrocellulose membrane filters in filter buffer at the same salt concen-
tration and pH used in the binding reaction. Place in the vacuum manifold.

2. Prepare a solution of 0.5 nM radiolabeled duplex DNA by diluting the radiola-
beled stock DNA solution (100 nM) with binding buffer at the desired salt con-
centration and pH. Add 10 µL of radiolabeled duplex oligonucleotide (0.5 nM) to
each of 10 microcentrifuge tubes; the final concentration of radiolabeled duplex
DNA should be 0.05 nM after step 3 (see Note 4). Add the appropriate volume of
binding buffer such that the total volume of the reaction after step 3 would be
100 µL. Equilibrate on ice for 5 min.

3. To each of the above microcentrifuge tubes add restriction endonuclease to give
final concentrations ranging from 0.05 nM to 5 nM (i.e., the midpoint protein
concentration should be approx equal to the KD; see Note 4); equilibrate reac-
tions on ice for 5 min more. During an experimental series, the protein stock
should always be kept on ice and any intermediate dilutions of the stock that are
not used directly in the final reactions are made using enzyme dilution buffer
(salt type and pH always match the experimental conditions). The final dilution
to give the sample used in the reaction should be made with binding buffer (no
glycerol) at the appropriate salt concentration (see Note 8). The salt derived from
the diluted enzyme stock and the DNA source is always accounted for in design-
ing the experiment.

4. Set up two “blank” tubes containing DNA, binding buffer, but no enzyme. One
blank tube will be filtered to obtain RB (background counts) and the other used to
determine RT (the input counts).

5. Also set up a tube containing DNA, binding buffer, and enzyme at a concentra-
tion 100-fold the KD (here, 50 nM enzyme). This tube will be filtered to obtain
Rmax, which represents the total available DNA for binding.
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6. Transfer the reaction tubes, the two blank tube, and the Rmax tubes to the desired
temperature (e.g., 25°C) and incubate for 30 min.

7. Pipet 85 µL from each reaction tube, the RB blank, and the Rmax tube onto a
presoaked 25 mm nitrocellulose filter in the vacuum filtration manifold with
the vacuum applied. The vacuum (flow rate about 0.5 mL/10 s) is applied
continuously throughout the experiment to pull the reaction aliquot through
the filter.

8. As quickly as possible, wash each filter with 350 µL of filter buffer to remove
trapped free DNA.

9. Place each filter in a liquid-scintillation vial and add 2.5 mL of liquid-scintilla-
tion fluid. Count in a liquid scintillation counter.

10. Pipet 85 µL from the RT blank tube onto a nitrocellulose filter. Do not wash, but
place the filter directly into a liquid-scintillation vial, add 2.5 mL of liquid-scin-
tillation fluid, and count.

3.2.2. KD Determination: Direct Binding–Titration of Protein
with DNA Example: KD = 40 pM, KA = 1/KD= 2.5 × 1010 M–1

1. Presoak nitrocellulose membrane filters (Subheading 3.2.1., step 1).
2. Prepare a 4 nM stock solution of radiolabeled DNA. For a 4 nM stock DNA

solution, the ratio of radiolabeled DNA to unlabeled DNA is typically 1:3 or 1:4,
depending on the specific activity of the radiolabeled DNA.

3. To each of 10 microcentrifuge tubes, add radiolabeled DNA to give final concen-
trations ranging from 10 pM to 600 pM. (the midpoint DNA concentration should
be approx equal to the KD, see Note 4).

4. Add the appropriate volume of binding buffer plus salt at the desired pH such that
the total volume of the reaction after step 6 will be 100 µL. Transfer to ice and
equilibrate for 5 min.

5. Prepare a solution (40 pM) of restriction endonuclease, at the desired salt concen-
tration and pH, by making intermediate dilutions of the stock enzyme solution
with enzyme dilution buffer and the final dilution (to give the 40 pM solution)
with binding buffer as described in Subheading 3.2.1., step 3.

6. To the 10 reaction tubes prepared above, add 10 µL enzyme to give a final con-
centration of 4 pM. Keep on ice for an additional 5 min.

7. Set up 10 “blank” reaction tubes (each with total volume 100 µL) that correspond
to the reaction tubes prepared in steps 3 and 4 (i.e., 100 µL total volume; radiola-
beled DNA concentrations ranging from 10 pM to 600 pM) except that no enzyme
is added.

8. Transfer the reaction and blank tubes to the desired temperature (e.g., 25°C) and
incubate for 30 min.

9. Remove 85 µL from each tube and carry out filter binding as described in Sub-
heading 3.2.1., steps 5–7. As the DNA concentration varies in this experiment, a
different blank (with a DNA concentration that corresponds to its reaction part-
ner) is required for each reaction point.
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3.2.3. Data Analysis: Direct Binding

1. For “normal titrations,” where DNA is titrated with protein, values of Kobs are
obtained by nonlinear least-squares fits to a single-site binding isotherm:

[ED]
=

KA[E]f

[D]t 1 + KA[E]f

Note that here Kobs is KA and not KD (see the footnote in Subheading 1.). The
actual equation entered into SigmaPlot is (this titration is carried out under con-
ditions [E]f ≈ [E]t, see Note 4):

RF – RB = MAX
KA[E]t

1 + KA[E]t

The experimental data entered into the spreadsheet are the enzyme concentra-
tion, [E]t, for each titration point and RF (counts representing complex retained
on the filter) for each titration point; RB (counts obtained when radiolabeled DNA
is filtered without enzyme). A plot of the experimental counts (circles) and ideal-
ized counts (line) versus [E]t is generated as shown in Fig. 5. In this figure, [ED]/
[ED]max i.e., (RF – RB)/MAX is plotted against [E]t. The nonlinear least squares
best fit to the equation will give both KA and MAX. The parameter MAX is the
asymptote of the binding isotherm and represents the theoretical maximum counts
retained by the filter. This theoretical MAX can be checked against the experi-
mentally determined Rmax (see Subheading 3.2.1., step 5). The retention effi-
ciency, MAX/(RT – RB) or Rmax/(RT – RB), is a good index of reproducibility for
each set of conditions (enzyme, DNA, salt, pH, temperature). The three enzymes
(EcoRI, BamHI, and EcoRV) have different retention efficiencies.

2. In the case of “reverse titration” (i.e., when protein is titrated with DNA), values
for KA are obtained essentially as above, except that here the equation for a single-
site binding isotherm is

[ED]
=

KA[D]f KA[D]t

[E]t 1 + KA[D]f
and RF – RB = MAX (1 + KA[D]t

)
Because the concentration of enzyme is held constant and titrated with DNA, [E]t

should be 5–10% of the KD value (see Note 4). This is in contrast to a “normal
titration” (DNA held constant and titrated with protein), where [D]t is 5–10% of
the KD.

3.2.4. KD Determination: Competitive Equilibrium Binding. Examples:
KD of Reference DNA = 0.25 nM; KD of Competitor DNA = 0.69 nM KD
of reference DNA = 0.25 nM; KD of competitor DNA = 0.81 µM

1. Presoak nitrocellulose membrane filters as in Subheading 3.2.1., step 1.
2. To each of 10 microcentrifuge tubes, add 10 µL of radiolabeled reference spe-

cific DNA from an 10 nM stock solution to give a final concentration of 1 nM
(see Note 12).
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Fig. 5. Representative binding isotherm determined by the direct equilibrium filter-
binding assay. The specific BamHI substrate 5'-CGCGGGCGGCGGATCCGGGCGGGC
was titrated with BamHI endonuclease. The binding buffer contained 0.14 M potas-
sium acetate at pH 7.3 and the experiment was carried out at 25°C. Solid circles are
experimental points. The fitted Sigmaplot curve gives a KA value of 1.51 × 109/M.

3. Add the appropriate volume of unlabeled competitor DNA such that the final
concentrations of competitor DNA will vary between 0 and 40 nM for an expected
KD of competitor DNA ≈1 nM (see Fig. 6A). If the KD expected for the competi-
tor DNA is much higher (e.g., approx 1 µM), then the final concentrations of
unlabeled competitor DNA should vary in the range from 0 to 20 µM (see
Fig. 6B). Add the appropriate volume of binding buffer (at desired salt concen-
tration and pH) such that the total volume of the reaction after step 4 will be
100 µL. Place tubes on ice for at least 10 min.

4. To each of the above 10 microcentrifuge tubes, add restriction endonuclease to
give a final concentration of 0.8 nM, taking into account the considerations
detailed in Subheading 3.2.1., step 3 for enzyme dilution (see Notes 8 and 12).
Keep on ice for 5 min or more.

5. Set up two additional tubes: a “blank” tube containing radiolabeled DNA, bind-
ing buffer, but no competitive DNA and no enzyme to give RB and a tube to
obtain the Rmax (i.e., maximum counts retainable by the filter) containing radio-
labeled DNA, binding buffer, and a final concentration of 80 nM enzyme (no
competitive DNA). The Rmax tube should also be chilled on ice.

6. Transfer all reactions to the desired temperature (e.g., 25°C) and equilibrate for
30 min.

7. Remove 85 µL from each tube and carry out filter binding as described in Sub-
heading 3.2.1., steps 5–7. Background counts (RB) are obtained by filtering the
tube containing radiolabeled DNA in the absence of protein and competitor DNA.
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Fig. 6. Representative equilibrium-competition curves for the interaction of BamHI
endonuclease with specific and nonspecific sites. A 40-base-pair specific “snapback”
substrate 5'-TGGGTGGGATCCCACCCACCCCCTGGGTGGGATTCCACCC was
used as a radiolabeled probe for both competition curves. The binding buffer con-
tained 0.14 M potassium acetate at pH 7.3 and the experiment was carried out at 25°C.
Solid circles are experimental points. Test unlabeled specific competitors were (a) the
same specific substrate used for the direct binding assay in Fig. 4 and (b) a nonspecific
site (CCTAGG) embedded in the same flanking context. The KD value determined
from the Sigmaplot fit to curve A is 0.69 nM (KA = 1.45 × 109 M–1 ) and to curve B is
0.81 mM (KA = 1.23 × 106/M–1).

Corrected reaction counts are obtained by subtracting the background counts from
each reaction. The tube containing radiolabeled DNA and 80 nM enzyme is used
to determine the Rmax value (see step 5).
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3.2.5. Data Analysis: Competitive Equilibrium Titration

Results are fitted, using SigmaPlot, to a binding isotherm as previously
described (6) using the equation

[ED1] =
[E]t([D1]t – [ED1])

K1(1 + [D2]t) + ([D1]t – [ED1])
K2

where [E]t = total enzyme concentration, [D1]t = total radiolabeled reference
DNA concentration, [D2]t = total unlabeled competitor DNA concentration,
K1 = dissociation constant for the radiolabeled reference DNA; K2 = disso-
ciation constant for the unlabeled competitor DNA. Solving the equation for
[ED1] yields

[ED1] = 
1 {K1 + 

K1 [D2]t + [E]t + [D1]t –� [(K1 + 
K1[D2]t + [E1]t + [D1]t)2 – 4[D1]t[E1]t]}2 K2 K2

where

[ED1] + [D1]t
RF – RB

Rmax – RB

The dissociation constant K1 for the reference DNA is always determined by
direct equilibrium binding at the start of a competition experiment. Rmax,
obtained at saturating concentrations of protein and without competitor DNA
(see Subheading 3.2.4., step 5) represents the maximum available [D1]t. The
known values for K1, [D1]t, [E], Rmax, and RB (see Subheading 3.2.4., step 5),
are entered into the SigmaPlot software at the start of each calculation. The
experimental data entered into spreadsheet columns are the corrected counts
(counts retained on the filter for each titration point minus background counts;
RF – RB) and the competitor DNA concentration [D2]t for each point. The curve
generated by plotting the corrected counts as a function of increasing concen-
trations of competitor DNA ([D2]t) is fitted to the best value for the equilibrium
dissociation constant K2 using SigmaPlot nonlinear regression analysis.
Figure 6 presents the results as a plot of the ratio of [ED1]/[ED1]0 where [ED1]0
is the concentration of enzyme–DNA complex obtained in the absence of com-
petitor. The [ED1]0 found in this experiment should not be significantly differ-
ent from the [ED1]0 calculated for a direct binding experiment.

3.3. Gel Retardation

3.3.1. KD Determination: Direct Binding–Titration of DNA with Protein

1. Set up and equilibrate binding reactions as described in Subheading 3.2.1., steps
2–4. The final reaction tubes should additionally contain 3% (v/v) glycerol (see
Note 10). A “blank” should contain all the components except endonuclease.
Smaller samples (typically 10 µL) are used in gel retardation than are used for
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filter binding (85 µL in the examples given above). Therefore, if only gel retarda-
tion is being carried out, the final volume should be 10 µL. Alternatively, it can
be very useful to make up a binding reaction and split into aliquots for simulta-
neous analysis by both filter binding and gel retardation (either direct or compe-
tition titration).

2. Following incubation, load the aliquots of the samples, typically 10 µL, into the
wells of 10% nondenaturing polyacryalmide gels (see Subheading 2.4., items 1
and 2 and Note 9).

3. Run the gels at a constant power of 20–25 W, with cooling, until a bromophenol
blue marker (see Subheading 2.4., item 5 and Note 10) in an adjacent lane, not
containing the experimental samples, reaches the gel front (about 1 h).

4. Remove the gel from the electrophoresis apparatus and seal in plastic using a
vacuum bag sealer.

5. Determine the amount of radioactivity present in the bands that correspond to the
free and bound DNA using a phosphorimager (see Note 11).

3.3.2. KD Determination: Competitive Equilibrium Binding

1. Set up equilibrium competition reactions according to the steps outlined in Sub-
heading 3.2.4., steps 2–4, except that the binding buffer for all reactions should
include 3% (v/v) glycerol (see Note 10). If only gel retardation is being carried
out smaller volumes (see Subheading 3.3.1., step 1) (e.g., 10 µL should be used. A
“blank” should contain all the components except endonuclease and competitor DNA.

2. Perform gel retardation analysis and phosphorimaging as described in Subhead-
ing 3.3.1., steps 1–5.

3.3.3. Data Analysis: Gel Retardation

1. For direct titration it is possible to determine Kobs in an analogous manner to that
described in Subheading 3.2.3. In this case, however,

[ED]/[D]t = Countscomplex/Countsfree + Countscomplex = fraction of countscomplex

where countscomplex and countsfree are the counts in the shifted (enzyme-DNA)
and unshifted (free DNA) bands, respectively. The experimental data entered
into the spreadsheet are fraction of countscomplex and the enzyme concentration
[E]t for each titration point.

2. For competition binding the equations given in Subheading 3.2.5. are applicable.
In this case,

[ED1] = [D1]t
countscomplex

countsmax

where countscomplex and countsmax are, respectively, the counts in the shifted band
for each titration point at a particular competitor DNA concentration and for the
control using large amounts of enzyme and no competitor DNA (see Subhead-
ing 3.2.4., step 5), where all the DNA is shifted into the complex. The known
values for K1, [D1]t, [E]t, and countsmax are entered into SigmaPlot at the start of
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each calculation. The experimental data entered into spreadsheet columns are
countscomplex and the competitor DNA concentration [D2]t for each titration point.

3.4. Fluorescence Anisotropy

3.4.1. KD Determination. Example: KD ≈40 nM

1. Set the fluorimeter to measure anisotropy in the “single-point polarization” mode.
Each anisotropy value should be measured 10 times (measurement time, 5 s) and
averaged (automatically carried out by the fluorimeter). Set the G-factor to “per
measurement” (see Note 14).

2. An excitation wavelength of 530 nm is used with all the slits on the excitation
monochromator set to 8.

3. Anisotropy is measured in the “L” format through the right photomultiplier with
a 570-nm long-pass filter between the sample and the photomultiplier. Using a
filter rather than a monochromator on the emission side greatly increases the
light intensity at the photomultiplier and so allows measurement of lower con-
centrations of fluorophore.

4. Place a 0.5-mL fluorescence cuvet in the fluorimeter. The cuvet should not be
removed from the fluorimeter or otherwise moved during the experiment. Add
fluorescence binding buffer such that the final volume after step 3 will be
0.5 mL. A measurement temperature of 25°C is used.

5. Add duplex DNA, one strand of which is labeled with hexachlorofluorescein
(Subheading 2.1., item 2) to give a final concentration of 10 nM (see Note 15).
Note the anisotropy.

6. Add EcoRV endonuclease in small aliquots (see Note 16), using a microliter
Hamilton syringe, to cover the range 0–400 nM. Mix thoroughly by gently with-
drawing the contents with a plastic pipet tip and readding to the cuvet. After each
addition, measure the anisotropy.

7. At the beginning (all oligonucleotide free in solution) and end (all oligonucle-
otide bound to endonuclease) of the titration, the fluorescence emission intensity
should be noted (see Note 14).

3.4.2. Data Analysis

1. The fluorescence anisotropy measurements were carried out at [D]t ≈ KD (see
Note 15). Under these circumstances, [E]f ≠ [E]t and so the simplified, hyper-
bolic, form of the binding equation cannot be used. Therefore, data must be fitted
using the full quadratic binding equation (see Note 4). A solution, in terms of
anisotropy, is

A = Amin + (Amax –
–Amin)[× 1 (([D]t + [E]t + KD) – √[([D]t + [E]t + KD)2 – (4 [D]t[E]t)][D]t 2

where A is the measured anisotropy; Amin is the anisotropy of free DNA, and is
the Amax anisotropy of DNA when fully bound to the endonuclease.

2. The data should be fitted to the above equation using GraFit (11). This requires
entry of A and [E]t into the spreadsheet provided by the software. [D]t is a con-



484 Connolly et al.

stant (i.e., the concentration of oligonucleotide present at the start of the experi-
ment). The titration consists of the addition of multiple aliquots of endonuclease
to the cuvet, resulting in a dilution of the components. Correction should be made
for the dilution of the endonuclease as aliquots are progressively added. Anisot-
ropy, a ratio of fluorescence intensities, does not depend on concentration and is,
therefore, unaffected by dilution. However, as [D]t is treated as a constant by this
software it is not possible to compensate for its dilution. Therefore, the final
dilution should not exceed about 10%. This may require endonuclease addition
from several stocks of different concentration. GraFit also requires an estimate of
Amin, Amax, and KD; suitable values for the first two can be obtained from the
measured anisotropy values at the start (before endonuclease addition) and (after
the final addition of endonuclease) at the end of the experiment. The software
uses nonlinear regression analysis to calculate best-fit values of these three
parameters. Note that the equation given above only holds if the fluorescence emis-
sion intensity of the free and protein-bound DNA are identical (see Note 14).
This is determined in Subheading 3.4.1., step 6.

3. A representative titration curve is shown in Fig. 7.

4. Notes
1. With restriction endonucleases, it is often found that the binding of DNA and

Mg2+ are rapid relative to subsequent events such as conformational changes,
hydrolysis, and product release. This means that rate constants measured under
single-turnover conditions are the same whether the reaction is initiated by add-
ing Mg2+ to an endonuclease–DNA solution or adding the enzyme to a solution
containing DNA and Mg2+. This should, however, be checked by trying both
initiating methods.

2. The KD values for the EcoRV endonuclease and the oligonucleotides used in
Subheadings 3.1.1. and 3.1.2. vary between 2 and 40 nM. The DNA concentra-
tion used in Subheadings 3.1.1. and 3.1.2. (25 × KD for a KD of 40 nM) and an
endonuclease level 10 times higher ensures that ≥95.5% of the nucleic acid
is bound to the protein. Many other concentrations of the two macromolecules
formally meet this requirement. A useful combination, especially for proteins
that are unstable, poorly soluble, and prone to form inactive tetramers and
insoluble higher aggregates when free in solution is [D]t = 50 KD to100 KD and
[E]t = 2 × [D]t. This results in at least 98% of the DNA being bound and avoids a
large excess of the labile free protein. When bound to DNA, many endonucleases
are both stabilized and protected from aggregation. For substrates with poor KD
and kst (especially so-called “star” sites, where one of the bases in the recognition
sequence is replaced by another natural base), dissociation rate constants are
much greater than the cleavage rate constants. Therefore, multiple protein
dissociations and associations occur prior to a productive cleavage event and so
very poor substrates are never really cleaved under true single-turnover condi-
tions. However, high concentrations of protein and nucleic acid ensure that the
rate (ka × [DNA][E]) of association is as fast as possible and minimizes the
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Fig. 7. Representative binding isotherm determined by fluorescence anisotropy
assay. An oligonucleotide composed of the complementary 14-mers 5'-Hex-
TCCGGATATCACCT and 5'-AGGTGATATCCGGA was titrated with the EcoRV
endonuclease. The binding buffer contained 50 mM Tris-HCl and 100 mM NaCl and
the experiment was carried out at 25°C. The solid circles are experimental points. The
KD value determined from the GraFit fit to the curve is 42 nM.

chances that it contributes to the rate-determining step. Whatever levels of pro-
tein and DNA are selected, the rate constants should be independent of protein
concentration if true single-turnover conditions apply. A useful empirical test is
to measure rates at several protein concentrations to confirm this assumption.

3. For the equilibrium,

Endonuclease + DNA
kon    Endonuclease–DNA KD = koff/kon
koff

the stability of a protein–DNA complex depends on koff. Most proteins have kon

values of between 106 and 108 M–1s–1 enabling an estimate of the half-life (0.693/
koff) expected for an endonuclease–DNA complex at different KD values:

KD = 1 µM (KA = 1 × 106/M–1); half-life between 0.01 and 1 s
KD = 1 nM (KA = 1 × 109/M–1); half-life between 10 s and 10 m
KD = 1 pM (KA = 1 × 1012/M–1); half-life between 100 m and 150 h

4.
KD = [E]f [D]f/[ED] = ([E]t – [ED]) × ([D]t – [ED])/[ED]

Therefore, the fractional saturation of the DNA with protein, [ED]/[D]t (the
parameter measured using filter binding, gel shift, or fluorescence anisotropy),
has a quadratic relationship to [E]t. However, under the condition [E]f = [E]t

(which occurs if [E]t >> [ED]),

KD = [E]t × ([D]t – [ED])/[ED]

Here, [ED]/[D]t has a hyperbolic relationship to [E]t, simplifying data analysis.
In order to achieve the condition [E]t >> [ED] and to obtain a satisfactory titra-
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tion it is also necessary to have [D]t < KD. DNA concentrations ≤15% KD are
sufficient to satisfy the assumption [D]t < KD and give insignificantly different
KD values whether the hyperbolic or quadratic binding equation is used. How-
ever, very low [D]t often gives binding curves of very poor quality. This may
result from insufficient ligand stabilization of the protein by the nucleic acid.
Therefore, a [D]t in the 5–15% KD range is recommended. Concentrations of pro-
tein are chosen so that the midpoint of the titration curve yields a protein con-
centration approx equal to the expected KD. Clearly, the KD will not be known
prior to experimentation, emphasizing the need for an initial estimation, followed
by a second, more accurate, determination.

5. Filter binding requires passage of the mixture through a nitrocellulose filter and a
brief washing of the filter with buffer to remove excess unbound DNA. The entire
process can be carried out in seconds. Gel retardation takes longer; about
1–2 min to load the samples and the same time to run them into the gel. Running
the gel takes 30–60 min. Therefore, gel retardation can suffer, to a greater extent
than filter binding, from dissociation of the protein–DNA complex. To some degree
the problem is self-diagnostic, because it results in a smeared protein–DNA band
rather than the tightly focused one which arises when no dissociation takes place.
In these cases, KD determination may be achieved by measurement of the free-
DNA band (16), but if this approach is used, an alternative method is best used to
check the validity of the result.

6. As an example, consider an unmodified DNA with a KD of 0.1 nM and four
modified DNAs with KD values that range from 1 nM to 1 mM. Direct equilib-
rium analyses are performed for the unmodified substrate and the modified site
with KD = 1 nM. Equilibrium competition analyses are also performed for the
four modified sites. If identical values of KD are obtained from both direct and
competition analyses for the modified site with KD = 1 nM, the modified site
serves as an internal control for the three modified sites which bind more weakly.

7. The relationship between fluorescence anisotropy, lifetime, and rotation is given
by the Perrin equation (7,8):

A = A0/(1 + τ/φ)

where A is the measured anisotropy, A0 = intrinsic anisotropy (i.e., the anisot-
ropy measured under conditions where no depolarization takes place), τ is the
lifetime of the fluorescence excited state, and φ is the rotational correlation time,
a measure of rotational diffusion that depends on the molar volume and, hence,
the molecular mass attached to the fluorophore. The values of τ and φ must be
balanced: a very short lifetime, relative to the correlation time, would lead to
A = A0 ; a very long lifetime to A = 0. Use of this method requires 0 < A < A0. The
τ value of approx 3 ns for hexachlorofluorescein attached to oligonucleotides is
suitable for distinguishing between free and protein-bound oligonucleotides. The
measured anisotropy is given by:

A = (I|| – I⊥)/(⊥ I|| + 2I⊥)
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I|| and I⊥ are the intensities of the parallel and perpendicular components of the
emitted light when parallel excitation is used.

8. The buffer components used for kst and KD determination will obviously vary
somewhat depending on the enzyme under study and the particular experiment.
However, for most DNA-binding proteins, including EcoRI, EcoRV, and BamHI
restriction endonucleases there is pronounced nonlinearity in the dependence of
log KD versus salt concentration (17) at salt concentrations ≤0.1 M, presumably
because at these low salt concentrations, coupled protein–protein equilibria lead-
ing to aggregation (18) become significant. This phenomenon can produce mis-
leading quantitative comparisons and thus salt concentrations below 0.1 M should
be avoided. Bis-Tris propane is useful as it has two pK values (6.8 and 9), allow-
ing pH-dependence studies with a single buffer. However, other buffers, of
appropriate pK can equally well be used. Bovine serum albumin and DTT can
help to stabilize certain restriction endonucleases, especially at low concentra-
tions. With several DNA-binding proteins, including EcoRI endonuclease,
aggregation and ultimately precipitation, in the absence of the stabilizing DNA
substrate, is quite common at salt concentrations below 0.4 M. In these cases,
intermediate dilutions should be made with buffers containing 0.6 M NaCl. Five
percent glycerol, in the dilution buffers, also aids stability.

9. The “classic” gel-shift buffer, used to prepare and run nondenaturing polyacryla-
mide gel is 0.089 M Tris-borate, pH 8.0, containing 1 mM EDTA (19). Many
protein–DNA complexes, particularly those of high affinity, are stable in this
buffer. Therefore, it is often possible to incubate enzyme and DNA in a selected
binding buffer and then carry out gel retardation in Tris-borate electrophoresis
buffer without disturbing the equilibrium initially set up. However, the binding
of restriction endonucleases to DNA depends on pH, salt concentration (NaCl or
KCl), and divalent cations (Ca2+, a Mg2+ mimic that does not allow hydrolysis,
often considerably strengthens binding) (18,20,21). Ideally it would be best to
use identical incubation and electrophoresis buffers. We have obtained satisfac-
tory gel retardation data using Tris-borate at pH 7.5. Replacing the EDTA with
up to 5 mM CaCl2 is also not detrimental. However, many buffers are not suitable
for electrophoresis, giving poorly resolved or smeared bands, especially if NaCl
or KCl is added.

10. Gel retardation requires that the sample applied to the gel be denser than the
electrophoresis buffer and so sinks into the well. The presence of 3% glycerol in
the binding reactions ensures efficient sinking of the sample (18). If this method
is used, it should be checked that glycerol does not perturb KD values (e.g., by carry-
ing out filter binding ± glycerol. An alternative involves addition of half a volume
(i.e., in this case, 5 µL to the 10 µL binding reaction) of 25% (w/v) sucrose solution
following incubation and immediately prior to loading on the gel. This dilutes the
sample, and in cases of weak binding, the associated fast koff rates may lead to some
dissociation. However, if the binding is strong, the small dilution factor is unlikely
to be a problem. It is best not to add the bromophenol blue marker to the solution
of enzyme and DNA, as the dye can diminish (18) binding.
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11. Phosphorimaging is the best way to quantitate the amount of radioactivity in
bands on gels. Phosphorimaging systems are now fairly standard in most labora-
tories. As an alternative autoradiography followed by scanning of the bands may
be used, but it is more cumbersome and less accurate.

12. Fitting to the full kinetic model is actually the least robust for the unmodified enzyme-
oligonucleotide pair because the rate constants are so similar numerically that the
program has difficulty partitioning among them. Thus, many closely spaced, and
accurate, time-points should be taken and this will usually require rapid quench.

13. The total concentration of endonuclease and radiolabeled reference DNA (D1)
are chosen to be at least fourfold over the predicted equilibrium dissociation con-
stant (K1) for their interaction. [E]t and [D1]t in the range K1 to 30 K1 have been
tested; the K2 (equilibrium dissociation constant for competitor DNA) is not
affected significantly.

14. The change in anisotropy is only strictly related to the molecular mass of the
fluorophore and hence the amount of oligonucleotide complexed with endonu-
clease, if the following two criteria are met. First, the detector response to the
parallel and perpendicular polarized light must be identical. The G-factor mea-
sures this response, which is automatically corrected for, at each reading, with
the fluorimeter used here. Second, the quantum yield of the free oligonucleotide
and the enzyme-bound oligonucleotide must be the same (i.e., under identical
conditions, the free and bound oligonucleotide should emit the same amount of
light). If the quantum yield of the free and bound oligonucleotide varies the equa-
tion used to fit the data will not be valid (7,22,23). In the example shown in
Fig. 7, the emission intensity of the free and bound oligonucleotide varies less
than 10%. However, the use of other hexachlorofluorescein oligonucleotides and
different buffers with the EcoRV endonuclease often results in large intensity
changes (>10%). In these cases, fluorescence anisotropy cannot be used unless
corrections are made (7,22,23).

15. Good results have been obtained using a DNA concentration about equal to the
KD and varying protein concentrations from 0 to (20–30) KD. However, lower
concentrations of DNA can also be used, although 1 nM represents the detection
limit. DNA levels much higher than the KD should be avoided, as this promotes
stoichiometric titration (where each protein molecule added binds to the nucleic
acid), conditions under which accurate KD evaluation is not possible.

16. Purified endonucleases are often stored in buffers containing glycerol. Fluores-
cence anisotropy is very sensitive to viscosity and the addition of large amounts
of glycerol during the titration adversely effects the measurement. Therefore,
intermediate dilutions should be made with buffers lacking glycerol. This usually
ensures that the amount of glycerol added to the fluorescence cuvet is negligible
(≤2%). In the case of weak binding, when an enzyme may have to be added
directly from the storage buffer, dialysis is recommended to remove the glycerol.
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Analysis of DNA–Protein Interactions
by Intrinsic Fluorescence

Mark L. Carpenter, Anthony W. Oliver, and G. Geoff Kneale

1. Introduction
Changes in the fluorescence emission spectrum of a protein upon binding to

DNA can often be used to determine the stoichiometry of binding and equilib-
rium binding constants; in some cases the data can also give an indication of
the location of particular residues within the protein. The experiments are gen-
erally quick and easy to perform, requiring only small quantities of material
(1). Spectroscopic techniques allow one to measure binding at equilibrium
(unlike, for example, gel retardation assays and other separation techniques
that are strictly nonequilibrium methods). Fluorescence is one of the most sen-
sitive of spectroscopic techniques, allowing the low concentrations (typically
in the nanomolar to micromolar range) required for estimation of binding con-
stants for many protein–DNA interactions. Considerable care, however, needs
to be exercised in the experiment itself and in the interpretation of results. The
fundamental principles of fluorescence are discussed briefly in the remainder
of the Introduction.

A molecule that has been electronically excited with ultraviolet (UV)/vis-
ible light can lose some of the excess energy gained and return to its ground
state by a number of processes. In two of these, fluorescence and phosphores-
cence, this is achieved by emission of light. Phosphorescence is rarely observed
from molecules at room temperature and will not be considered further.
Although electrons can be excited to a number of higher-energy states, fluores-
cence emission in most cases only occurs from the first vibrational level of the
first excited state. This has two implications for the measurement of fluores-
cence emission spectra. First, some of the energy initially absorbed is lost prior
to emission, which means that the light emitted will be of longer wavelength
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(i.e., lower energy) than that absorbed. This is known as the Stoke’s shift. Sec-
ond, the emission spectrum and therefore the wavelength of maximum fluores-
cence will be independent of the precise wavelength used to excite the
molecule. Thus, for tyrosine, the wavelength of the fluorescence maximum is
observed around 305 nm, regardless of whether excitation is at the absorption
maximum (approx 278 nm) or elsewhere in the absorption band. Of course, the
fluorescence intensity will change as a consequence of the difference in the
amount of light absorbed at these two wavelengths.

The fraction of light emitted as fluorescence compared to that initially
absorbed is termed the quantum yield. The value of the quantum yield for a
particular fluorophore will depend on a number of environmental factors such
as temperature, solvent, and the presence of other molecules that may enhance
or diminish the probability of other processes deactivating the excited state.
The deactivation or quenching of fluorescence by another molecule, either
through collisional encounters or the formation of excited-state complexes,
forms the basis of many of the fluorescence studies on protein–DNA interactions.

The study of protein–nucleic acid interactions is greatly simplified by the
fact that all detectable fluorescence arises from the protein, all four of the natu-
rally occurring DNA bases being nonfluorescent by comparison. Tyrosine and
tryptophan residues account for almost all the fluorescence found in proteins.
As a general rule, when both residues are present, the emission spectrum will
be dominated by tryptophan, unless the ratio of tyrosines to tryptophans is very
high. The quantum yield of a tyrosine residue in a protein compared to that
observed in free solution is generally very low, illustrating the susceptibility of
tyrosine to quenching. Tryptophan residues are highly sensitive to the polarity
of the surrounding solvent, which affects the energy levels of the first excited
state with the result that the emission maximum for tryptophan can range from
330 nm in a hydrophobic environment to 355 nm in water. Thus, in proteins
containing only one tryptophan, the general environment surrounding the resi-
due can be ascertained. Tryptophan fluorescence, like that of tyrosine, can be
quenched by a number of molecules, including DNA. Unlike tyrosine, the emis-
sion maximum can also change if tryptophan is involved in the interaction and
this can also be used to monitor DNA binding (2).

The extent to which the fluorescence of a protein is quenched by DNA is
proportional to the concentration of quencher. As quenching is the result of the
formation of a complex between the protein and the DNA, the extent of quench-
ing is proportional to the amount of bound protein. Thus by determining the
extent to which the protein fluorescence is quenched when fully bound to DNA
(i.e., at saturation), the fraction of bound and free protein at any point in a
titration can be determined. From these data, the stoichiometry and binding
constant of the interaction can often be obtained. Note that to establish an
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accurate stoichiometry, a high concentration of protein is preferred when
titrating with DNA (i.e., well above the Kd of the complex) to ensure stoichio-
metric binding. To establish the binding constant itself, one should be working
at much lower concentrations of protein so that at the stoichiometric point,
there is a measurable concentration of unbound protein. In the case of protein–
DNA interactions having a low Kd, this may not be possible.

If fluorescence quenching is being used to follow DNA binding, it is vital to
take account of sample dilution, as well as the increased absorption of the
sample as DNA is titrated in. The latter effect is known as the inner filter effect
and arises from the absorption of the excitation beam (and generally to a lesser
extent, the emission beam) on passing through the sample (see Fig. 1). One
should aim to keep the absorption of the sample (at the excitation wavelength)
as low as possible, although absorbances up to 0.2 can normally be corrected
without too much difficulty. A small-pathlength cell will also help (if rectan-
gular, the excitation beam should pass through the smallest path). Ideally, the
absorption of the sample at the excitation and emission wavelengths (Aex and
Aem ) should be measured for each point in the titration (if not, one can calculate
these values from the known concentrations of protein and nucleic acid at each
point). For normal right-angled geometry of observation, the corrected fluores-
cence Fcorr can be obtained from the observed fluorescence Fobs by the formula

Fcorr  = Fobs × 10(Aex/2 + Aem/2) (1)

Often, the value of Aem is small enough to ignore (for a detailed treatment of
the inner filter correction, see ref. 3). Note that it is equally important to cor-
rect for the inner filter effect whether titrating protein into DNA or vice versa.

The following method deals only with the determination of DNA binding
curves by intrinsic fluorescence quenching. However, fluorescence anisotropy
can also be used if the molecular size of the complex is sufficiently different
from the free protein; for example, to investigate proteins that bind coopera-
tively to DNA (4). Time-resolved fluorescence techniques are also advanta-
geous (for measurements of fluorescent lifetimes or rotational correlation
times) but require sophisticated instrumentation (5).

The use of intrinsic fluorescence, as a method for investigating protein–
DNA interactions, is widespread. For example, both binding parameters (Kobs)
and stoichiometric ratios have been derived for the interaction of the HIV-1
nucleocapsid protein NCp7 with the natural primer tRNA3

Lys and other related
RNA molecules (6). Similarly, estimates of binding constants have been deter-
mined for the interaction of human replication protein A (hRPA) with single-
stranded homopolynucleotides (e.g., poly[dT] and poly[dA]) (7). Furthermore,
both steady-state and time-resolved fluorescence have been used in a binding
study of the single-stranded DNA-binding protein of phage φ29 (8).
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2. Materials
1. Reagents used in buffer solutions should be of the highest purity available and

the solutions prepared in doubly-distilled water. The buffer should have negli-
gible absorbance in the 260- to 300-nm wavelength range and should not be used
if it shows any fluorescence in the region 290–400 nm. High-molecular-weight

Fig.1. Schematic representation of the inner filter effect in fluorescence, showing
the effect of high concentration on the absorbance of the excitation beam.
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ions should be avoided. Phosphate buffer should not be used if tyrosine fluores-
cence is being monitored.

2. Stock solutions of protein and DNA should be divided into small aliquots and
stored at –20°C, assuming this is not detrimental to the protein.

3. High-quality quartz cuvets with all four faces polished (see Notes 1 and 2).
4. Most commercially available fluorimeters allow scanning by both the excitation

and emission monochromators and are suitable for use in these studies. Cell com-
partments that can be thermostatically controlled are preferable (see Notes 3 and
4). We routinely use a Perkin-Elmer LS 50B fluorimeter.

5. An on-line computer is normally linked to the fluorimeter, which allows fluores-
cence spectra to be recorded and analyzed. We routinely use the software pro-
vided with the Perkin-Elmer LS 50B fluorimeter “FL WinLab.”

3. Method
The method described in this section assumes that nothing is known con-

cerning the fluorescence properties of the protein or its complex with DNA.
Consequently, the initial steps described in Subheading 3.1. are concerned
with characterizing some of the fluorescence properties of the two species such
that the optimal conditions for obtaining accurate and reliable data can be
obtained. Subheading 3.2. describes the procedure for obtaining data for a
protein that is quenched by DNA, which results only in a decrease in fluores-
cence intensity, and how these data can be used to obtain information on bind-
ing. Several variations of the method are mentioned in the Subheading 4.

3.1. Preliminary Experiments

1. Switch on the fluorimeter and allow 10 min for the components to stabilize. Set
the excitation and emission slits to intermediate values (e.g., 10 nm bandpass).

2. Fill the cuvet with protein solution (see Note 5). Allow time for the solution to
equilibrate to the temperature of the compartment. To prevent local heating of
the solution or possible photodecomposition, the excitation shutter should be kept
closed, except when taking measurements.

3. If the absorption spectrum of the protein is known, set the excitation wavelength
to that corresponding to the absorption maximum between 265 and 285 nm; if no
peak exists, the protein does not contain tyrosine or tryptophan residues and will
not fluoresce. If the absorption spectrum is unknown, set the excitation wave-
length to 280 nm.

4. Open the excitation shutter and quickly scan the emission between 285 and
400 nm, looking for the wavelength at which a maximum value for the intensity is
given on the readout. Return the emission monochromator to this wavelength.

5. Find the excitation wavelength maximum between 265 and 285 nm in the same
manner, with the emission monochromator set at the wavelength of maximum
fluorescence. Note: The aforementioned “FL WinLab” software allows simulta-
neous scanning of both the excitation and emission wavelengths, in what is
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termed a “3D” scan. This allows both the excitation and emission maxima to be
determined in one experiment. However, for proteins, this is not normally necessary.

6. With both the excitation and emission wavelengths set at their peak values, adjust
the instrument to give a reading corresponding to about 90% of the full scale.
Narrow slit widths and a lower amplification (expansion factor, gain) are pre-
ferred and a compromise between the two may have to be found (see Note 6).

7. Determine the emission spectrum by scanning the emission monochromator over
the entire wavelength range over which fluorescence occurs. A scan speed of
60 nm/min is generally suitable.

8. Add a small aliquot of a concentrated DNA solution to the cuvet such that the
concentration of DNA is in excess. Mix and immediately check the fluorescence
emission at the emission maximum of the protein. Check several times over
the next few min until a consistent reading is obtained. Allow this time for equili-
bration in subsequent experiments. Do not adjust slit widths or the amplication.

9. Obtain an emission spectrum and compare with that obtained for the protein only.
If fluorescence quenching is suspected, make sure that allowance for sample
dilution has been made. If an inner filter correction is required, measure the
absorbance of the sample in a spectrophotometer (in the same cuvet) and correct
the observed fluorescence as discussed in Subheading 1.

10. Add aliquots of DNA until there is no further change in fluorescence intensity in
the emission spectrum (see Notes 7 and 8).

3.2. Protein-DNA Titrations
1. Examine the emission spectrum of the free protein. If it is characteristic of

tyrosine fluorescence, check for interference from the Raman band (see Note 9).
If it is characteristic of tryptophanlike, check for tyrosine contributions that
may be masked (see Note 10).

2. Examine the emission spectrum of the protein bound to DNA. The titration
method described in the following passage is particularly applicable when the
only change in the spectrum is a change in fluorescence intensity. Several varia-
tions of this method are described briefly in Notes 11 and 12 including an example
where the emission spectrum of the protein shifts on binding DNA.

3. Accurately determine the concentration of protein and DNA solutions by UV
spectroscopy. Because we are titrating DNA into protein, try to use a stock con-
centration of DNA, which is at least 20 times the concentration of protein used in
the experiment multiplied by the estimated stoichiometric ratio; for example, if
the protein concentration used is 10 µM and the estimated stoichiometry is 5
bases per protein, then the DNA concentration should be at least 20 × 10 µM × 5
= 1000 µM (1 µM). This would mean that the dilution of the original protein
solution will be only 5% at the stoichiometric point.

4. Using the protein solution set up the instrument as described in steps 1–6 of Sub-
heading 3.1. If measuring tyrosine fluorescence, use an excitation wavelength near
the maximum. This wavelength can also be used for tryptophan excitation if tyrosine
fluorescence is insignificant, otherwise use an excitation wavelength of 295 nm.
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5. Run a buffer blank and check that the profile of the emission spectrum is consis-
tent with that previously obtained. Subtract this spectrum from subsequent spec-
tra if this can be done automatically.

6. Set the emission monochromator to the emission wavelength maximum and
ensure that the readout is about 90% of its maximum value. Note the value.

7. To begin the titration, add a small aliquot from the stock DNA solution to the
protein in the cuvet. Mix and allow the sample to equilibrate (use the time period
determined earlier) before taking a reading. The aliquots should be sufficiently
small such that the protein is still greatly in excess and a linear change is observed
as more DNA is added.

8. Continue to add the same quantity of DNA for 8–10 points. If changes are still
approximately linear at this stage, gradually increase the volume of the DNA
added, noting the total amount added at each point.

9. When the change in intensity begins to deviate significantly from linearity,
decrease the size of the aliquot so that more data points are obtained in this region.

10. As quenching approaches the maximum, larger aliquots of DNA can be added.
Continue until no change in quenching is observed for several points.

11. After the last point, check that the emission spectrum of the complex is consis-
tent with that previously obtained for the bound protein.

12. Remove the sample, wash the cuvet thoroughly, and run a blank spectrum
consisting of cell plus buffer. This should have negligible or no fluorescence.
Subtract any value at the emission wavelength maximum from the data points, if
not already done automatically (see Note 9).

13. For each data point, calculate the fluorescence quenching (Q= 100 [F0–F]/F0 ,
where F is the measured fluorescence and F0 is the fluorescence in the absence of
DNA), having made any corrections for inner filter effects and dilution of the
sample. Also calculate the nucleotide concentration at each point (N = ny/[n + x],
where n is the total volume of DNA added up until that point, x is the initial
volume of sample in the cuvet and y is the molar concentration of DNA stock
solution). From the DNA concentration, calculate R, which is the ratio of the
concentration of DNA to that of protein. (For polynucleotides, it is usual to
express N as the concentration of nucleotides; for short synthetic duplexes, it is
more usual to use the molar concentration of the duplex).

14. Plot a graph of Q against R (or N). If only one mode of binding is occurring, the
graph should look like one of the curves shown in Fig. 2. If the “break point” in
the titration is sharp, it indicates a high value for the binding constant (i.e., a
small dissociation constant compared with the protein concentration used). Con-
versely, too weak a binding constant (or too dilute a protein solution) will give
rise to a smoothly rising curve with no apparent break point.

15. The stoichiometry of binding is the value of R at which the slope obtained from
the initial linear range of the titration crosses the horizontal line defined by Qmax,
at which no further change in intensity occurs.

16. Further information can be extracted from the binding curve by fitting it to an
appropriate model. In the simplest case of a bimolecular interaction (P + N =
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PN), then a useful expression to estimate the binding constant is K = [P0]θ/(1–θ)2

where θ is the fraction of bound protein at the stoichiometric point and [P0]
is the total protein concentration in the cuvet. This expression also applies to
more complex cooperative binding along a linear DNA lattice (9), assuming the
cooperativity is sufficiently high, when K becomes equal to the apparent binding
constant (and approx the product of the cooperativity factor and the intrinsic
binding constant for one site). For a more extensive discussion of complex DNA
binding equilibria, see ref. 10.

Fig. 2. A graph of fluorescence quenching against DNA:protein ratio (R). The
curves illustrate the addition of DNA (in this case, a polynucleotide) to protein
(10 µM). The theoretical binding curve for infinitely strong binding (upper curve)
shows a stoichiometry of five nucleotides bound per protein. Typical curves are shown
for binding constants of 107 (�), 106 (�), and 10 5 (�) per molar.
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4. Notes
1. Most fluorimeter cell compartments are designed to take cuvets with a 1-cm

pathlength (distance between opposite faces) and usually require 2.5–3.0 cm3 of
sample for measurements. If smaller sample volumes are required, then reduced
volume cuvets similar to those used in absorption studies but suitable for fluores-
cence work can usually be obtained from most cuvet suppliers. Also, most sup-
pliers are prepared to construct cuvets to your own specifications (at a cost). The
major requirement is that the sample be located in the center of the cell (assum-
ing standard right-angle observation). Cuvets holding as little as 300 µL have
been successfully used by the authors.

2. Care should be taken when handling fluorescence cuvets, as both fingerprints
and scratches can introduce significant artifacts into the experiment. After use,
cuvets should be thoroughly washed with distilled water and a mild detergent, if
necessary. If greatly contaminated, then immerse the cells in a 50:50 mix of ethanol
with sulfuric acid (4 M) for several hours and then rinse thoroughly with water.

3. If the fluorimeter is not equipped with a magnetic stirrer unit, adequate mixing
can usually be achieved by gently drawing the solution in and out through a plas-
tic pipet tip. Avoid introducing bubbles into the sample, as this can both denature
the protein and cause light scattering. For accurate measurements, temperature
control is essential, as fluorescence is highly sensitive to temperature.

4. If the use of a reduced-volume cell prevents the use of commercially available
magnetic fleas, then substitutes can be made as follows: (1) Seal the narrow end
of a Pasteur pipet or micropipet by heating it in the flame of a Bunsen burner. (2)
Insert a small length of iron wire (cut up a paperclip) and shake it down to the
sealed end. (3) Cut the pipet just above the wire using a glass cutter and seal the
open end in the flame. These fleas should only be used once, as some rusting
occurs with time.

5. Fluorescence intensity is only proportional to concentration when the absorbance
is no greater than 0.1 absorbance units at the excitation wavelength selected. If a
molar extinction coefficient for the protein is known, use this to calculate a suit-
able protein concentration. Remember that the absorption bands for proteins and
nucleic acids overlap, and in titrations, the contribution of the nucleic acid to the
overall absorption must be considered.

6. Although it is preferable to have narrow excitation and emission slit widths and a
low amplification factor, there may be a need to compromise in order to obtain a
stable reading. For proteins displaying tyrosine fluorescence, the small wave-
length difference between the excitation and emission maxima suggests that it
would be better to maintain narrow slits and increase the signal amplification.
For proteins dominated by tryptophan fluorescence, the greater the difference
between the excitation and emission wavelengths, the greater the feasibility of
increasing the slit widths and maintaining a lower amplification. In general, when
measuring emission spectra, it is better to use a narrow emission slit width and
widen the excitation slit width. For broad-banded spectra such as that seen with
tryptophan, both slits can be widened.
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7. If no changes in the emission spectrum of the protein are observed when DNA is
added (after inner filter and dilution corrections if necessary), then either the
protein is not binding to DNA or binding cannot be detected by this procedure
and will need to be assessed by another method, such as fluorescence anisotropy
or the use of an extrinsic probe (see Chapter 18).

8. Note the molar ratio of DNA: protein at which no further changes occur. This
will provide a rough guide for future experiments.

9. Tyrosine emission can often be confused with Raman scattering of light, which
occurs around 305 nm when an excitation wavelength of 280 nm is used. The
presence of the Raman band can be assessed by measuring the emission spectrum
using a different excitation wavelength. The fluorescence emission spectrum is
independent of excitation wavelength, whereas Raman scattering occurs at a
constant wave number (= 1/λ, in cm–1) from that used for excitation and will
shift in the same direction as the change in excitation wavelength. The contri-
bution of the Raman band to the overall intensity of the signal can be assessed
by running an emission spectrum of a buffer blank. Automatically subtract
out this spectrum from subsequent spectra where possible. Note: The “FL
WinLab” software offers a prescan mode, in which the Raman peak can be
identified automatically. Other fluorescence software packages may offer a simi-
lar facility.

10. To check the contribution tyrosine may make to a fluorescence emission spec-
trum dominated by tryptophan, run an emission spectrum using an excitation
wavelength of 295 nm. At this wavelength, only tryptophan emission will be
observed. If the emission spectrum is unchanged, then it can be concluded that
the contribution from tyrosine residues is negligible. (Of course, the intensity
will be lower, as tryptophan absorption is greater at 280 nm than it is at 295 nm.)

11. In cases where both the emission maximum shifts and the fluorescence intensity
is quenched, the method described can be used provided that an emission wave-
length is chosen outside the wavelength region overlapped by the emission spec-
tra of the free and bound protein. Alternatively, the ratio of the intensity of the
emission maxima of the free and bound proteins can be followed (for an example,
see ref. 2). The use of a ratio method means that the dilution factor and inner
filter correction can usually be ignored, although, strictly speaking, the ratio is
not a linear function of degree of binding.

12. In some cases it may be preferable to titrate DNA with protein (for an example
method, see ref. 11). The procedure is similar to that given here, but in this
case the experiment should be repeated by adding protein to the buffer in the
absence of DNA as a reference. Subtraction of the two curves should yield a clear
binding curve (see Fig. 3). (For a discussion of the merits of whether to titrate
protein with DNA or vice versa, see ref. 4). We have found that in some cases,
different results can be found dependent on the direction of the titration; this can
occur when the fluorescence changes observed include contributions from
protein–protein interactions accompanying DNA binding in addition to (or
instead of) contributions from the interaction with the DNA itself.
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Fig. 3. (A) Titration of an oligonucleotide with fd gene 5 protein. Fluorescence (305 nm) of increasing concentrations
of protein (P) is measured in the presence (lower curve) and absence (upper curve) of DNA. The difference between these
two curves is plotted in (B) along with the theoretical binding curve. In this experiment, the starting concentration of DNA
was 16.7 µM.

501
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Circular Dichroism for the Analysis
of Protein–DNA Interactions

Mark L. Carpenter, Anthony W. Oliver, and G. Geoff Kneale

1. Introduction
The asymmetric carbon atoms present in the sugars of nucleotides and in all

the amino acids (with the exception of glycine) results in nucleic acids and
proteins displaying optical activity. Further contributions to the optical activ-
ity of the polymers result from their ability to form well-defined secondary
structures, in particular helices, which themselves possess asymmetry. As a
consequence, circular dichroism (CD) has found widespread use in secondary
structure prediction of proteins (1). Similar studies, though less widespread,
have sought to correlate structural parameters of DNA with their CD spectrum
(2), with some success particularly in assigning quaternary structures to nucleic
acids (e.g., in the case of DNA triplexes and G-quartet mediated structures)
(3,4). It follows that the disruption of secondary structure by, for example,
denaturation or ligand binding can be usefully followed by circular dichroism.

Plane polarized light can be resolved into left- and right-handed circularly
polarized components. Circular dichroism measures the difference in the
absorption of these two components,

∆ε = εL – εR (1)

where ε is the molar extinction coefficient (M–1/cm–1) for the left (L) and right
(R) components (see Note 1). When passing through an optically active sample,
the plane of polarized light is also rotated, which means that the emerging
beam is elliptically polarized. Thus, CD is often expressed in terms of elliptic-
ity (θλ, in degrees) or molar ellipticity ([θ]λ, in degrees cm2/dmol).

[θ]λ = 100 θλ/cl (2)
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where c is the molar concentration and l is the pathlength (in cm). The two
expressions are interconvertible via the expression [θ]λ = 3300 ∆ε.

The overlap of the ultraviolet (UV) absorption bands of nucleic acids and
proteins means that CD studies of protein–DNA interactions can be compli-
cated by the contributions observed from both components. This is particularly
true for wavelengths less than 250 nm. In practice, CD spectra between 250
and 300 nm are dominated by that of the nucleic acid, the contribution arising
from the aromatic chromophores of the protein being weak by comparison.
Changes in conformation can usually be attributed to the polynucleotide, as the
random distribution of aromatic amino acids means a large conformational
change throughout the protein would be required to cause a significant change
in the CD spectrum.

The low-molar ellipticity of polynucleotides means that for accurate CD
measurements, high concentrations (10–4 M to 10 M) of nucleotide are required.
For this reason, circular dichroism is not generally used to determine binding
constants of protein–DNA interactions. However, circular dichroism can be
used to obtain accurate values for the stoichiometry of protein–nucleic acid
interactions (5), and in the case of the bacteriophage, the fd gene 5 protein was
used to show the existence of two distinct binding modes (6). Circular dichro-
ism has also been used to show that conformational changes induced by the
bound Lac repressor are different for operator DNA and for random sequence
DNA (7). Similar studies on the Gal repressor demonstrated the involvement
of the central G-C base pairs of the operator sequence in repressor-induced
conformational changes (8). Studies on the interaction of the cro protein of
bacteriophage λ have also revealed different conformational changes for specific
and nonspecific DNA binding (9). Despite the apparent lack of any direct inter-
action of the central base pair of the operator sequence with the cro protein, base
substitution at this site was shown to affect the CD spectrum considerably.

Some additional examples in which CD has been used to examine protein–
DNA interactions include the SRY-related protein Sox-5 (10), the type IC DNA
methyltransferase M. EcoR124I (11), and the bacteriophage Pf3 single-
stranded DNA-binding protein (ssDBP) (12).

It should be emphasized that circular dichroism provides complementary data to
other spectroscopic techniques such as fluorescence, because each technique can
monitor different components of the interaction. For this reason, even the apparent
stoichiometry of binding estimated by each technique could be significantly
different despite it being measured under the same solution conditions (5).

2. Materials
1. A high-quality quartz cell with low strain is required for accurate measurements.

The cell pathlength will depend on the absorption properties and concentration of
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the sample. Cells with pathlengths between 0.05 cm and 1 cm are often used,
depending on the CD signal to be measured and the absorption of the sample
(including the buffer). A pathlength of 1 cm is usually recommended for mea-
surement of the DNA signal in the vicinity of 275 nm, where the signal is weak
and buffer absorption is negligible.

2. Buffers should be prepared using high-quality reagents and water. Use buffers
that have low absorbance in the wavelength region of interest. Tris-HCl, perchlo-
rate, and phosphate are routinely used.

3. Stock solutions of appropriate protein and nucleic acid solutions in the same
buffer. The protein should be as concentrated as possible to minimize dilution
during the titration. If a synthetic DNA fragment containing the recognition
sequence is to be used, it should be close to the minimum size required for bind-
ing to maximize the change in CD signal. To avoid denaturation and degradation,
keep concentrated solutions of protein and DNA frozen in small aliquots, assum-
ing it has been established that this procedure does not damage the protein.

4. A supply of dry nitrogen (oxygen free).
5. (+)10-Camphor–sulfonic acid at a concentration of 0.5 mg/mL, used as a calibra-

tion standard. Check the accurate concentration by UV spectroscopy using a
molar extinction coefficient of 34.5 at 285 nm (1).

6. A circular dichroism spectrometer (spectropolarimeter). We currently make use
of a Jasco J720 spectrometer.

3. Methods
For most proteins, there is only a weak signal from aromatic amino acids in

the region of the CD spectrum between 250 and 300 nm compared to that seen
for nucleic acids. Experiments involving the addition of protein can thus be
conveniently carried out in this wavelength range, as described in the follow-
ing. Below 250 nm, both proteins and DNA have optical activity and any
experiments here may require resolution of the spectrum into protein and DNA
components (see ref. 13 for an example of where a mutant protein has been
used to assign and interpret overlapping CD bands).

1. To prevent damage to the optics, flush the instrument with nitrogen for 10–15 min
before switching on the lamp. Continue to purge the instrument for the duration of
the experiment (see Note 2).

2. Switch on the lamp and allow the instrument to stabilize for 30 min before mak-
ing any measurements.

3. While waiting for the instrument to warm up, measure the UV spectrum of
both the DNA and protein and calculate the concentration of the stock solu-
tions from their extinction coefficients. The stock solution of protein should be
as high a concentration as possible, to minimize corrections for dilution in subse-
quent titrations.

4. Measure the UV absorbance of the cell to be used in the CD experiment against
an air blank (see Note 3).
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5. Using the data from steps 3 and 4, determine the concentrations of DNA and
protein that can be used in the experiment such that the total absorbance of all
components including the cell is <1.0.

6. Once the CD instrument has warmed up, use a 1-cm cell filled with water to
determine the baseline spectrum between 250 and 320 nm (see Note 4). This
should be flat.

7. Calibrate the instrument by replacing the water with the previously prepared
solution of camphor sulfonic acid and measure the CD between 250 and 320 nm.
A 0.5-mg/mL solution in a 1-cm pathlength cell has ellipticity of 168 mdeg at
290.5 nm.

8. Take the cell set aside for the experiment and fill with buffer. Place the cell in the
instrument, taking care to note the orientation of its faces in the beam. If using a
cylindrical cell, place it so that the neck of the cell rests against the side of the
cell holder. Run a baseline spectrum between 250 and 320 nm.

9. Replace the buffer with the DNA solution and run the spectrum under the same
conditions. If you remove the cell to do this, remember to place the cell back in
the holder with the same face toward the light source.

10. Accurately pipet a small aliquot of the stock protein solution into the DNA in the
cell and mix. Allow time for equilibration and measure the CD spectrum. The
volume of the protein solution added will be determined by its concentration,
the DNA concentration in the cuvet, and a rough idea of the expected stoichiom-
etry. For initial experiments, the molar quantity of protein added at each step
should be perhaps 10% of that of the DNA.

11. Repeat the addition of protein to the DNA until no further changes in the CD
are observed.

12. Thoroughly wash the cell and refill with buffer. Rerun the baseline spectrum. If
the baseline has drifted from its initial value, this will have to be considered
when analyzing your results. If drifting is severe, see Note 5.

13. The collected data will need to be processed (i.e., to remove the CD signal due to
buffer components and/or to correct baseline values) (see Note 6.)

14. Plot the measured CD parameter at a particular wavelength against the concen-
tration of protein added. The stoichiometry can be determined from the point at
which a line drawn along the initial slope intersects that of the titration end point,
which should be horizontal assuming dilution (if significant) has been corrected
for (see Fig. 1).

15. Once the spectral changes and stoichiometry have been established, it is often
useful to repeat the experiment with rather more titration points, using smaller

Fig. 1. (opposite page) Circular dichroism titrations of Pf1 gene 5 protein to poly
dT. In this example, the protein is a single-stranded DNA-binding protein that binds
cooperatively to DNA with little sequence preference. (A) Successive CD spectra
during the titration of poly dT with Pf1 gene 5 protein. The top curve corresponds to
free DNA; below are increasing concentrations of protein corresponding to molar
ratios of nucleotide to protein of 19.2, 6.7 and 4.0 (which represents saturation).
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(B) The normalized change in CD signal at 276 nm is plotted against the ratio of gene
5 protein:poly(dT) (expressed as subunit concentration:nucleotide). The data show
clear stoichiometric binding with an end point of 0.25 (i.e., 4.0 nucleotides bound per
protein subunit).
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aliquots of protein. This can be done at a single wavelength, without the need for
scanning. Although the maximum CD signal from DNA is normally obtained
around 275 nm, one should work at the wavelength that corresponds to the larg-
est difference between free and bound DNA, which may well be different.

The CD spectrum of the DNA at saturation can be used to assess conforma-
tional changes that result from protein binding to a given sequence. Although
analysis of the spectrum in terms of molecular structure is not straightforward
(2), it may be possible to interpret CD spectra of double-stranded DNA in terms
of changes in helical twist angle (underwinding or overwinding of the helix).
The spectral changes that accompany protein binding to different DNA
sequences or with a variety of cofactors can also be informative.

4. Notes
1. For proteins and polynucleotides, molarity is sometimes expressed in terms of

moles of amino acid or nucleotide residue respectively for such calculations.
2. High-intensity UV radiation converts oxygen to ozone, which damages the optics.

Failure to purge will lead to deterioration in instrument performance.
3. For most experiments at these wavelengths, cells with pathlengths of 0.5 cm

or 1 cm can usually be used. Longer-pathlength cells for work with more dilute
solutions are available at a price.

4. A number of instrument parameters will normally need to be set before spectra
can be recorded. For the Jasco J-700 series, these typically include slit width, CD
scale, wavelength range, step resolution, scan speed, response time and number
of accumulations. Typically, the slit width is set to 1 nm, although for high-sen-
sitivity (i.e., low CD signal) measurements, it can be increased to 2 nm (thus
improving the signal-to-noise ratio). The CD scale is set to reflect the expected
CD of the sample being measured (e.g., 0–50 mdeg). Similarly, the wavelength
range is set to cover the region required for the experiment. We typically use a
step resolution of 0.2 nm (which allows a maximum wavelength range of 400 nm
to be covered) and a scan speed of between 20 and 100 nm/min. The response
time is set in accordance with the scan speed (e.g., for a scan speed of 20 nm/min,

the response time is set to 2 s [for 100 nm/min an appropriate response time
would be 0.5 s]). It is advised that the manufacturer’s recommendations be fol-
lowed when setting both scan speeds and response times, as the quality of the
data collected (in terms of the signal-to-noise ratio) can be adversely affected if
incorrect or incompatible settings are used. Between three and five accumula-
tions are generally recorded (although more can be collected), the resulting aver-
aged data offering an improvement in the CD signal-to-noise ratio.

5. If significant drifting of the baseline has occurred, the experiment may have to be
repeated. To minimize the effect of drifting, use two cells, one as a baseline ref-
erence and one containing sample. The baseline can then be standardized at each
point in the titration. Remember that when swapping cells, it is vitally important
to present the same section of the cell to the beam each time.
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6. The CD software supplied by Jasco allows simple calculations/derivations to
be performed with collected data (e.g., the subtraction of CD signal as a result
of the sample buffer, subtraction of a constant factor, or conversion between
standard units (millidegrees to molar ellipticity). If the signal-to-noise ratio
is particularly problematic, data can also be treated with a number of
smoothing or noise reduction functions; although if the data collection
parameters are correctly set up and the sample is at a sufficient concentration,
these procedures should not be necessary. A further useful function of the
Jasco CD software allows the collected data to be “dumped” and imported
into other software packages (e.g., Microsoft Excel or other spreadsheet/
graphing packages, which may be more familiar to the user).
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Calorimetry of Protein-DNA Complexes
and Their Components

Christopher M. Read and Ilian Jelesarov

1. Introduction
The many detailed, though static, structures of protein–nucleic acid com-

plexes have revealed the underlying structural determinants of the binding pro-
cess: a high surface complementarity and a precise orientation of interacting
groups. However, another important question not yet fully answered is why the
molecules interact with each other. To answer such a question means that we
have to rationalize a structure energetically. This requires a deconvolution of
the relatively large negative value of the free energy of association (∆G) into
its enthalpic (∆H) and entropic (∆S) contributions. Only then can one appreci-
ate the true nature of the forces that drive the interaction of protein and nucleic
acid. Despite some promising theoretical developments and the steady accu-
mulation of experimental data, the deconvolution of ∆G into its components
remains a difficult task

Proteins and nucleic acids behave cooperatively and often undergo struc-
tural rearrangements on associating. These changes range from subtle adjust-
ments of dihedral angles to rearrangements in the orientation of domains and
even the refolding of entire binding domains. Many DNA-binding domains are
either very flexible or partly unstructured or even fully unfolded in isolation
and become folded only when bound to the specific DNA target site (1). The
DNA itself sometimes undergoes large structural deformation upon complex
formation (2–5). In energetic terms, the view that binding specificity is simply
the accumulation of specific favorable interactions between rigid binding part-
ners no longer holds and conformational changes in the two components as
well as solvent rearrangement in the binding site play an important role. Thus,
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there is a complicated energetic profile involving changes in ∆G, ∆H, and ∆S
on going from the free components to the final complex.

This chapter focuses on the practical aspects of measuring the energetics of
binding of DNA-binding domains to short DNA duplexes. As an example, we
will consider the HMG domain of mouse Sox-5, hereafter referred to as just
Sox-5, as it illustrates the importance of structural changes that accompany
complex formation (6). HMG domains contain three α-helices arranged into
an L-shaped fold. Nuclear magnetic resonance (NMR) derived structures of
the HMG domain of human SRY bound to an 8-bp DNA duplex (4) as well as
the HMG domain of mouse LEF-1 complexed to 15 bp DNA (5) show that the
domain binds almost exclusively into a widened minor DNA groove. A large
bend with considerable base unstacking is introduced into the DNA, in part as
a result of the partial intercalation of an amino acid side chain (Ile in SRY and
Met in LEF-1).

The interacting components, the free Sox-5 protein and the DNA duplexes
have been examined and both structures are seen to depend significantly on
temperature (7,8). A practical problem then arises because the temperature
dependence of the enthalpy of binding, as measured by isothermal titration
calorimetry (ITC), can no longer be interpreted as being solely the result of a
unique heat capacity increment, ∆Cp. As a result, the energetics of complex
formation require a thorough understanding of the energetics of the free com-
ponents (i.e., the study of the heat capacity Cp, of the complex, and its free
components over a broad temperature range) as can be directly obtained by
differential scanning calorimetry (DSC). We thus wish to emphasize that for
the study of the energetics of protein–nucleic acid complexes the combined
use of ITC and DSC is necessary, because the DSC data are essential to correct
the data obtained by ITC.

1.1. The Energetics of Biomolecular Interaction

To characterize the thermodynamics of a binding reaction, it is necessary to
determine the association free energy ∆G and its enthalpic and entropic com-
ponents, ∆H and ∆S, at a given reference temperature. The heat capacity incre-
ment on binding, ∆Cp, is required to predict the change of the above three
quantities with temperature, according to the general thermodynamic relation-
ships. Values for ∆G, ∆H, and ∆S may then be obtained at temperatures that
are experimentally inaccessible. Furthermore, ∆Cp is a fundamental thermody-
namic quantity and contains important structural information. For example, it
has been shown that ∆Cp changes with the proportion and chemical properties
of the molecular surface buried at the binding site (9,10).

∆G is accessible through different types of binding experiments because it
is related to the association constant, KA, by ∆G = –RTlnKA, where R is the gas
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constant and T is the absolute temperature. For the simple equilibrium describ-
ing the interaction of protein P with DNA, D:

P + D ⇔ PD then KA =
[PD]

(1)
[P][D]

Techniques such as equilibrium dialysis, ultracentrifugation, the gel-shift,
or radio-ligand binding assays yield direct values for [P], [D], and [PD] and,
therefore, values for KA and ∆G at any fixed temperature. More indirect, mostly
spectroscopic, methods allow the construction of a binding isotherm in terms
of the degree of saturation, Y:

Y =
∆pi

=
[PD]

=
K

A
[P]

(2)
∆pmax [D] + [PD] 1 + K

A
[P]

where ∆pi is the signal change obtained at some particular addition of P to a
constant amount of D and ∆pmax is the maximal signal change at full saturation
(Y = 1). If the experiment is repeated at different temperatures, KA(T) and ∆G(T)
are obtained. ∆H(T) and ∆S(T) can be derived from the integrated form of the
van Hoff equation. Further, the s derivative of ∆G(T) with respect to tempera-
ture yields ∆Cp. This noncalorimetric analysis of binding data (sometimes
referred to as a van Hoff analysis) can be flawed. First, the analysis assumes a
model, which may or may not be correct, to describe the interaction of the
components. Second, for technical reasons, experiments can be performed only
over a limited temperature range and the experimental errors propagate into
large errors in ∆H, ∆S, and especially ∆Cp when the extrapolation from the
reference temperature to any other temperature is large.

1.2. The ITC Experiment

Modern mixing microcalorimeters allow precise measurements of the
enthalpy of binding, ∆Happ, between 5°C and 80°C. The basic principle is that
one binding partner (protein, P) is titrated at a constant temperature into a
known amount of the other binding partner (DNA, D) placed in the sample cell
of the calorimeter. Heat is produced or released when binding occurs. The instru-
ment measures the electrical power (in units of J/s) required to maintain a small
temperature difference between the sample cell and the reference cell, which is
filled with buffer. The contents of the sample cell are stirred to allow rapid mixing
and effective heat transfer over the surface of the cell. If KA is high and the degree
of saturation is still low, electrical power peaks of similar magnitude appear in
the thermogram at each addition. Integration with respect to time yields the
apparent heat change, ∆qi,app, between additions i and i–1 as ∆qi,app = qi – qi–1.

As the fractional saturation increases, ∆qi,app gradually decreases and even-
tually all binding sites become saturated. Small nonspecific heat effects, ∆qi,ns
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registered after complete saturation may be caused by the heat of protein
dilution, an imperfect match between the buffer composition of the protein
solution and the DNA solution, or by other nonspecific effects. ∆qi,app is pro-
portional to the volume of the calorimetric cell, Vcell, to the change in concen-
tration of the bound protein ∆[P]i,bound = [P]i,bound = [P]i–1,bound and to the
apparent molar enthalpy of association ∆Happ. Thus,

∆qi,app = ∆qi + ∆qi,ns (3)
= ∆[P]i,bound Vcell ∆Happ

∆Happ at temperature T may therefore be calculated because Vcell is known and
∆qi,ns may be obtained from a blank titration of protein into buffer.

For the binding of protein, P, with n identical and noninteracting sites to
DNA, D,

∆qi = ∆qi,app + ∆qi,ns (4)
= nR Vcell ∆Happ

∆qi is the effective heat change caused by the formation of complex, PD, at
the ith step of the titration and R is the root of the quadratic equation

Yi
2 – Yi (1 +

1
 +

[P]i,total ) + n[P]i,total[D]total = 0 (5)
nKA[D]total n[D]total

where the fractional saturation is defined by Yi = ∆[P]i,bound / [D]total. [P]i,total is
the total concentration of protein, P, added until injection, i. A nonlinear
regression procedure based on Eq. 4 yields n, KA, and ∆Happ at temperature T,
from a single titration experiment. More complicated systems with multiple
and interacting sites require a statistical mechanical treatment of the data
(11,12). ∆Cp,app the apparent heat capacity change of association can be calcu-
lated from a plot of ∆Happ versus temperature, because in general, ∆Cp = ∆H / ∆T.

As in other binding experiments, the dissociation constant, KD (equal to 1/KA)
can only be reliably measured over a narrow concentration range. If the con-
centration of binding sites is much larger than KD, the binding isotherm is of
rectangular shape with a sharp step at saturation. In the case of the binding-site
concentration being much smaller than KD, the binding isotherm is very shal-
low and is of limited use for calculating the dissociation constant. In practice,
values of the ratio of the binding-site concentration to KD that range between
10 and 100 represent an optimal experimental window to obtain precise values
of the dissociation constant. Unfortunately, this window is not always acces-
sible to ITC. For very small KD values, the optimal concentrations are so low
that the released heat is below the sensitivity of the instrument, the specific
enthalpy of biomolecular interactions never being very large. For this reason,
there is an effective lower limit to the ITC measurement of KD to values of
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approx 10–9 M (∆G about –50 kJ/mol). Alternatively, if KD is high, then very
high concentrations are required and the heat of binding may be obscured by
aggregation effects.

The two types of ITC measurement are normally obtained under different
conditions. The procedure to obtain n, KA, and ∆Happ is best carried out as a
full titration at concentrations near the stoichiometric point of the interaction
(i.e., at a DNA concentration 10–100 times the estimated value for KD and with
the injection of up to a 2 M to 4 M excess of protein. However, the direct
measurement of ∆Happ is best carried out in conditions where the system is
fully associated and the degree of saturation is low (i.e., at high DNA concen-
trations (>1000KD) and with the injection of low amounts of protein). The total
number of moles of added protein is then much less than the number of moles
of binding sites available and virtually all protein molecules are bound to DNA,
such that ∆[P]i,bound approximately equals ∆[P]i,total. Each injection of protein,
∆[P]i,total thus produces an approximately equal change in heat, ∆qi,app. If the
overall fractional saturation is still low after completion of a series of injec-
tions, then the average may be taken and Eq. 3 becomes

m m1 ∑∆qi,app =
1 ∑ (∆qi + ∆qi,ns) (6)

m i=1 m i=1

m
=

1 ∑ (∆[P]i,bound + Vcell ∆Happ)m i=1

where m is the number of injections. If low amounts of protein are injected,
aggregation effects and nonspecific binding are also minimized.

1.3. The DSC Experiment

In a DSC experiment, the heat capacity of a macromolecule is measured as a
function of temperature. Typically, two thermally insulated cells, a sample cell
containing the macromolecule of interest in buffer and a reference cell contain-
ing buffer, are electrically heated at a known rate. At a temperature-induced
transition, which is typically endothermic, the temperature of the sample cell
will lag behind that of the reference cell. An electrical feedback mechanism is
used to maintain the reference cell at the same temperature as the sample cell.
This amount of compensatory electrical power (in units of J/s or Watts) at
temperature T divided by the heating rate is the apparent difference in heat capac-
ity between the cell containing the sample and the reference cell, ∆Cp,app(T) (in
units of J/K). Because the sample containing cell has a smaller volume fraction of
buffer as compared to that in the reference cell, the partial molar heat capacity of
the dissolved macromolecule Cp,f(T) at temperature T (J/mol/K) is given by
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CTp,φ(T) =
Cp,buffer (T)Vφ˚ M∆Cp,app (T)

(7)
Vbuffer m

where Cp,buffer(T) and Vbuffer are the partial molar heat capacity and molar vol-
ume of buffer, respectively. Vf˚ and M are the partial molar volume and the
molar mass of the macromolecule, respectively, and m is the mass of macro-
molecule in the sample cell.

The excess molar heat capacity function is the heat absorbed in the melting
transition above that of the intrinsic heat capacity of the macromolecule. Inte-
gration of the excess molar heat capacity function with respect to temperature
yields the enthalpy of the melting transition:

T2
∆H = ��Cp(T)�dT (8)

T1

The intrinsic heat capacity of the initial (folded) and final (unfolded) states
of the macromolecule must be estimated within the melting transition. For
monomeric proteins, the heat capacity of the folded state is an approximate
linear function of temperature (13,14) and the unfolded state is a shallow para-
bolic function of temperature (13).

The relationship of the partial molar heat capacity to the excess molar heat
capacity functions are schematically shown in Fig. 1.

1.4. Preliminary Characterization of the Sox-5–DNA Interaction

It must be emphasized that the in vitro interaction of the protein with DNA
must be characterized prior to the calorimetry experiments. Preliminary
knowledge of the number of (independent) binding sites, the stoichiometry of
the interaction, and the magnitude of the association constant are all required
for the optimal design of the ITC experiments (see Subheading 1.2.). For DSC,
the experiments must be performed with a fully associated complex (at low
temperature) and therefore at a concentration well above the estimated KD.
Furthermore, the protein–DNA complex and its components need to be soluble
at this concentration, even at raised temperatures, and all temperature-induced
conformational transitions must be fully reversible. Knowledge of the mode of
interaction is also required to obtain van Hoff enthalpies from the DSC data.

Site-selection and DNAse I footprinting assays (Chapter 3) defined the
Sox-5 target sequence as 5’-AACAAT-3' within a DNAse I protected region of
approx 14 nucleotides on both DNA strands (15,16). This determined the
sequence and size of the DNA duplexes that were to be used. A circular permu-
tation assay showed that the binding of Sox-5 to these duplexes was able to
introduce a DNA bend of similar magnitude to that obtained with the complete
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Fig. 1. Schematic representation of (A) the partial molar heat capacity function as
would be observed for the melting of a single domain monomeric protein. Over the
transition region the intrinsic heat capacity function is an interpolation of the folded
and unfolded states, weighted in proportion to their relative contributions (dashed line).
(B) replots the Cp/T function above that of the intrinsic heat capacity of the system.
This is known as the molar excess heat capacity function.
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Sox-5 protein (6,16). The dissociation constant and the stoichiometry of the
Sox-5–DNA interaction were determined from circular dichroism (CD) and
gel-shift assays (Chapters 2 and 34):

1. The binding of Sox-5 to a 12-bp DNA duplex (10 µM) was followed by CD,
monitoring the ellipticity of the positive DNA peak at 280 nm upon successive
additions of the protein. The CD data were fitted to a 1:1 binding model with an
estimated KD of lower than 100 nM (6). This same estimate was obtained at tem-
peratures between 10°C and 37°C, suggesting no significant variation of binding
constant with temperature.

2. A gel-shift assay using a radioactively labeled 12-bp DNA duplex (at 1 nM) was
titrated in molar excess with Sox-5 (6). This indicated that the primary binding
site is characterized by a KD of about 35 nM at 4°C. No secondary protein binding
was observed with <1 µM Sox-5.

These assays thus indicate a bimolecular interaction of Sox-5 with the DNA,
with a single primary binding site characterized by a KD in the low nanomolar
range. Furthermore any secondary binding of Sox-5 to DNA, if present, must
have a KD of >10 µM (i.e., at least two orders greater than the primary binding
site). Thus, for the DSC measurements, typically at a concentration of 100–
500 µM complex, the preformed Sox-5–DNA complex is fully associated and
the effect of secondary binding is negligible.

Given the estimated KD value, the ITC measurement of a full binding iso-
therm under optimal conditions requires a DNA concentration of between
approx 0.35 and 3.5 µM (see Subheading 1.2.). Preliminary titration experi-
ments however showed only a small heat effect of association (a result of the
temperature dependency of ∆Happ which passes through zero at 17°C) and the
presence of a secondary binding event, with a large exothermic effect, after
saturation of the primary binding site (Fig. 2). It was concluded that measure-
ment of the entire binding isotherm was not possible by ITC.

However, conditions could be chosen that were optimal for the direct deter-
mination of ∆Happ by ITC (i.e., total association at partial saturation (see Sub-
heading 1.2.). At the chosen DNA concentration of 60 µM, total association of
injected Sox-5 in an ITC experiment is achieved (the ratio of the DNA concen-
tration to the estimated KD being approx 1700). The fractional molar saturation
was always kept lower than 0.5 to avoid any secondary binding effects. Because
high concentrations were to be used, the total heat effect was greater and more
easily detectable, which meant that ∆Happ values could be accurately obtained
at temperatures close to 17°C.

Additional experiments included low-speed analytical ultracentrifugation at
different temperatures to demonstrate that the free Sox-5 is monomeric. For
the free DNA, UV melting was performed as an initial check on its melting
temperature and for two-state melting of the duplexes. UV melting of the
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Sox-5–DNA complex showed a single cooperative transition with a melting
temperature above that of the free DNA.

Fig. 2. ITC titration experiment of Sox-5 into a 12-bp DNA duplex. (A) Fifteen
injections of 540 µM Sox-5 into 10 µM of 12-bp DNA at 9°C. The injection rate was
5 µL in 8 s, with a time interval of 5 min between injections. (B) a plot of ∆Happ against
ratio of Sox-5 to DNA showing the primary endothermic and secondary exothermic
reactions that occur on either side of the stoichiometric point.
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2. Materials
2.1. Calorimeters

Isothermal titration calorimetry was performed on an OMEGA or MCS-ITC
titration calorimeter (MicroCal Inc., Northampton, MA). Technical details on
the construction of mixing microcalorimeters, their performance and sensitiv-
ity, and on the theory of data analysis have been described elsewhere (17–20).

Differential scanning calorimetric experiments were usually carried out on
a Nano-DSC calorimeter (Calorimetric Science Corp., Utah). The instrument’s
performance and data acquisition are detailed in ref. 21. In brief, the instru-
ment operates over the temperature range –20°C to 130°C at any set heating/
cooling rate. The sample and reference calorimetric cells are of approx 900 µL
volume. Control of the calorimeter and scan acquisition is achieved via the
supplied DSC_Acquisition program running on a PC computer connected to
the calorimeter. In experiments in which the amount of sample was limiting, a
new version of the Nano-DSC calorimeter having cells of approx 300 µL vol-
ume was used.

2.2. Reagents and Solutions

2.2.1. Calorimetry

1. For calorimetric experiments, it is important to ensure that the protein and DNA
samples are homogeneous, because even a few percent of contaminating species
might cause significant heat effects. Homogeneity of the samples is most reliably
verified by mass spectrometry.

2. Concentrations must be accurately determined because this affects the DSC and
ITC data (see Subheading 3.4.). The preparation of equimolar mixtures (of
complementary oligonucleotides or Sox-5-DNA complex) can then be made
precisely, without further purification. Dilutions are made by weight on a preci-
sion balance.

3. The DSC and ITC experiments with the Sox-5–DNA complex used a working
buffer of 100 mM KCl, 10 mM potassium phosphate, and 1 mM EDTA (pH 6.0)
(see Note 1). All buffer solutions were prepared from the highest-quality reagents
and ultrapure water. For ITC experiments, the solutions were filtered through
a 0.45-µm membrane and thoroughly degassed prior to use.

2.2.2. Preparation of Sox-5 HMG Box–DNA Complexes
and Components

1. DNA oligonucleotides were synthesized using phosphoramidite chemistry and
purified on a Mono Q HR16/10 column fitted to a Pharmacia FPLC system, elut-
ing with a linear 0.1 M to 1.0 M NaCl gradient in 10 mM Tris-HCl, 1 mM EDTA,
and 20% (v/v) acetonitrile (pH 7.0). Fractions containing oligonucleotide were
precipitated with 3 vol of ethanol at –20°C overnight, then centrifuged down and
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redissolved in water. Oligonucleotides were extensively dialyzed using
Spectrapor tubing (molecular-weight cutoff 500 Daltons) against three changes
of 1 L working buffer at 4°C.

2. DNA duplexes were prepared by mixing equimolar amounts of the complemen-
tary oligonucleotides in working buffer and annealed by heating to 95°C in a
water-bath followed by slow cooling to 4°C over a period of approx 4 h. DNA
duplexes were then extensively dialyzed using 3000-Dalton molecular-weight
cutoff tubing against three changes of 1 L working buffer at 4°C.

3. The HMG box of mouse Sox-5 (amino acids 182 to 260, [15]) was expressed as
a fusion protein in pGEX-2T, using E. coli BL21 (DE3) plysS cells. After affinity
purification with glutathione-agarose and thrombin cleavage while still
attached to the column (22), reverse-phase high-performance liquid chromatog-
raphy (HPLC) was used to purify the protein. Protein was redissolved in water
and refolded by extensive dialysis against three changes of 1 L working buffer
at 4°C.

4. The Sox-5–DNA complex was prepared by the mixing together of equal volumes
of the components (at equimolar concentration) in working buffer at 4°C. Sox-5
was added in 10% aliquots, at 5-min intervals, to the DNA. The complex was
then extensively dialyzed using 3000-Dalton molecular-weight cutoff tubing
against three changes of 1 L working buffer at 4°C. The accuracy of the concen-
trations of protein and DNA used to form the 1:1 complex may be checked by
trial additions of Sox-5 to DNA at various protein:DNA ratios followed by elec-
trophoresis on a nondenaturing polyacrylamide gel.

2.2.3. DNA Concentrations

1. 100 mM Tris-HCl (pH 8.0).
2. Snake venom phosphodiesterase I (PDE1, from Crotalus durissus terrificus, Sigma).

3. Methods
3.1. Isothermal Titration Calorimetry

Before a series of experiments, the calorimeter was calibrated either by
applying electrically generated heat pulses or by standardized chemical reac-
tions (e.g., the protonation of tris[hydroxymethyl] aminomethane or the bind-
ing of Ba2+ to 18-crown-6 ether). It is recommended to equilibrate the jacket
with a circulating water-bath for about 10 h. at a temperature lower than the
temperature of the experiment by 3–5°C. Although such equilibration is not
strictly necessary when operating at above room temperature, it substantially
improves the baseline stability. The stirring speed during both the equilibra-
tion and the experiment was 350 rpm (see Note 2).

1. Sample and reference cells are first rinsed with dialysis buffer. The reference cell
is then filled with buffer and the sample cell filled with the DNA solution. The
system is heated to the working temperature and equilibrated until the differen-
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tial power signal levels off. The injection syringe containing Sox-5 is inserted
into the sample cell, stirring is initiated, and the baseline is established over a
period of 30–60 min. Typically, a baseline drift (differential power signal drift)
of less than 20–30 nJ/min and an rms noise of less than 15–20 nJ/s (or nW) indi-
cates complete thermal equilibration of the system under stirring (see Note 3).

2. The experiment is started with a small injection of 1–2 µL. The reason for this is
that during the long equilibration period, diffusion through the injection ports
occurs, thus causing a change in protein concentration near the syringe needle
tip. The actual injection schedule is then executed. To measure the enthalpy of
Sox-5 binding to DNA, six to eight injections each of 8–12 µL and of 12–15 s
duration were performed, with a 5-min interval between injections (see Note 4).
Typical thermograms are depicted in Fig. 3A, traces a and c.

3. After completion of the experiment, the cells are thoroughly cleaned. Cleaning of
the calorimetric cells and filling syringes follows a standard laboratory protocol
(see Note 5).

4. The cells may then be filled with buffer and step 2 repeated. Injections of protein
into buffer will yield the heat associated with protein dilution and other non-
specific effects. Typical control thermograms are depicted in Fig. 3A, traces b
and d. Because the heats obtained in steps 2 and 4 are directly compared in the
data analysis, it is crucial that (1) the blank titration is performed at exactly the
same temperature as the main experiment, (2) the same protein solution and
dialysis buffer are used, and (3) an identical injection scheme is executed. If
any of the listed requirements is not fulfilled, the results of the experiment could
be misleading.

5. The titrations are performed at different temperatures to collect data on the tem-
perature dependence of the binding enthalpy.

3.1.1. ITC Data Analysis

If a complete binding isotherm has been recorded over an optimal concen-
tration range, the data can be subjected to a nonlinear least-squares analysis to
obtain a full set of parameters (∆Happ, KA, and n) according to Eq. 4. In the
case of Sox-5 binding to DNA, the experiments were designed to measure only
the enthalpy and heat capacity changes. Thus integration of the differential
power peaks (see Note 6) collected as in step 2 of Subheading 3.1. yields
∆qi,app and the nonspecific heats ∆qi,ns are obtained by integration of the peaks
collected as in step 4 of Subheading 3.1. Under conditions of total association
∆[P]i,bound equals ∆[P]i,total and is easily calculated from the known concentra-
tion of protein in the injection syringe, the volume of each injection and the

Fig. 3. (opposite page) Representative records of a Sox-5 titration into DNA duplex
(A) and enthalpies of binding of Sox-5 to a 12-bp DNA duplex as measured by ITC
(B). (A) Trace a: six injections of 550 µM Sox-5 into 58 µM of 16-bp DNA at 9°C (i.e.,
up to a fractional saturation of 0.45); trace b: control titration of Sox-5 into buffer at
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9°C; trace c: eight injections of 490 µM Sox-5 into 60 µM of 12-bp DNA at 30°C; trace
d: control titration of Sox-5 into buffer at 30°C. The injection rate was 8 µL in 12 s.
The time intervals between injections were 4 min (traces a and b) and 5 min (traces c
and d). (B) The open circles represent ∆Happ measured between 9 and 30°C and calcu-
lated according to Eq. 6 (mean values of six to eight injections). Note that ∆Happ

changes sign at about 17°C. The standard deviations from the mean values shown are
of the order of ±5–10%. Filled circles represent the binding enthalpy obtained after
correction of ∆Happ for protein and DNA refolding and complex unfolding. The lines
correspond to linear least-squares fits to the data, the slope of which is equal to ∆Cp.
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volume of the cell, Vcell. The enthalpy of association, ∆Happ, at temperature T
may then be calculated from Eq. 6. This procedure is repeated for the pairs of
titrations at different temperatures. The experimentally observed enthalpies
(∆Happ) obtained at a number of temperatures can be plotted as illustrated in
Fig. 3B.

3.2. Differential Scanning Calorimetry

1. Prior to starting experiments ensure that the Nano-DSC calorimeter sample and
reference cells are at room temperature, thoroughly cleaned, and thermally bal-
anced.

2. Add working buffer (100 mM KCl, 10 mM potassium phosphate, and 1 mM
EDTA (pH 6.0)) which is at room temperature to both sample and reference cells.
It is most important that no air bubbles are present in the calorimeter cells (see
Note 7). The presence of air bubbles will yield incorrect values for the partial
molar heat capacity of the macromolecule, because the volume of solution in the
sample and reference cells is not identical (assumed in Eq. 7). Furthermore
expansion of the minutes of air bubbles with heating results in significant heat
output (and vice versa on cooling).

3. Seal the top of the chamber with the screw-threaded piston and let the calorim-
eter settle to thermal equilibrium. Apply approx 2 atm of overpressure to the cells
by screwing down the piston. As pressure is applied note the compensatory power
reading—it should not change by more than a few microwatts (see Note 8).

4. Scan to obtain a buffer–buffer baseline. Initially, a number of scans are recorded
in order to obtain a number of reproducible baselines (to within 0.5 µW, in the
linear region). A complete cycle of heating and cooling at a rate of 1 K/min actu-
ally takes about 4 h because at the end of each heating or cooling scan, there is a
period of thermal equilibration.

5. Remove the buffer from the sample cell. This is most easily accomplished with a
vacuum line attached to a water pump.

6. Slowly and carefully apply a 1.8-mL dialyzed sample to the cell, using the method
outlined in Note 7. For concentrated protein samples, care is needed to remove
all air bubbles. The excess sample is put to good use: first to determine sample
concentration and, second, it is diluted with the final dialysate for use in further
calorimetric runs. Again, apply a pressure of approx 2 atm to the cells.

7. Perform one heating and cooling scan to obtain the denaturation and renaturation
curves of the sample-buffer. Usually samples were heated from 0°C to 80°C and
then cooled to –8°C, both at a rate of 1 K/min. The heat effects of unfolding and
refolding should appear as mirror images, slightly shifted in temperature because
the slower kinetics of refolding. Reproducibility shows that the heat-induced
unfolding/refolding is reversible. However, this may not be the case (see Note 9).

8. Remove the sample from the cell. Thoroughly wash out the cell with buffer and
then perform another scan of buffer. A heat-asorption peak may be observable if
the previous sample is not completely removed (see Note 10).
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3.2.1. DSC Data Analysis

The subtraction of buffer scans to obtain an accurate baseline, the conver-
sion to partial molar heat capacities, and the deconvolution of the excess molar
heat capacity function into separate transitions were all performed using the
CPCalc program. CPCalc provides a simple interactive mechanism, based on
Data Exchange Ports, for the parsing of data from one step to another.

1. The functions of differential power and temperature vs time are extracted from
the DSC data acquisition files. Each file may contain more than one scan, but
further analysis is on a one-scan basis.

2. A matching buffer–buffer scan is subtracted from a sample-buffer scan. Both
must be from a heating (or cooling) scan. Since the absolute values of the molar
heat capacities depend on good baseline subtraction and the buffer-buffer scans
vary to a small extent, it is important that a number of subtractions are tried using
different scans from the acquisition file.

3. The subtracted compensatory power curve is converted to the partial molar heat
capacity function by use of Eq. 7. Accurate values for the concentration (Sub-
heading 3.4.), molecular mass, and partial specific volume of the macromolecule
are required (see Note 11).

4. Appropriate functions for the intrinsic heat capacity of the initial and final states
may then be put onto the partial molar heat capacity function (Fig. 4). The
calorimetric ∆H, ∆S, and melting temperature of the peak are obtained. Enthalpies
and entropies over a restricted temperature interval, ∆H(T) and ∆S(T), are obtained
by viewing the partial molar heat capacity function between the two temperatures.

5. The excess molar heat capacity function is deconvoluted into separate transitions.

3.3. Correction of ITC Derived Enthalpies

The value for ∆Cp,app calculated from the slope of the ∆Happ vs T plot
(Fig. 3) is about –3.3 kJ/K/mol, implying that a considerable amount of hydro-
phobic surface is buried at the complex interface. However, over the tempera-
ture range (10–30°C) used for the ITC measurements, the partial molar heat
capacity functions for both free Sox-5 and DNA (DSC data, Fig. 4A) are greater
than the calculated intrinsic heat capacity functions for the fully folded mol-
ecules. Thus, the DSC experiments show significant heat absorption resulting
from a temperature-dependent unfolding of the free Sox-5 and DNA. Signifi-
cant refolding of both components must therefore take place when they associ-
ate at these temperatures: a simple interaction between rigid-body molecules is
not observed. If one wishes to relate observed energetic parameters to struc-
tural features of a rigid fully-folded complex, then the enthalpic contributions
arising from refolding of the free Sox-5 and DNA, as determined from DSC,
must be added to the ITC-measured enthalpies of association to obtain the
enthalpies applicable to a rigid-body interaction. Furthermore, because the
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Fig. 4. (A) Partial molar heat capacity functions obtained for the free Sox-5 protein
(dotted curve), the 12-bp DNA duplex that includes the AACAAT motif (dot–dash
curve) and the 1:1 Sox-5–12-bp DNA complex (solid curve). Note that the complex
dissociates in a single cooperative trimolecular transition with a melting temperature
only slightly above that of the 12-bp DNA duplex. The free Sox-5 protein and 12-bp
DNA duplex dissociate in a monomolecular and bimolecular manner, respectively.
(B) Partial molar heat capacity function for the Sox-5–12-bp DNA complex showing
the intrinsic heat capacity functions for the fully folded (N) and unfolded (D) complex
(thin lines). The area above the dashed line corresponds to the total enthalpy of all the
temperature-induced changes in the complex.
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complex also absorbs heat over the 10–30°C temperature range (i.e., becomes
partially unfolded [Fig. 4A]), such heats must be subtracted from the ITC-
measured enthalpies of association to generate the net enthalpies applicable to
the formation of a fully folded complex. These corrections considerably affect
the enthalpy profile of binding (see Fig. 3B). The corrected plots of ∆Happ vs T
are now linear, with an average slope of about –1.5 kJ/K/mol and this corrected
value of ∆Cp is in very good agreement with the amount and type of molecular
surface screened from the solvent upon association, calculated assuming a
rigid-body interaction.

3.4. Determination of Concentrations

The protein and DNA samples must be highly homogenous and their con-
centrations must be known to the highest possible precision. In the first place
this enables an accurate preparation of DNA duplex from its complementary
oligonucleotides and of the Sox-5–DNA complex from protein and DNA
duplex. In DSC, the accuracy with which the sample concentration can be
determined directly affects the molar heat capacity values obtained. In ITC,
unlike other binding assays, errors in the concentration of protein are
directly reflected in the values of ∆Happ (Eqs. 3 and 4). Thus, in both ITC and
DSC, concentrations are determined after dialysis. In the DSC experiments, it
is also possible that a small amount of buffer from a previous scan remains in
the gold capillary cell. To eliminate this potential source of error, concentra-
tions were determined using the excess sample that remains after filling the
calorimeter cell.

3.4.1. DNA

For oligonucleotides and DNA duplexes, concentrations were determined
from their UV absorption at 260 nm, after digestion to nucleotides with snake
venom phosphodiesterase I (PDE1).

1. Accurately dilute the solution of DNA to about 1.0 mL with 100 mM Tris-HCl
(pH 8.0) so as to give an absorbance at 260 nm of about 0.5 in a 1-cm pathlength
cell. To overcome any reliance on the presumed accuracy of the pipets being
used, the dilutions are performed on a precision balance.

2. Record the UV absorption spectrum of the diluted DNA solution, using as reference
a blank cell containing buffer. Note that for small oligonucleotides and DNA duplexes
with a biased nucleotide composition, the absorption maximum is not necessarily at
260 nm. This is in fact an optional step, but the recording of UV spectra both
before and after the addition of PDE1 indicates that digestion has occurred and
enables a determination of the hypochromicity of the DNA solution.

3. Remove the diluted DNA solution from the cell and place into a screw-capped
1.5-mL tube. Add either 0.008 U (for oligonucleotides) or 0.08 U (for DNA
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duplexes) of PDE1 to the solution, mix well, and incubate at 37°C overnight. If
necessary, a time-course of the digestion may be followed (at room temperature)
in the UV spectrophotometer by direct addition of PDE1 to the DNA solution in
the quartz cell.

4. Accurately record the UV absorption spectrum of the DNA solution after PDE1
digestion, using a black cell containing buffer as a reference. The contribution
to the absorbance at 260 nm arising from overlap of the PDE1 280-nm peak may
be neglected

5. Optionally, calculate the percent hypochromicity (%H) from the equation

%H = 
(Aa – Ab) × 100

Aa

where Ab and Aa are the absorbances at 260 nm before and after PDE1 digestion
respectively, with dilution the result of the addition of PDE1 taken into account.
Values of %H are usually approx 20% for oligonucleotides and approx 35–40%
for duplex DNA. Lower values indicate that digestion may not be complete, that
the original DNA is degraded, or that there is a failure to form duplex DNA.

6. Calculate the molar nucleotide concentration and thus the molar DNA concentra-
tion from the following equations

[Nucleotide] = Aa(Dilution)N
(12,010G) + (15,200A) + (8400T) + 7050C)

and
[DNA] = 

[Nucleotide]
N

where N is the total number of nucleotides in the DNA and G, A, T, and C are
respectively the number of dG, dA, dT, and dC nucleotides. The extinction
coefficients at 260 nm for the four nucleotides are from ref. 23.

3.4.2. Protein

The concentration of Sox-5 (in working buffer) was determined from its UV
absorption at 280 nm using an extinction coefficient of 17,460/M/cm. This
extinction coefficient is based on the addition of the extinction coefficients of
tryptophan and tyrosine (of which there are two and five in Sox-5, respec-
tively). The accuracy of the concentration determination is within 5%.

3.4.3. Sox-5–DNA Complex

The concentration of complex was determined from its UV absorbance at
260 nm. At this wavelength, the absorption is mainly the result of the DNA,
but there is a significant absorption from the protein that must be taken into
account. There may also be additional hyperchomic effects because the DNA
of the Sox-5–DNA complex is highly bent with considerable base unstacking.
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Thus, the approach taken was to measure the UV absorbance at 260 nm for a
solution of DNA duplex and then again after the addition of an equimolar
amount of Sox-5 protein to form the complex. The measurement was performed
at approx 60 µM DNA in a 1-mm pathlength cell, such that the complex was
fully associated. For the Sox-5–12-bp DNA complex, an extinction coefficient
at 260 nm of 158.6 × 103/Molar complex/cm was obtained.

4. Notes
1. The choice of assay buffer depends on the system under study and on the require-

ments of other assays performed in the context of a particular investigation. Buff-
ers with a different heat of protonation may be used in an ITC experiment to
check whether the protonation state of the system changes upon association.

2. In setting the stirring speed, the particular system under study must be consid-
ered. Some proteins do not resist the forces arising from rapid stirring of the
solution placed in the narrow calorimetric cell and aggregate or unfold. On
the other hand, very slow stirring may result in low rates of heat transfer, thus
causing broadening of the peaks observed in the thermogram and a decrease
in sensitivity.

3. When working below room temperature, it is recommended to fill the cells with
cold solutions, otherwise the equilibration time may be very long. Any particles
in the stirred sample cell as well as the formation of bubbles during filling may
cause problems in establishing the baseline.

4. There is no general rule about the number, volume, and duration of injections. To
obtain an entire binding isotherm a 2–4 molar excess of ligand over the concen-
tration of receptor binding sites should be injected by at least 10–15 additions.
Five to 10 injections suffice to reliably measure the enthalpy of reaction. In this
case, the degree of saturation must be less than 0.5 at the end of experiment. The
volume and duration of injections should be chosen in such a way that the released
heat is well above the threshold of sensitivity and sharp peaks appear in the ther-
mogram. Typically, 5-min intervals between injection are sufficiently long times
for the signal to return to the baseline. However, for very slow reactions, this
interval should be prolonged. Because the heat of reaction is a temperature-
dependent quantity, the injection scheme might be changed for experiments
carried out at different temperatures.

5. Alternating cycles of washing with 0.5 M NaOH and isopropanol are routinely
used. To remove heavily precipitated proteins, the cell can be rinsed with a hot
solution of 20% sodium dodecyl sulfate (SDS). The protocol for cleaning will
depend on the particular system under study and the material of the cell.

6. Integration requires construction of a proper baseline. Some software products
support automatic procedures for baseline determination. However, it is often
found that manual adjustment of the baseline is a better practice, particularly in
cases when the signal-to-noise ratio is low or when the instrument baseline drift
is substantial. In constructing the baseline manually, it is important to use the
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same integration window for all the peaks observed, both in the specific binding
and in the blank titration experiments. This will avoid the introduction of nonran-
dom bias in the data.

7. We would advocate filling each cell using a minimum of approx 1.8 mL of solu-
tion by the following method (see also Fig. 5). First attach a 1-mL pipet tip using
a short length of silicon tubing to one port of the cell. Draw up 0.9 mL of solution
using a pipettor fitted with a 1-mL tip and silicon tubing. Connect this to the
other side of the cell and slowly introduce the solution into the cell. Disconnect
and apply a second 0.9 mL of solution, without introducing any air bubbles. As
the cell is only about 0.9 mL in volume, excess solution rises up into the 1-mL

Fig. 5. Arrangement for filling the capillary cells in the Nano-DSC calorimeter.
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pipet tip attached to the other side. The solution is then pipetted up and down, at
first slowly and then more rapidly, for sufficient time to expel minute air bubbles
from the cell. Eventually, excess solution may be removed by carefully with-
drawing it into the 1.0-mL tip connected to the pipettor and then disconnecting
by simultaneously pulling off both 1-mL tips with their connecting tubing.

8. If the microwatt reading rapidly increases or decreases on applying pressure, then
air bubbles are present in either of the cells. The cells must then be emptied
and refilled.

9. One reason may be temperature-induced aggregation, manifesting itself as a large
peak of heat evolution that typically commences close to the peak of maximum
heat absorption of the cooperative transition (approximately at the melting tem-
perature, Tm). A s possible reason for irreversibility is the presence of disulfide
bonds in the protein, which may disrupt on heating but, on cooling form, mixed
disulfide bonds with incorrect Cys residues. This may be overcome by using
proteins (or domains) with no Cys residues (as in Sox-5) or by using engineered
versions in which the Cys residues are mutated to Ser. This strategy will, how-
ever, depend on the contribution of the disulfide bonds in stabilizing the overall
protein fold.

10. The calorimetric cells may be thoroughly cleaned by filling them with 50% (v/v)
formic acid, followed by heating from 25°C to 65°C (at 1 K/min). The cells are
then thoroughly rinsed with water and buffer. Multiple baseline scans of the
buffer are recommended before proceeding with the next sample.

11. The partial specific volumes used for oligonucleotides and DNA duplexes were
0.53 and 0.54 mL/g. The partial specific volume of Sox-5 was calculated from
its composition as 0.723 mL/g, using the known partial specific volumes of
the amino acids. The Sox-5–12-bp DNA complex partial specific volume of
0.650 mL/g was calculated as the weight average of the partial specific volumes
of Sox-5 and the DNA duplex.
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Surface Plasmon Resonance Applied
to DNA–Protein Complexes

Malcolm Buckle

1. Introduction
1.1. The Relationship Between Refractive Index and Mass

Surface plasmon resonance (SPR) measures refractive index changes (∆n)
at or near a surface and relates these to changes in mass at the surface (Fig 1).
This relationship is given by the Clausius Mossotti form (Eq. 2) of the Debye
equation (Eq. 1):

ε – 1      N (α + µ) (1)ε + 2 
=

 3ε0     kT

ε – 1      Nα (2)
ε + 2 

=
   3ε0

where ε is the real part of the dielectric constant or permittivity constant related
to the refractive index by ε = n2, N is the number density given by NAρ/Ma (NA
is Avogadro’s number, ρ is the density and Ma is the molecular mass). It is
assumed that ∆n/∆C is a constant.

1.2. SPR Using the BIACORE Instrument

In physical terms, the detection system of this SPR machine consists of a
monochromatic, plane polarized light source, and a photodetector that are con-
nected optically through a glass prism (Fig. 1). A thin gold film (50 nm thick),
deposited on one side of the prism, is in contact with the sample solution. This
gold film is, in turn, covered with a long-chain hydroxyalkanethiol, which
forms a monolayer (approx 100 nm thick) at the surface. This layer essentially
serves as an attachment point for carboxymethylated dextran chains that create
a hydrophilic surface to which ligands can be covalently coupled. Light
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incident to the back side of the metal film is totally internally reflected onto the
diode-array detector. A property of this situation is that a nonpropagative eva-
nescent wave penetrates into the solution side of the prism away from the light
source. Free electrons in the gold layer enter into resonance with the evanes-
cent wave. In fact, such resonance implies that the amplitude vector character-
izing a transversal wave propagating along the gold surface (ks→p) is equal to
the component (kx→) of the evanescent wave. Because ε = n2, if ω is the fre-
quency of the wave and c the speed of light, then

ksp
c

1 2

1 2

= −
+

ω ε ε
ε ε (3)

furthermore, given that for the evanescent wave,

kx
c

g= ω θ εsin (4)

Fig. 1. Schema showing the principle of surface plasmon resonance. Light
from a laser source arriving through a prism at a gold surface at the angle of
total internal reflection (θ) induces a nonpropagative evanescent wave that pen-
etrates into the flow cell opposite the prism. The intensity of the reflected light
is continuously monitored. At a given angle (λ) dependent on the refractive
index of the solution in the flow cell, resonance between the evanescent wave
and free electrons in the gold layer results in a reduction in the intensity of
reflected light. The change in angle of reduced intensity (∆λ) reflects changes
in the refractive index (n) of the solution in the flow cell immediately adjacent
to the gold layer. A dextran surface coupled to the gold layer allows immobili-
zation of ligands (e.g., DNA) within the evanescent field.
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when resonance occurs, |ksp| = |kx| and the intensity of the reflected light
decreases at a sharply defined angle of incidence, the SPR angle, given by the
simple expression

sin·
( )

0

1 2

g 1 2

θ ε ε
ε ε ε

=
+ (5)

Thus, θ0, the SPR angle at which a decrease in the intensity of reflected light
occurs, measures the refractive index of the solution in contact with the gold
surface and is dependent on several instrumental parameters (e.g., the wave-
length of the light source and the metal of the film). When these parameters are
kept constant, the SPR angle shifts are dependent only on changes in refractive
index of a thin layer adjacent to the metal surface. Any increase of material at
the surface will cause a successive increase of the SPR angle, which is detected
as a shift of the position of the light intensity minimum on the diode array. This
change can be monitored over time, thus allowing changes in local concentra-
tion to be accurately followed. The SPR angle shifts obtained from different
proteins in solution have been correlated to surface concentrations determined
from radio-labeling techniques and found to be linear over a wide range of
surface concentration. The instrument output, the resonance signal, is indicated
in resonance units (RU); 1000 RU correspond to a 0.1° shift in the SPR
angle, and for an average protein, this corresponds to a surface concentra-
tion change of about 1 ng/mm2 (for nucleic acids, see Note 1). It is remark-
able that the present instrument (Biacore 2000) can measure a deviation of
10–3°, in other words, a variation of 10–5 in the refractive index .

1.3. Immobilization of DNA to a Surface

Although a variety of techniques exist for the immobilization of DNA on
the dextran surface, the most efficient for the majority of protein–DNA inter-
actions is the use of immobilized streptavidin that can then interact with a suit-
ably end-labeled DNA molecule. The streptavidin is immobilized via a
carbodiimide–N-hydroxyl succinimide coupling reaction to the carboxyl
groups of the dextran (Fig. 2). DNA is easily obtained either by direct purchase
of oligomers end-labeled with biotin, or, for larger fragments, direct poly-
merase chain reaction (PCR) from biotinylated oligomers. Unless a particu-
larly unusual configuration is required, biotin is generally present at one end of
the DNA molecule and on one strand if the DNA is double stranded. The end
biotinylated DNA is then flowed across the surface and allowed to bind to the
desired final concentration (Fig. 3).

1.4. Protein Binding to Immobilized DNA

The protein is flowed across the immobilized DNA in a buffer and at a tem-
perature suitable for the interaction being studied (Fig. 4). A range of concen-
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Fig. 2. Coupling of streptavidin to a flow cell activated by carbodiimide and
hydroxyl succinimide. The figure shows a sensorgram of a carboxymethylated dextran
surface (CM5) activated by carbodiimide and N-hydroxylsuccinimide prior to coupling
with streptavidin. Sharp changes in the resonance units (RU) reflect bulk refractive
index changes as a result of differences in the buffer. Ethanolamine is used to block all
unreacted activated carboxyl groups. The difference between the final RU value and
the initial value presents an accurate measure of the amount of streptavidin covalently
coupled to the surface.

trations should be investigated. A flow rate in excess of 10 µL/min is advised
and a sufficient contact time during the association phase to saturate the immo-
bilized DNA (as seen by a steady-state plateau for the RU values) at protein
concentrations in excess of the anticipated Kd for the interaction. The dissocia-
tion phase should also be allowed to continue for at least sufficient time to
allow over a third of the complex to dissociate.

1.5. Binding Curve Analysis

1.5.1. Stoichiometry and Equilibrium Analysis

For an immobilized DNA fragment (D), the interaction with a mobile pro-
tein (P) can be written as

ka

D + P ↔ DP (Scheme 1)
kd

A classical Langmuir adsorption isotherm requires that the fraction of avail-
able sites on the DNA occupied by the protein (θD) be given by
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Fig. 3. Immobilization of a biotinylated DNA fragment to a streptavidin surface. In
this example, a 200-bp fragment of DNA (10 µg/mL) containing a single biotin label
at one 5' end was flowed at 20 µL/min in HBS buffer over the streptavidin surface. The
initial bulk refractive index change was followed by a gradual increase reflecting DNA
binding to the streptavidin. At the end of the DNA injection phase, the bulk refractive
index change was recovered and the difference in absolute RU values compared to the
initial value reflects the number of molecules of DNA now bound to the surface.

θD = 
DP

(6)
Dt

Furthermore, in such a simple case, the equilibrium association constant Ka is
given by the expression

θD =
KaP

(7)
1 + KaP

Thus, in an SPR experiment, the steady-state level of bound protein at a
given concentration of total protein should be calculated from the asymptote of
the sensorgram and the RU values converted into moles of bound protein.
Assuming that in the continuous-flow system typical of Biacore SPR machines,
[P]T = [P], a plot of θD against [P]T should allow a direct fit by Eq. 7 to give an
estimation of Ka, from which we obtain Kd = 1/Ka.

1.5.2. Kinetic Analysis

The protein that is injected across the surface should after an infinite time
arrive at an association equilibrium giving a signal Req, and the resonance sig-
nal R at time t during this process following injection at t = 0 when R = R0,
should, in simple instances, obey the expression
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Rt = R0 – (Req – R0) (1 – e–kobst) (8)

Similarly, for the dissociation of the bound protein,

Rt = R0 + (Req – R0) (e–kofft) (9)

assuming that the bound molecule completely dissociates from the immobi-
lized ligand. Consequently, the observed reaction rate kobs for the interaction is
given by

kobs + kon[P] + koff (10)

There is thus a linear relationship between the value for kobs and the total
concentration of protein [P]. The value for kobs can be obtained from a direct fit
of the association phase using Eq. 8, or by linear regression of a semi-log plot.
It thus follows that linear regression analysis of the dependence of kobs on [P]
allows the calculation of kon and koff using Eq. 7. If we assume that the reaction
is in fact activation controlled (were it otherwise, then the association rate

Fig. 4. Protein binding to immobilized DNA. In this example, purified RNA poly-
merase (120 nM) from Eschericia coli was injected at 20 µL/min across an immobi-
lized 203-bp DNA fragment containing a promoter sequence (continuous line [a]).
The dotted line (b) shows the same protein flowing across a streptavidin surface with-
out immobilized DNA. Note the large bulk refractive index effects resulting princi-
pally from the presence of glycerol in the protein solution and nonspecific binding.
This is a complex phenomenon composed not only of electrostatic interactions with
the dextran but also necessary transient interactions with nonpromoter DNA. The dis-
sociation phase is characterized by a steady decrease in signal lending itself to the type
of analysis described in the text. The association phase is more complicated. In this
instance an example of how the association phase may be dealt with is given in ref. 7.
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would be of the order of 109/M/s, which is well beyond the range of current
SPR devices), then

koff = konKd (11)

Thus, the equilibrium dissociation constant (Kd) can be obtained from the ratio
of the off and on rates.

There are many pitfalls to using SPR, which are covered in several fairly
recent reviews (2,3). In the case of the Biacore instrumentation, the new data
evaluation software deals with certain situations. What it cannot do is to deter-
mine the best strategy for setting up an experiment. In summary, certain
important points must be taken into account even in the simple analysis given
above. Several of these are covered in Notes 2–6.

2. Materials
1. An SPR device. In this chapter, a Biacore instrument is referred to either as the

classic Biacore or the Biacore 2000. It is recommended (but not essential) that
the machine be modified such that the two racks into which samples are placed in
the machine are separately thermostated. Rack 1 should be thermostated to 4°C;
rack 2 should be thermostated to the temperature at which the interaction is to be
measured. The protocols illustrated here require rack D in the first position and
rack A in the second position.

2. Streptavidin from Pierce resuspended in 0.22 µm filtered distilled water to a final
concentration of 5 mg/mL. This preparation may be stored at 4°C for up to 3 mo.

3. HBS buffer: 10 mM HEPES, pH 7.4, 150 mM NaCl, 3.4 mM EDTA, and 0.005%
Biacore surfactant.

4. N-Ethyl-N'-(diethylaminopropyl) carbodiimide (EDC) and N-hydroxyl
succinimide (NHS) purchased from Biacore as lyophilized powders are
resuspended in 0.22 µm filtered distilled water to a final concentration of
100 mM each.

5. 1 M ethanolamine hydrochloride (pH 8.5), purchased from Biacore, stored
at 4°C.

6. HBS buffer: 10 mM HEPES, pH 7.4, 150 mM NaCl, 3.4 mM EDTA, and 0.005%
surfactant P20.

7. Sensor chip surface CM5 research grade installed in the Biacore apparatus and
preprimed with HBS buffer.

8. Reaction vials for the Biacore (small, plastic = 7 mm; medium, glass = 16 mm;
large, glass = 2 mL) purchased from Biacore.

9. End biotinylated DNA suspended in HBS buffer to 10 µg/mL. This DNA can
either be purchased directly or constructed by polymerase chain reaction
(PCR) using templates and an oligomer primer carrying a biotin group (pur-
chased from Genset for example) as one of the primers. It is advisable to gel
purify or high-performance liquid chromatography (HPLC) purify the DNA prior
to immobilization.
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3. Methods
3.1. Immobilization of the Ligand on the Surface

3.1.1. Coupling of Streptavidin
1. Prime the apparatus with HBS buffer.
2. The thawed EDC solution, in an Eppendorf tube with the top removed, is placed

in rack 1 position a1 (r1a1).
3. The thawed NHS solution in an Eppendorf tube with the top removed, is placed in r1a2.
4. Streptavidin (5 mg/mL, 50 µL), in an Eppendorf tube with the top removed, is placed

in r1a3; 2 mL of filtered (0.2 µm) distilled water is placed in a large glass vial in r2f7.
5. 1 M, sodium acetate buffer (1 mL, pH 4.5) is placed in a large glass vial in r2f3.
6. 1 M ethanolamine (200 µL) is placed in a large tube in r2f4.
7. Two small clean plastic vials are placed in r2a1 and r2a2.
8. An empty large glass vial is placed in r2f5.
9. The following method is programmed into the Biacore or Biacore 2000, checked

for errors, and run.

DEFINE APROG mixing
FLOW 20
TRANSFER r1a1 r2a1  50 !rack1a1 = EDC
TRANSFER r1a2 r2a1  50 !rack1a2 = NHS
MIX r2a1  50 !rack2a1 = EDC/NHS mix
TRANSFER r2f7 r2a2 200 !rack2f7 = distilled water
TRANSFER r2f7 r2a2 290 !rack2f7 = distilled water
TRANSFER r2f3 r2a2  5 !rack2f3 = 1 M acetate pH 4.5
TRANSFER r1a3 r2a2  5 !rack1a3 = streptavidin (5 µg/mL)
MIX r2a2  50

END
DEFINE APROG bind

CAPTION activation
FLOW  20

* INJECT r2a1  50
-0:20 RPOINT EDC/NHS -b

* INJECT r2a2  30
-0:20 RPOINT streptavidin

* INJECT r2f4  35 !Ethanolamine (1 M)
-0:20 RPOINT ethanolamine
15:00 RPOINT bound

END
MAIN
FLOWCELL 1
APROG mixing
FLOWCELL 1
APROG bind

END
(See Note 3.)
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3.1.2. Immobilization of the DNA

1. Place the streptavidin-activated sensor chip surface CM5 research grade in the
Biacore apparatus and preprime with HBS buffer.

2. Select a surface pretreated with streptavidin.
3. Flow HBS buffer at 20 µL/min across the surface.
4. Inject the DNA solution across the surface, set the baseline to the point of injec-

tion, and monitor the change in RU during the injection phase. Ideally, between
20 and 100 RU of DNA should be immobilized (Fig. 3).

5. Wash the surface with a 50-µL injection of 1 M NaCl in filtered (0.2 µm) distilled
water.

6. Allow the surface to equilibrate in HBS buffer to a stable baseline, the difference
in RU between the beginning of the injection phase and the end of the wash
period reflects the amount of DNA bound. For stoichiometry, and availability of
sites, see Note 6.

7. Note that values in excess of 100 RU for DNA molecules of appro 100–1000 bp
are to be avoided for a number of reasons (see Notes 2–6).

3.2. Protein Binding to the Immobilized DNA

1. The protein should be prepared in the required buffer over a range of concentra-
tions, at least two orders of magnitude on either side of the suspected Kd. The
detergent P20 should be present at concentrations of around 0.005% unless it has
been shown to have a deleterious effect on the interaction with the DNA.

2. Samples should be injected over the both the immobilized DNA surface and a
surface that has been treated with streptavidin and ethanolamine but no DNA as a
blank (Fig. 4).

3. The baseline should be stable with a slope inferior to 10 RU/min. If this is not the
case, then check the temperature of both the apparatus and the continuous-flow
buffer. If the problem persists, replace the sensor surface with an old used chip
and carry out a desorb and sanitize. Re-equilibrate the immobilized DNA chip in
new filtered (0.22-µm filters) buffer by running the prime command. If the prob-
lem persists, a potential reason may be degradation of the integrated fluid car-
tridge necessitating its replacement (see Note 8).

4. A typical sensorgram is shown in Fig. 4. Note that at low protein concentrations
it is very difficult to obtain steady-state saturation levels. Note also that there is a
nonspecific interaction with the control surface (curve b) and also a contribution
from the bulk refractive index effect and that both of these must be taken into
consideration when deducing kinetic or equilibrium values.

4. Notes
1. The relationship between mass and refractive index changes as measured by

changes in the angle at which resonance occurs in this system, although theoreti-
cally available through the additive properties of molar refractivity, has been
empirically established such that 10–1° is equivalent to 1000 resonance units (RU)
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and relates to a change in mass of 1 ng of a globular protein at the surface. Using
these values, a similar relationship has been demonstrated where 0.78 ng of a
nucleic acid gives the same response (1000 RU) (4,5).

2. Mass transport: In instances where the association rate is particularly elevated
and the diffusion rate of the nonimmobilized molecules is not especially fast,
then the interaction of the free molecules with the immobilized ligand may deplete
a layer of solvent immediately surrounding the immobilized ligand such that the
rate-limiting step for association now becomes the rate of repletion of this layer
from the bulk solvent. Two practical solutions to this problem are first to use a
low immobilization density and, second, to use relatively elevated flow rates
(>20 µL/min).

3. Estimation of the amplitude of the signal allowing calculation of the final
equilibrium or steady-state level is often hampered by bulk refractive index
changes that mask the initial and final phases of the injection period. Blank runs
over free surfaces may be used to correct for this provided that the free surface
reflects as close as possible the ligand surface. For example, if streptavidin is
being used to immobilize the DNA, then a surface containing a comparable quan-
tity of streptavidin to the sample surface should be used as a blank (Fig. 4). Inci-
dentally, this is again an argument in favor of low levels of DNA immobilization
so that the control surface is very similar in refractive properties to the surface
under study. Alternatively, and indeed if possible, preferably samples being
injected across the surface should be desalted into the injection buffer so as to
minimize bulk refractive index effects. An ideal method is to use fast desalting
columns on HPLC/FPLC systems such as the SMART (Amersham Pharmacia
Biotech) which produce little dilution, are rapid and allow automatic quantifica-
tion of the protein.

4. The asymptote of the binding curve should provide the stoichiometry of the reac-
tion assuming that all the DNA molecules are available for binding. If this is
uncertain, one way of ensuring that a double-stranded target DNA is accessible
would be to hybridize the protein binding site in situ on the surface by immobi-
lizing a single strand and then hybridizing a second homologous strand to consti-
tute the double stranded site. The mass increase in the second hybridization step
would give the number of accessible DNA molecules because it results from a
successful hybridization at the surface. It goes without saying however that this
requires great care in eliminating nonspecific adsorption of DNA onto the surface.

5. Steric hindrance: Let us imagine for the sake of argument that we have immobi-
lized 1000 RU of a 100-bp double-stranded DNA molecule via biotin/streptavidin
to a surface. This constitutes 1.2 × 10–14 mole of DNA or 2 × 108 molecules. Let
us further assume that these molecules are evenly and randomly distributed across
the 1-mm2 surface so a simple calculation shows that each molecule is separated
from its neighbor by 70 nm. The DNA molecules are around 30 nm long, so if the
dextran is itself flexible, then these DNA molecules are going to be in contact.
This may produce problems such as occlusion of sites, creation of new potential
binding sites, or unusual DNA structures possessing aberrant binding modes for
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target proteins. Even if a relatively large molecule such as a prokaryotic RNA
polymerase (500 kDa, approximate diameter-10 nm) were to bind to a single site
on the DNA, then there would be every possibility that adjacent bound molecules
are going to interact with complicated consequences upon binding kinetics.

6. The amplitude of each signal should be estimated manually from the steady-state
signal at the end of the injection period or, if this is difficult because of a slow
overall relaxation time or because of a perturbing bulk refractive index effect,
from the projected Req value calculated from direct fits. Note that the projected
Req values should be identical for fits of both the association and dissociation
phases. It is essential that in the equilibrium analysis of these curves, the stoichi-
ometry reflects the biology of the situation. An immobilized DNA ligand con-
taining a single site for a protein should bind only one protein per site at
saturation. If this is not the case, then no single- or double-binding site analysis is
going to provide meaningful affinity values. It will be clear from careful inspec-
tion of the dissociation phase, for example, that several interactions are involved
and a simple analysis cannot be made.

7. This procedure will activate surface 1. Other surfaces can be activated simply by
changing the designated flow cell.

8. The Biacore machines are robust but susceptible to poorly prepared solutions.
All solutions entering the fluid system must be filtered through 0.2-µm mem-
branes and preferentially be sterile. The machine should be cleaned periodically
with the desorb and sanitize protocols, and when not in use, it is recommended to
maintain a continuous flow of distilled water containing 0.005% P20 at 20°C.

9. As pointed out in ref. 6, there are at least three consistency tests that should be
applied to a given analysis: First, the equilibrium or steady-state analysis
provides a dissociation constant Kd from the Langmuir isotherm derived from
Eq. 6:

Req [P] = R0 + (Rsat – R0)
[P]

(12)
Kd + [P]

where Rsat corresponds to the asymptote of binding curves of the type shown in
Fig. 4. The value obtained for Kd here should be equal to that obtained from the
thermodynamic relationship described in Eq. 11. In cases where this is not the
case neither treatment may reflect the correct situation. Second, the use of Eq. 10
in a linear least squares analysis provides a value for koff. This value should agree
with that obtained from direct analysis of the dissociation phase of all sensor-
grams at all concentrations of P (Eq. 9). Third, it should be obvious from Eq. 10
that the value for koff should be inferior to that of kobs over all values of [P] because
koff must always be in excess of zero. Any values that do not comply to these
simple tests are thus derived from an erroneous treatment of the interaction.

10. Recapture: At high levels of immobilization, when a captured ligand dissociates
from the immobilized surface, it may subsequently be recruited to an adjacent
molecule. The effect of this will be to decrease the numerical values ascribed to
derived dissociation constants. Thus, in practice, the density of immobilization
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must be adjusted so that the dissociation rate is independent of immobilized
ligand density. If this proves difficult, then one can, with considerable error,
extrapolate to infinite dilution. Finally, a free ligand may be included during the
dissociation phase in order to calculate an affinity for the competitor and thus
allow an estimation of a true dissociation constant.
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Reconstitution of Protein–DNA Complexes
for Crystallization

Rachel M. Conlin and Raymond S. Brown

1. Introduction
An increasing number of structural studies are aimed at identifying the prin-

ciples that govern protein-DNA recognition in gene regulation (1). This work
depends on the successful reconstitution of protein–DNA complexes from their
purified components. X-ray crystallography and two-dimensional nuclear mag-
netic resonance (NMR) techniques require large amounts of pure protein and
DNA. These can be supplied through expression in bacteria of the cDNA cod-
ing for intact proteins or their smaller DNA-binding domains and the auto-
mated chemical synthesis of DNA in the laboratory.

Expression of the protein of interest is usually achieved at high levels in bacte-
ria. An increasingly popular system is the combination of Escherichia coli strain
BL21(DE3) transformed with a pRSET expression vector containing a strong
phage promoter adjacent to the cloning site (2). This particular bacterial strain
has an integrated T7 RNA polymerase gene that can be induced with IPTG (3).

Target DNA sequences are easily identified by DNase I footprinting of a
radioactively labeled DNA restriction fragment to which the protein is bound
(4). Little technical difficulty is experienced in the chemical synthesis of these
DNA sequences, up to about 40 base pairs in length, in amounts necessary to
perform structural studies.

Considerable progress has been made in solving three-dimensional struc-
tures of protein–DNA complexes (1), largely because proteins and their iso-
lated DNA-binding domains are able to recognize and form stable complexes
with quite short duplexes containing the binding sequence. Indeed, protein–
DNA complexes have been crystallized that contain duplexes that are as short
as 8 base pairs in length (5).
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In this chapter, we describe the preparation of a protein–DNA complex com-
posed of a six-zinc-finger fragment (22 kDa) of Xenopus laevis transcription
factor TFIIIA and a synthetic DNA duplex. The experimental strategy, recon-
stitution conditions, and technical problems to be discussed are probably quite
similar to those encountered with most other protein–DNA complexes. In this
example, the solution properties of the protein are known and the limits of the
target DNA sequence are precisely defined. It has generally been assumed that
association of the components takes place spontaneously to produce protein–
DNA complexes of the desired molar composition. We have chosen to perform
biochemical analysis in order to optimize authentic binding and ensure the
efficient scaling up of reconstitution conditions.

2. Materials
1. Expression plasmid pRSET B (Invitrogen, Carlsbad, CA).
2. Buffer A: 500 mM NaCl, 2 mM benzamidine–HCl, 1 mM dithiothreitol (DTT),

1 mM NaN3, 50% (v/v) glycerol, and 50 mM Tris-HCl, pH 7.5.
3. Standard protein solution: 1 mg/mL bovine serum albumin (BSA).
4. Protein assay concentrate (Bio-Rad, Richmond, CA). Dilute 1:5 with water and

filter through Whatman 2v paper.
5. 0.01% (w/v) Coomassie brilliant blue R250 in 20% (v/v) ethanol and 10% (v/v)

acetic acid.
6. 1 M Tris-HCl, pH 8.0.
7. DEAE–Sephacel (Pharmacia, Piscataway, NJ).
8. 2 M sodium acetate.
9. Repelcote solution (Hopkin and Williams, Chadwell Heath, Essex, UK).

10. Millex HA and Millex HV4 (0.45 µm) filter units (Millipore, Bedford, MA).
11. Buffer B: 100 mM NaCl and 10 mM Tris-HCl, pH 8.0.
12. Amberlite MB-150 resin (Sigma, St. Louis, MO).
13. 150-mL (0.2-µm) NYL/50 filter unit (Sybron Corp., Rochester, NY).
14. Thermal cycler for polymerase chain reaction (PCR).
15. 5X binding buffer: 250 mM NaCl, 5 µM MgCl2, 5 mM DTT, 50 µM zinc acetate,

50% (v/v) glycerol and 100 mM Tris-HCl, pH 7.5.
16. 1 M HEPES–NaOH, pH 7.5.
17. 5 M NaCl.
18. Buffer C: 100 mM NaCl, 1 mM DTT, 1 mM NaN3, and 20 mM Tris-HCl, pH 7.5.
19. Collodion bags and 300-mL glass vacuum dialysis flask (Sartorius AG,

Göttingen, Germany).
20. Magnetic micro flea 5-mm × 2-mm spinbar (Bel-Art products, Pequannock, NJ).
21. Microcon-10 microconcentrators (Amicon, Beverly, MA).
22. Natrix nucleic acid sparse matrix kit (Hampton Research, Lagnua Niguel, CA).
23. Linbro tissue culture multiwell plate with cover. Twenty-four flat-bottomed wells

(1.7 cm × 1.6 cm) (Flow Laboratories, McLean, VA).
24. AquaSil water-soluble siliconizing fluid (Pierce, Rockford, IL).
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25. DiSPo plastic cover slips M6100 (American Scientific Products, McGaw Park, IL).
26. High-vacuum grease (Dow Corning, Midland, MI).
27. A 10cc plastic B-D syringe (Becton-Dickinson, Rutherford, NJ).

3. Methods
3.1. Purification of a Recombinant DNA-Binding Protein

Standard laboratory techniques for protein purification (6) will not be
described in detail in this chapter. Advantage is usually taken of the rather
basic nature of DNA-binding proteins to isolate them from the bacterial cell
extract. Few of the bacterial proteins bind so strongly to chromatography
matrices, such as CM–Sepharose, Bio-Rex 70, S-Sepharose, phosphocellulose,
and hydroxyapatite–Ultrogel. The protein of interest can usually be eluted with
a NaCl gradient. Affinity chromatography with heparin–Sepharose, an immo-
bilized dye–Sepharose, DNA–agarose or phenyl–Sepharose often provides an
adequate final purification step.

3.1.1. Preparation of Protein

The cDNA for the 22-kDa fragment of TFIIIA (amino acids 1–190) was
cloned into the vector pRSET B and expressed in strain BL21 (DE3) (see Note 1).
After sonication, the cell pellet is stirred in 0.5 M NaCl and 7 M urea for 48 h at
4°C. Purification of the protein (Fig. 1) is carried out in 7 M urea on columns
of Bio-Rex 70 and heparin–Sepharose (see Notes 2–4). Workup of the protein
for use in DNA binding is described in detail as follows:

1. Pool those fractions that contain protein after heparin–Sepharose column
chromatography.

2. Concentrate the protein to 5 mg/mL by vacuum dialysis at 4°C in a collodion bag
(see Note 5).

3. Dialyze against ice-cold buffer A.
4. Store the protein at –20°C in a 1.5-mL Eppendorf tube.

3.1.2. Measurement of Protein Concentration

1. Construct a calibration curve of protein concentration versus absorbance from
samples (in triplicate) containing 15, 25, 35, and 45 µL of the standard protein
solution and water added to 100 µL in glass tubes (see Note 6).

2. Add 5 mL of protein assay reagent and read the absorbance at 595 nm with a
spectrophotometer after the blue color has developed for 10 min.

3. Calculate the relative concentration from comparison of the values for the pro-
tein sample with the calibration curve (see Notes 7 and 8).

4. Examine the purity of the protein sample by standard sodium dodecyl sulfate
(SDS)/polyacrylamide gel electrophoresis. A 5% stacking/13.5% resolving slab
gel (30:0.8 acrylamide:bis) is suitable for this purpose (see Note 9). At least 0.1 µg
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of protein is detected in a band with Coomassie blue stain. If necessary, adjust
the protein concentration by an estimate of its gel purity.

3.2. Preparation of Synthetic Oligomers

Typically a 1-µmol scale synthesis with a commercially available machine
provides 1–2 mg of a purified 31-mer. The standard laboratory methods for
isolation of the 5'-dimethoxytrityl full-length oligomer and subsequent chemi-
cal removal of base protecting groups will not be described here (see Note 10).
Oligomers pure enough for this work can be obtained with a fast protein liquid
chromatography system (FPLC) and suitable columns (7).

3.2.1. Recovery and Concentration of Oligomers

1. Adjust the pH to 8.0 and apply the pooled Mono Q column fractions containing
the oligomer onto a 0.5-mL DEAE-Sephacel column equilibrated with 50 mM
Tris-HCl (pH 8.0) at room temperature.

Fig. 1. (A) 13.5% SDS-PAGE gel showing the expression of TFIIIA (residues
1–190) in E. coli BL21(DE3). Dalton markers are in lane 1. Whole-cell extracts are
run in lanes 2 and 3 before and after induction with 1 mM IPTG. The TFIIIA protein
after purification is shown in lane 4. (B) 6.5% PAGE mobility shift gel for analysis of
protein-DNA binding. One microgram of the synthetic 31-mer DNA duplex was mixed
with 0.5 µg (lane 1) or 1 µg (lane 2) of the 22.1-kDa TFIIIA fragment. Bands that
contain DNA are visualized by ethidium bromide stain and UV illumination.
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2. Elute the bound oligomer with 5X 1 mL of 2 M sodium acetate into a silanized
30-mL Corex tube.

3. Add 20 mL of 95% ethanol and precipitate the oligomer overnight at –20°C.
4. Centrifuge (45 min at 7500g, 4°C) to recover the oligomer.
5. Wash the pellet with 25 mL of 75% ethanol to remove excess sodium acetate and

centrifuge as in step 4. Pour off the supernatant and dry pellet under vacuum.
6. Redissolve the oligomer in 1 mL of water (see Note 11) and then filter through a

Millex HV4 unit (0.45 µm).
7. Measure the absorbance at 260 nm with a spectrophotometer (dilute the oligomer

as necessary with 100 mM NaCl). The concentration is calculated with a conver-
sion factor of 25 A260 units = 1 mg. Store the oligomer at 1 mg/mL at –20°C.

3.2.2. Annealing the Duplex

1. Mix equal amounts of complementary DNA strands in 100 µL of buffer B at
1 mg/mL in 0.25-mL PCR tubes.

2. Heat at 95°C for 5 min and then slowly cool to 4°C (see Note 12).
3. Examine duplex formation by electrophoresis at 50 V in a nondenaturing 6.5%

polyacrylamide slab gel at room temperature. One-tenth microgram of DNA in a
gel band is easily visible after staining in ethidium bromide (1 mg/L) and illumi-
nation with ultraviolet (UV) light.

3.3. Testing the Reconstitution Conditions

The duplex is titrated with increasing amounts of protein in order to mea-
sure DNA-binding activity (Fig. 1). The resulting complexes are monitored by
mobility shift on a nondenaturing 6.5% polyacrylamide gel (see Notes 13–15).
This method is used to systematically optimize 1:1 molar complex formation
with respect to incubation time, temperature, concentration of monovalent and
divalent ions, pH, and the presence of glycerol and nonionic detergents like
Nonidet P-40.

1. Mix 1 µg of DNA, 2 µL of 5X binding buffer, and 5 M NaCl (to make 0.5 M NaCl
after step 2) in a 1.5-mL Eppendorf tube.

2. Add 0.5, 1, 1.5, and 2X molar excess of protein and stir in gently with the
Pipetman tip (see Note 16).

3. Dilute with 10 µL of 1X binding buffer and incubate at room temperature for 15 min.
4. Apply the 20-µL samples, without tracking dyes, to a nondenaturing 6.5% poly-

acrylamide gel (see Note 17).
5. Load dyes (bromophenol blue and xylene cyanol FF) in adjacent tracks to indicate

progress of the electrophoresis. The protein–DNA complex migrates between the dyes.
6. Stain the gel first with ethidium bromide (1 mg/L) for DNA and then with 0.01%

Coomassie blue for protein.

3.3.1. Scaling-Up Reconstitution of the Complex

In low-salt conditions, the protein shows a strong tendency to aggregate.
This is detected as material trapped at the top of the nondenaturing polyacryla-
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mide gel. An excess of protein results in formation of some protein–DNA
complexes with higher molar stoichiometries. We have discovered that these
unwanted effects can be substantially eliminated by dilution of NaCl in the
scaled-up reconstitution mix in steps; from 0.75 M to 0.225 M NaCl (see Note 18).

1. Mix together 500 µg of DNA, 200 µL of 5X binding buffer, and 5 M NaCl water
in a 50-mL polypropylene Falcon tube (the final reconstitution mix, including
the protein, is 0.75 M NaCl).

2. Add 625 µg of protein and mix together by gentle swirling.
3. Dilute with 1 mL of 1X binding buffer and incubate for 5 min at room temperature.
4. Add 1 mL of 1X binding buffer and incubate for 5 min.
5. Add 1 mL of 1X binding buffer and incubate for 5 min.
6. Concentrate the complex to 10 mg/mL by centrifugation 4°C with Microcon-10

microconcentrator units (Amicon).

3.3.2. Crystallization Trials

Crystallization conditions are often screened according to an incomplete
factorial design (8). Supplies and kits are available from Hampton Research.
Some typical crystallization results, mainly employing the hanging drop/vapor
diffusion method, are shown in Table 1. Conditions are screened at 4°C and at
room temperature with small droplets (1–2 µL) of the protein–DNA complex
in which the concentrations of salts, buffers, and precipitants are systemati-
cally varied by small amounts. Crystallization often occurs at or close to the
point of precipitation of the protein–DNA complex.

1. Pass all solutions of salts, buffers and precipitants through 0.45 µ filters (Millex
HA units) before use.

2. Blow dust from plastic pipet tips and then place 1-µL aliquots of the protein–
DNA complex onto silanized plastic cover slips (see Note 19).

3. Mix with 1 µL of appropriate salts, buffer and precipitant or the well solution
(see Note 20).

4. Apply vacuum grease to the upper rim of the wells of the tissue culture plate (see
Note 21).

5. Into each well put 1 mL of suitable precipitant.
6. Carefully invert a cover slip without disturbing the droplet and place onto the

greased rim so as to seal each well.
7. Store the tissue culture plates in closed polystyrene boxes to avoid excessive

vibration and changes in temperature.
8. After a week inspect the droplets for signs of crystallization with a stereo micro-

scope at ×50 magnification.

4. Notes
1. Bacteria grown in LB broth are induced by addition of 1 mM IPTG and 100 µM

zinc acetate for 2 h at 37°C.
2. Losses of protein during column chromatography may be decreased by addition

of 10% (v/v) glycerol.
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Table 1
Crystallization Conditions for Protein–DNA Complexes

Protein–DNA Complex Method Well solution

Sso7d: 8-mer, DNA and protein in 2 mM Tris-HCl, pH 6.5, 15% PEG 400
Gao et al. (5) and 2.6% PEG 400 at room temperature

NF-κB p50/p65: 12-mer, Final conditions are 50 mM sodium
Chen et al. (9) acetate (pH 5.5) 100 mM CaCl2, 0.125%

β-octyl-glucoside, 1 mM spermine,
10 mM DTT, and 8% PEG 3350 at 18°C

Antp homeodomain: Mix protein and DNA in 5 mM bis-tris– 1–5% MPD
15-mer, propane (pH 7.0) with 1 vol of well 20 mM bis-tris–
Fraenkel and Pabo (10) solution at room temperature propane (pH 7.0),

 and10 mM NiCl2
Stat3beta: 18-mer DNA and protein in 20 mM HEPES 10% v/v glycerol,

glycerol, (pH 7.0) 200 mM NaCl, 10 mM MgCl2, 0.1–0.4 M NaCl.
Becker et al. (11) 5 mM DTT, and 0.5 mM PMSF. Mix 5 mM MgSO4,

with 1 volume of well solution at 50 mM MES,
room temperature pH 5.6–6.0, 0.1 M

ammonium aceta te
NFAT/AP–1: 20-mer, Final conditions are 10 mM HEPES 300 mM ammonium

Chen et al. (12) (pH 7.5), 1 mM DTT, 100 mM NaCl, 20% acetate
 (v/v) glycerol, 500 mM ammonium acetate

GABPalpha/beta: 21-mer, Mix protein and DNA in 1 mM 100 mM bis-tris–
Batchelor et al. (13) EDTA, 1 mM DTT, 20 mM propane, pH9.0,

Tris-HCl, pH 8.0, and 0.001% NaN3 5 mM cobaltic
with 1 vol of the well solution at 20°C hexammine

chloride, and 9%
PEG 1000

Topo I: 22-mer Mix 1µL of DNA in 6 mM NaCl with 2 µL 100 mM MgCl2, 10 mM
Redinbo et al. (14) of protein in 10 mM Tris-HCl (pH 7.5), DTT, 100 mM

1 mM EDTA, 5 mM DTT, and 3 µL H2O. Tris-HCl (pH 7.7),
Add to 3 µL of well solution at 22°C and 24% PEG 400

T7 DNA polymerase: Microseeding 100 mM ACES,
21-mer + 26-mer pH 7.5, 30 mM
Doublie et al. (15) MgCl2, 120 mM

ammonium sulfate,
5 mM DTT, and
12% PEG 8000

TFIIIA (residues 1–190): Final conditions are 165 mM NaCl,
31-mer, 35 mM sodium acetate, 3.2 mM DTT,
Nolte et al. (16) 9.2% (v/v) glycerol, 1.8 mM NaN3, 1.8 mM

cadaverine–2HCl, 5.5 mM Tris-HCl
(pH 8.0), and 22.5% PEG 4000 at 18°C

DtxR repressor: 33-mer, Mix 2µL of protein and DNA in 1 mM 6–12% PEG 4000,
10  mM

White et al. (17) NiCl2, and 100 mM Tris-HCl, pH 7.5 with MgCl2, and 100 mM
1 µL well solution at room temperature MES (pH  6.0)

Abbreviations: ACES: 2-[(2-Amino–2-oxoethly)amino]ethanesulfonic acid; DTT: dithiothreitol;
EDTA: disodium ethylenediaminetetraacetic acid; HEPES: (N-[2-hydroxyethyl]piperazine-N'-
[2-ethanesulfonic acid]); MES: 2-[N-morpholino]ethane-sulfonic acid; MPD: 2-methyl-2,
4-pentanediol; PEG: polyethylene glycol; PMSF: phenylmethylsulfonyl flluoride.
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3. Customized gradients can be supplied to standard laboratory chromatography col-
umns using a programmed FPLC control unit and pumps. Flow rates of 1–50 mL/h
are possible without significant back pressure.

4. The protein binds to heparin–Sepharose in 0.25 M NaCl and 7 M urea. A reverse
gradient is applied to remove urea. The protein is eluted in a 0.25 M NaCl to 2 M
NaCl gradient and 10 µM zinc acetate.

5. The collodion bag is pre-equilibrated in buffer and contains a small magnetic
stirrer (5 mm × 2 mm) to aid dialysis and recovery of the protein.

6. This assay can be used to measure protein concentrations between 50 µg/mL and
50 mg/mL according to the manufacturer’s directions.

7. Data may be conveniently analyzed by linear regression using commercial soft-
ware like KaleidaGraph.

8. The protein concentration obtained by the Bradford colorimetric assay is rela-
tive. An absolute value requires multiplication by a conversion factor. This fac-
tor can be derived from simultaneous amino acid analysis or microKjeldahl
nitrogen determination (18). In the case of the TFIIIA 22-kDa fragment, the
deduced concentration of BSA is multiplied by 0.39.

9. TFIIIA and its fragments have anomalous electrophoretic mobilities. Reduction
and carboxymethylation with 50 mM iodoacetamide restores the predicted gel
mobility to the intact protein. Fragments containing zinc fingers generally run
slower than expected after this treatment.

10. Chemical detritylation can be efficiently performed by passing 0.5% trifluoro-
acetic acid for 3 min at room temperature through a reverse-phase ProRPC
HR column (Pharmacia). Following deprotection of the bases (30% [w/v]
NH4OH, 16 h at 65°C), the oligomer is purified with a Mono Q HR column
(Pharmacia) and eluted in a NaCl gradient with 7 M urea according to the
manufacturer’s instructions.

11. After the addition of water, the Corex tube is sealed with parafilm to avoid spillage.
The water is rolled around the walls of the silanized tube as well as on the pellet.

12. This is conveniently done in a thermal cycler PCR machine at a linear cooling
rate of 1°C/3 min.

13. A stock acrylamide solution (30:0.8 acrylamide:bis) is deionized with Amberlite
MB–150 resin (10 g/100 mL) for 1 h, filtered through a NYL/50 filter unit (0.2 µm),
and stored at 4°C. This treatment minimizes the sequestering of the protein from
protein–DNA complexes during gel electrophoresis.

14. Glass plates, combs, spacers and the gel apparatus must be cleaned and washed
completely free of detergent to avoid disruption of the protein–DNA complex.

15. The polyacrylamide gel is 1.5 mm thick and contains 50 mM NaCl, 40 mM
HEPES–NaOH (pH 7.5), and 5% (v/v) glycerol. The running buffer consists of
50 mM NaCl, 20 mM HEPES–NaOH (pH 7.5).

16. A duplex with an unrelated sequence of the same length may be used to monitor
the level of nonspecific protein binding. The affinity of the protein for each of the
single strands of the duplex can also be tested.

17. Samples can be applied smoothly to the gel by slowly winding the Pipetman
volume control back to zero.
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18. At high salt concentration, above 0.65 M NaCl, the protein–DNA complex is
dissociated and both components are soluble. The salt concentration is lowered
stepwise to 0.225 M NaCl to reconstitute the complex (19). At the same time, the
protein is diluted and becomes less likely to aggregate or bind nonspecifically to
the duplex.

19. Wash dust off the cover slips with deionized water and dry in a suitable rack at
50°C in an oven. Immerse cover slips for 15 min in dilute AquaSil (1:40) and
leave to dry overnight. Wash in deionized water and dry at 50°C. Keep in a closed
container to avoid contact with dust.

20. It is customary to equilibrate against a well solution that contains double the
concentration of the droplet components. One volume of the well solution con-
taining appropriate salts, buffers, and precipitant is added to the droplet of the
protein–DNA complex.

21. The grease can be applied accurately to the rim with a 10cc plastic syringe filled
with high-vacuum grease.

References
1. Steitz, T. A. (1990) Structural studies of protein-nucleic acid interaction: the

sources of sequence-specific binding. Quart. Rev. Biophys. 23, 205–280.
2. Dubendorff, J. W., and Studier, F. W. (1991) Controlling basal expression in an

inducible T7 expression system by blocking the target T7 promoter with lac
repressor. J. Mol. Biol. 219, 45–59.

3. Studier, F. W., Rosenberg, A. G., Dunn, J. J., and Dubendorff, J. W. (1990) Use
of T7 RNA polymerase to direct the expression of cloned genes. Methods
Enzymol. 85, 60–89.

4. Engelke, D. R., Ng, S.-Y., Shastry, B. S., and Roeder, R. G. (1980) Specific inter-
action of a purified transcription factor with an internal control regionof 5S RNA
genes. Cell 19, 717–728.

5. Gao, Y. G., Su, S. Y., Robinson, H., Padmanabhan, S., Lim, L., MacCrary, B. S.,
et al. (1998) The crystal structure of the hyperthermophile chromosomal protein
Sso7d bound to DNA. Nature Struct. Biol. 5, 782–786.

6. Deutscher, M. P. (ed.) (1990) Guide to Protein Purification, Methods in Enzy-
mology, Academic, New York, p. 182.

7. Oliver, R. W. A. (ed.) (1989) HPLC of macromolecules: a practical approach.
IRL, Oxford.

8. Carter, C. W.,Jr. (1992) Crystallization of Nucleic Acids and Proteins: A Practi-
cal Approach (Ducruix, A. and Giege, R., eds.), IRL, NY, pp. 47–71.

9. Chen, F. E., Huang, D.-B., Chen, Y.-Q., and Ghosh, G. (1998) Crystal structure of
p50/p65 heterodimer. Nature 391, 410–413.

10. Fraenkel, E. and Pabo, C. O. (1998) Comparison of X-ray and NMR structure
for the Antennapedia homodomain–DNA complex. Nature Struct. Biol. 5,
692–696.

11. Becker, S., Groner, B., and Muller, C. W. (1998) Three-dimensional structure of
the Stat3beta homodimer bound to DNA. Nature 394, 145–151.



556 Colin and Brown

12. Chen, L., Glover, J. N. M., Hogan, P. G., Rao, A., and Harrison, S. C. (1998)
Structure of the DNA-binding domains from NFAT, Fos and Jun bound specifi-
cally to DNA. Nature 392, 42–48.

13. Batchelor, A. H., Piper, D. E., de la Brousse, F. C., McKnight, S. L., and
Wolberger, C. (1998) The structure of GABPalpha/beta: an ETS domain-ankyrin
repeat heterodimer bound to DNA. Science 279, 1037–1041.

14. Redinbo, M. R., Stewart, L., Kuhn, P., Champoux, J. J., and Hol, W. G. J. (1998)
Crystal structures of human topoisomerase I in covalent and noncovalent com-
plexes with DNA. Science 279, 1504–1513.

15. Doublie, S., Tabor, S., Long, A. M., Richardson, C. C., and Ellenberger, T. (1998)
Crystal structure of a bacteriophage T7 DNA replication complex at 2. 2Å resolu-
tion. Nature 391, 251–258.

16. Nolte, R. T, Conlin, R. M., Harrison, S. C., and Brown, R. S. (1998) Differing
roles for zinc fingers in DNA recognition: structure of a six-finger transcription
factor IIIA complex. Proc. Natl. Acad. Sci. USA 95, 2938–2943.

17. White, A., Ding, X., vanderSpek, J. C., Murphy, J. R., and Ringe, D. (1998) Struc-
ture of the metal-ion-activated diphtheria toxin repressor/tox operator complex.
Nature 394, 502–506.

18. Jaenicke, L. (1974) A rapid micromethod for the determination of nitrogen and
phosphate in biological material. Anal. Biochem. 61, 623–627.

19. Zwieb, C. and Brown, R. S. (1990) Absence of substantial bending in Xenopus
laevis transcription factor IIIA-DNA complexes. Nucleic Acids Res. 18, 583–587.



2-D Crystallization of Protein Complexes 557

557

From: Methods in Molecular Biology, vol. 148: DNA–Protein Interactions: Principles and Protocols, 2nd ed.
Edited by: T. Moss  © Humana Press Inc., Totowa, NJ

38

Two-Dimensional Crystallization
of Soluble Protein Complexes

Patrick Schultz, Nicolas Bischler, and Luc Lebeau

1. Introduction
Structural data on biological macromolecules provide invaluable insights

into the interactions of proteins with nucleic acids. Data obtained at atomic
resolution by X-ray diffraction or nuclear magnetic resonance (NMR) studies
ultimately describes the exact folding of polypeptide chains and the contacts
between proteins and DNA. However, many complexes are difficult to analyze
at atomic resolution because either they are too large or too difficult to crystal-
lize in three dimensions (3-D). Recent progress in electron microscopy, speci-
men preservation, and image processing provides the possibility to calculate
detailed molecular envelopes that are complementary to X-ray crystallography
with little theoretical limit on specimen size. In the case of membrane proteins
organized into one-molecule-thick two-dimensional (2-D) arrays, atomic mod-
els could be elaborated from electron microscopy data (1,2). It is beyond the
scope of this chapter to describe in detail the electron crystallographic methods
and computer image analysis required to calculate a 3-D model of a crystal-
lized protein complex; these aspects are described elsewhere (3). Here, we will
focus on the formation of 2-D crystals of soluble proteins, an essential
preliminary step in high-resolution structure determination by electron micros-
copy, and provide the necessary information to set up, screen, and evaluate
crystallization experiments.

The remarkable achievements in the field of membrane protein 2-D crystals
prompted the pioneering work of Kornberg and collaborators aimed at
transposing the crystallization mechanisms occurring in a lipid bilayer to
soluble proteins (4). The method consists in targeting the protein of interest to a
lipid surface self-assembled as a monomolecular film at an air–water interface.
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The buffer-exposed hydrophilic part of the lipid molecule may carry charged
groups (5,6) or be chemically modified (7,8) in order to interact with the pro-
tein. Consequently, the protein is concentrated at the lipid plane and adopts
only a few orientations relatively to it. If the lipid molecules are free to diffuse
in the monolayer plane, the system permits the 2-D crystallization of the mac-
romolecule. This achieved, the lipid–protein film is transferred onto a solid
support and processed for electron microscopy observations. As was demon-
strated by the study of streptavidin 2-D crystals (9), which revealed structural
information down to 3 Å in projection, such an approach can yield high-resolu-
tion structural data.

Two categories of lipid derivatives can be used according to the specificity
of the interaction to be established with the protein complex (10). On the one
hand, a charged surface can be created by using lipids with positive or negative
charges that will interact with the surface potential of the protein to be crystal-
lized (5). The characteristic behavior of the protein in ion-exchange chroma-
tography may give a hint as to which type of charged lipids should be used.
Typically used lipids are phosphatidyl serine which carries a negative charge,
and stearyl amine or alkyl trimethyl ammonium, both of which are positively
charged. On the other hand the lipid film may be derivatized by a specific
ligand recognized by the protein of interest. The ligand is chemically grafted to
the lipid moiety through a linker whose length modulates the accessibility for
the protein. The grafted molecule can be a natural ligand of the protein such as
dinitrophenol for specific anti-DNP antibodies (4), novobiocin for gyrase B
subunit (8) (Fig. 1), or biotin for streptavidin (11). More recently lipid mol-
ecules have been designed to interact with specific tags (such as polyhistidines)
introduced genetically into the sequence of the protein of interest (12,13). The
polar head group of the lipid molecule carries a nitrilotriacetate moiety, which
chelates nickel ions and interacts with the histidine tag.

Stability and fluidity of the spread lipid layer are mainly provided by the
hydrophobic part of the lipid (Fig. 1). The lipid layer has to be in the fluid
phase at the incubation temperature because crystallization of the lipid chains
was shown to prevent protein organization probably by lowering its 2-D
mobility (11,13). In most cases, a cis double bond in the alkyl chains provides
sufficient fluidity. In addition, the lateral cohesion of the lipid molecules has to
be strong enough to allow the spreading of a stable monolayer and prevent the
solubilization of the lipid as micelles or liposomes. A double alkyl chain con-
taining 18 carbon atoms (dioleyl) generally fulfills these requirements.

When protein–lipid interactions occur, the proteins are rapidly concentrated
close to the lipid layer and are likely to be partly oriented. In the case of a
specific interaction with a functionalized lipid, the macromolecules are teth-
ered to the lipid film by a unique site and the extent of orientation is deter-
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mined by the length and flexibility of the linker region (8) (Fig. 1). Increased
concentration, possible preferential orientation, and in-plane mobility facili-
tate contacts between macromolecules, which results in their increased organi-

Fig. 1. Schematic representation of a lipid molecule used for 2-D crystallization of
the b-subunit of DNA gyrase. The hydrophobic alkyl chain with a cis double bond
confers fluidity and stability to the spread lipid layer. The linker region provides accessi-
bility of the ligand for the protein of interest. The recognition function, here a novobio-
cin molecule, determines the interaction properties between the lipid and the protein.
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zation when an ordered network of interactions is established. However, a dead
end may be reached if the macromolecules interact too strongly or too rapidly
with each other. As a consequence, 2-D aggregates can form, which appear as
close-packed, noncrystalline assemblies.

The method requires limited amounts of protein because a single experi-
ment may only need 300 ng of protein. However, a quantity of 1 mg is more
realistic because any new project implies systematic trials starting without
a priori knowledge of the factors affecting the lipid–protein interactions. When
a specific interaction of the protein with the lipid is involved, the degree of
purity of the biological sample appears to be of less crucial importance than
when charged lipid are used (13,14).

2. Materials
1. A suitable lipid to interact with the protein of interest.
2. Teflon® or Nylon® blocks in which cylindrical wells 4 mm in diameter and 1 mm

deep have been milled such that each well can contain about 15 µL of aqueous
solution (Fig. 2).

3. Standard Cu or Cu/Rh 300 mesh electron microscopy grids.
4. Mica sheets 2.5 × 9 cm in size.
5. A carbon evaporator.
6. A 2% uranyl acetate solution.
7. A control electron microscope.
8. An optical diffraction bench.

3. Methods
3.1. Preparation of Electron Microscopy Supports

The lipid–protein assemblies will have to be transferred onto a standard electron
microscopy grid. The grids need to be coated with a thin hydrophobic carbon film to
support the assemblies and to allow the adsorption of the hydrophobic lipid alkyl chains.

1. The mica sheets are freshly cleaved to create a clean and flat surface.
2. The mica sheets are placed into a carbon evaporator and a 10 to 50-nm thick

carbon film is evaporated under vacuum onto the cleaved face of the sheets.
3. Electron microscopy grids are placed on a supporting filter paper below the sur-

face of a water bath. The size of the filter paper matches that of the mica sheet
and will hold a total of 75–100 grids.

4. The carbon foil is floated at the clean air–water interface by dipping the mica
sheet in the water bath with an angle of about 30°.

5. Finally, the carbon foil is gently lowered onto the grids by removing the water
using a vacuum pump.

It was observed with some systems, such as streptavidin, that the contact of
the lipid layer with the carbon foil interferes with the quality of protein arrays
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(15). “Holey” carbon grids can then be used to transfer the crystals without
interactions with a carbon surface, the lipid–protein layer being spread over
the holes. A protocol to prepare “holey” carbon films is as follows (16):

1. The surface of an optical microscope glass slide is extensively cleaned by boiling
in an aqueous detergent solution and extensive rinsing with demineralized
water (H2Od).

2. The slide is immersed in a 0.1% Triton X405 (Sigma) solution for 30 min, briefly
rinsed with H2Od to remove the excess of detergent and left to dry. This will
result in a clean hydrophobic surface.

3. The slide is placed on a precooled aluminum block to allow minute water drop-
lets to form on the surface by condensation. The size of the droplets depends on
the humidity of the room and on the condensation time.

Fig. 2. Design of a Teflon® block for 2-D crystallization experiments. (A) A Teflon®

cylinder 4 cm in diameter truncated into 1 cm-thick slices and 16 wells, 4 mm in
diameter and 1 mm deep, are milled into the block such that each well can contain
about 15 µL of solution. (B) During the crystallization experiments performed in the
wells (a), the Teflon® block (b) is placed into a humid chamber consisting of a reverted
Petri dish containing some buffer (c).
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4. One mL of a cellulose acetate or cellulose butyrate solution (0.4% [w/v] in ethyl
acetate) is poured with a pipet over the surface, excess solution is removed from
one end of the slide by touching a filter paper and left to dry. Upon drying, the
cellulose forms a thin film around the water droplets, thus forming holes.

5. At this point, an optical microscope can be used to check the size of the holes and
their distribution.

6. The slide is then immersed 30 min in a 0.5% (w/v) sodium dodecyl sulfosuccinate
solution to peal off the cellulose film.

7. Electron microscopy grids are deposited on a supporting filter paper just below
the surface of a water bath.

8. The holey cellulose film is floated on the clean air–water interface and deposited
onto the grids.

9. A 50-nm-thick carbon film is evaporated onto the cellulose-coated grids.
10. The cellulose film is finally dissolved by placing the grids on a ethyl acetate-

soaked filter paper.

3.2. Crystallization Experiments

1. The lipids are best stored as a dry powder under an argon atmosphere at –80°C. A
mother solution at a concentration of 10 mg/mL is produced by solubilizing the
lipids in an organic solvent such as a 1:1 mixture of chloroform:hexane. This
solution can be stored under argon up to 1 yr at –20°C. The working lipid solu-
tion is at a concentration of 0.5–1 mg/L in an organic solvent. All solution are
stored in 2 mL glass vials with Teflon® caps to prevent solvent evaporation.

2. The Teflon® wells have to be cleaned prior to use for crystallization experiments
to remove residues of proteins or lipids. The Teflon® support should be dipped
into a sulfochromic acid solution for 1 h, rinsed 10 times with H2Od, dipped for
1 h into H2Od, and rinsed again three times with H2Od. Alternatively, the support
can be rinsed 10 times with methanol to eliminate proteins, 10 times with a
chloroform:methanol 2:1 or hexane:methanol 9:1 solution to remove lipids and
rinsed 10 times with hexane to remove fatty acids. Finally, the support is brought
into contact with a filter paper to remove the excess of H2Od or organic solvent,
without wiping to avoid electrostatic charging, and is allowed to dry in a dust-
free chamber.

3. Incubations are performed in a humid chamber to prevent buffer evaporation
(Fig. 2B). The Teflon® block is placed in a reverted Petri dish containing some
buffer with an opening in the top to let air in and out during removal of the lid.

4. In each well, 10 µL of buffer are added (Fig. 3B).
5. To spread the lipid at the air-buffer interface, 1 µL of the lipid solution at a con-

centration of 0.5–1 mg/mL is placed on the top of the drop of buffer with a
micropipet. At this moment it can be observed that the surface tension of the drop
is released (Fig. 3C).

6. The organic solvent is allowed to evaporate for 5 min.
7. The protein solution (5 µL) is injected into the aqueous phase (Fig. 3D). The

final protein concentration is generally set between 20 and 200 µg/mL.
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8. The incubation chamber is closed, and if oxidation is a problem air is replaced by argon.
9. The incubation time will vary from one system to another but is generally in the

range of 1–36 h. Most experiments can be performed at room temperature, but
longer incubation times at 4°C may improve crystal quality in some cases.

3.3. Electron Microscopy

1. The 2-D crystal is transferred to the electron microscopy grid through hydropho-
bic contacts between the lipid chains and the carbon foil (Fig. 3E). This is simply
done by placing the grid over the well for 1–2 min. The grid is then withdrawn
and prepared for observation (see Notes 1 and 2).

2. To be visualized by electron microscopy, the specimen has to be contrasted by
creating a mould of heavy atoms around the proteins, a process named negative

Fig. 3. Setup of a crystallization experiment. In each well (A), a 10-µL drop of
buffer is placed (B). Because the Teflon well is hydrophobic, the drop does not wet the
surface. Upon the addition of 1 µL of the lipid solution at a concentration of 0.5–1 mg/mL,
the surface tension of the drop is released (C). After evaporation of the organic sol-
vent, 5 µL of the protein solution is injected into the well (D) and is allowed to interact
with the lipid layer. The resulting lipid–protein assembly is transferred to a carbon-
coated electron microscopy grid placed on the top of the drop (E).
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staining. The transferred specimen placed on the grid held by forceps is washed
with a drop of buffer that is quickly removed. The buffer is then replaced by a
drop of a 1–2% aqueous solution of uranyl acetate and the grid is dried by touch-
ing a piece of filter paper with the edge of the grid (see Notes 3 and 4).

3. The crystallization experiments have then to be evaluated in terms of protein
concentration on the lipid layer and degree of organization (see Notes 11 and 12).
When the specimen is large enough (> 50 kDa), individual molecules can be
identified visually during electron microscopy inspection. To ascertain that the
specimen is specifically bound to the lipid layer and not in a nonspecific way to
the carbon film, it is useful to locate breaks in the lipid layer in order to observe
a difference in binding efficiency with the underlying carbon film. A frequently
observed intermediate step in specimen ordering is the formation of symmetry-
related oligomers that arise when a particular set of protein–protein interactions
is energetically favored. The formation of oligomers probably favors further
organization because interactions between symmetry related surfaces will propa-
gate forming linear polymers or 2-D crystals. Once larger crystalline areas are
obtained, electron micrographs are recorded and the extent of order is evaluated by
optical diffraction.

3.4. Feedback Loops

1. If the protein is not concentrated on the lipid film, it is advisable to act on the
lipid region involved in protein recognition, on its environment, or on the buffer
composition. In the case of a specific lipid, the linker may be too short to allow
the ligand to be recognized by the protein. Alternatively, the surface potential
created by the lipid layer may have a repulsive effect on the protein and it may be
of importance to modify the environment by the addition of a dilution lipid.
Finally, the ionic strength of the buffer may be too high and screen electrostatic
interactions between the protein and the charged lipid (see Note 5).

2. When the protein tends to form close-packed arrays, which do not evolve toward
organized protein patches, it is advisable to reduce the kinetics of protein con-
centration either by increasing the viscosity of the medium by adding glycerol
(up to 40%) or by reducing the temperature or the protein concentration. The
specific or charged lipid can also be diluted with a neutral lipid to reduce the
local concentration of ligand or the charge density of the surface (see Note 10).

3. The experiment has to be evaluated further in terms of macromolecular organiza-
tion. Higher degrees of order are recognized visually during the electron micros-
copy inspection of the specimen by the appearance of patches of ordered arrays
(Fig. 4A). Once larger crystalline areas are obtained, electron micrographs are
recorded and the extent of order is evaluated by optical diffraction. A large num-
ber of parameters such as the pH, the ionic strength, the buffer composition, the
presence of divalent cations, the protein concentration, the presence of glycerol,
the incubation temperature, or the incubation time can be modified to improve
crystal order (see Note 6). At this stage, the homogeneity of the specimen sus-
pension may be crucial.
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4. In the case of streptavidin, the method for preparing the sample for electron
microscopy and, in particular, the transfer mode proved to be essential to recover a
large number of highly ordered crystals (15). More generally, the manipulation of
one-molecule-thick assemblies during transfer to the electron microscope is likely to
introduce at least some of the defects observed in 2-D crystals such as rotational and
translational distortions, fragmentation, and other forms of disorders (see Notes 7–9).

5. An improvement of the interpretable resolution once the specimen diffracts to
about 0.5 nm–1 will probably need a change in the method of specimen preserva-
tion from negatively stained to frozen hydrated samples (17).

Fig. 4. Evaluation and exploitation of a 2-D crystallization experiment. Histidine-
tagged yeast RNA polymerase I was incubated with nickel chelating lipids. (A) Low-
magnification electron microscopy image showing the organization of the protein
complex into domains. The bar represents 5 µm. (B) A higher magnification reveals
ordered RNA polymerase arrays. The bar represents 50 nm. (C) A noise-free image is
obtained by averaging multiple molecular images. The stain excluding protein
densities are in white and represented as lines of equal densities. (D) A 3-D model of
the protein complex can be calculated by combining several views of the macro-
molecule obtained by tilting the crystals in the microscope. The bar represents 10 nm
in (C) and (D).
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6. To calculate a 3-D model, astigmatism-free and well-focused images of the
oriented or crystallized macromolecules must be recorded under minimal expo-
sure conditions and generally at low temperature. These images are analyzed to
calculate a noise-free image representing a projection of the macromolecular den-
sities (Fig. 4C). Because the particles are adsorbed on a planar surface, tilted
views are then recorded to recover the information normal to the lipid plane. The
images are then processed and the different views are merged into a 3-D model
(3) (Fig. 4D).

4. Notes
1. A good macroscopic indication that proteins bind to the lipid layers and that the

transfer is efficient is obtained by visual inspection of the carbon surface after
transfer. The original hydrophobic grid becomes hydrophilic, as assessed by the
change in its wetting properties.

2. Storage of the carbon-coated grids in hexane atmosphere may provide higher
reproducibility in the specimen transfer step by preventing adsorption of con-
taminating material.

3. Do not use phosphate buffers or buffers with high ionic strength, which precipi-
tate uranyl salts.

4. Other heavy metal solutions can be used for negative staining such as sodium
phosphotungstate or ammonium molybdate.

5. It is useful to check the specificity of the protein–lipid interactions. In the case of
charged lipids, the protein binding should be reduced by increasing the ionic
strength. In the case of functionalized lipids, the amount of transferred protein
should diminish by adding some competing ligand in solution. Note that in the
case of nickel-chelating lipids, it was observed that addition of small amounts of
imidazole prevented the nonspecific aggregation of the protein and allowed the
selection of the specific interaction with the polyhistidine tag (13).

6. Detergents should be avoided in the incubation buffer because they may solubi-
lize the lipid layer.

7. In some cases, it was observed that the grid side on which the carbon foil was
deposited affected crystal transfer (13). This effect may be related to the surface
roughness of the carbon foil and of the grid (18).

8. To strengthen the crystals, 1 µL of a 0.5% glutaraldehyde solution can be added
to the incubation drop before placing the electron microscopy grid in order to
crosslink the specimen.

9. Another method of specimen transfer is the loop method (19). A loop is formed
with a thin Pt/Pd wire (0.075 mm in diameter). The inside diameter must be
slightly larger than the outside diameter of the electron microscopy grid. The
loop is then lowered onto the drop, the entire loop makes contact with the drop
surface at the same time. This can be observed through drop deformation. So that
no excess subphase is picked up, the loop should not go through the monolayer
and into the subphase. The loop is then gently and carefully raised and lowered
onto a glow-discharged grid. The grid is held with forceps and is parallel to the
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film in the loop. The transfer is made by hydrophilic contacts between the carbon
foil and the crystal. The film is then broken by tilting the loop to increase the
angle between the film and the grid.

10. In order to better evaluate the organizational state of the molecule in the crystal-
lization experiment, it is useful to control its shape and size by direct adsorption
of the sample on a carbon film and negative staining. Such an experiment will
also give an insight into the aggregation state of the protein in solution.

11. The appearance of vesicular structures is often an indication for a too large excess
of lipids. The working lipid solution should then be diluted.

12. To remove excess lipids, a detergent solution at low concentration can be used
(19). Care must be taken during this step because the drop might migrate to both
sides of the grid and interfere with the staining process.
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Atomic Force Microscopy of DNA
and Protein-DNA Complexes
Using Functionalized Mica Substrates

Yuri L. Lyubchenko, Alexander A. Gall,
and Luda S. Shlyakhtenko

1. Introduction
Atomic force microscopy (AFM; also called scanning force microscopy

[SFM]) is a rather novel technique that offers unique advantages in the poten-
tial for the very high resolution of DNA and small ligands in the absence of
stains, shadows, and labels (1,2). Furthermore, the scanning can be performed
in air or liquid. The latter is particularly important for resolving fully hydrated
structures. The AFM is theoretically capable of resolving structural details at
the level of atomic dimensions, provided that the specimen is not dynamic.

A serious practical limitation to the application of AFM to structural and
conformational studies of DNA and its complexes with proteins and other bio-
logical macromolecules has been sample preparation. The macromolecules
must be tethered to the substrate surface in order to avoid resolution-limiting
motion caused by the sweeping tip during scanning. Progress in sample prepa-
ration for AFM studies of DNA has been achieved in a number of groups (3–7)
and some of these approaches have been applied to studies of a number of
protein–DNA complexes (3,4,8).

A versatile approach based on functionalization of surfaces with silanes was
suggested in refs. 9–11. A weak cationic surface is obtained if amino-
propyltrietoxy silane (APTES) is used to functionalize the mica surface with
amine groups (AP-mica). This technique in addition to imaging nucleic acids
under different conditions (10,12–14) was applied to imaging of a number of
nucleoprotein complexes (9,11,15–17). Here, we describe a sample prepara-
tion procedure for AFM using AP-mica substrates.
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The method of functionalization of mica is based on covalent attachment of
3-aminopropyltriethoxy silane to the surface of the mica, as shown schemati-
cally in Fig. 1. The amino groups of APTES are bound covalently to the freshly
cleaved mica surface, giving it properties similar to an anion-exchange resin
used in affinity chromatography. This group after being exposed to a water
solution becomes positively charged in a rather broad range of pH (aliphatic
amino groups have a pK of around 10.5). Therefore, DNA, which is a nega-
tively charged polymer, should adhere to this surface strongly. The binding of
DNA to AP-mica was monitored directly by the use of radiolabeled DNA. AFM
imaging of AP-mica showed that very low concentration of APTES (less than
1 µM) should be used to obtain smooth surface (9,10). Vapor deposition of
APTES allowed one to obtain the surface with mean roughness of several ang-
stroms (9–12), so the DNA and DNA–protein complexes can be visualized
easily (see Fig. 2A,B, respectively).

The features of this procedure of sample preparation are as follows (9,11):

• DNA binding to AP-mica is insensitive to the type of buffer and presence of
Mg2+ or other divalent and miltivalent cations; hence sample preparation can be
done in a variety of conditions.

• Deposition can be done in a wide variety of pH and over a wide range of
temperatures.

• Once prepared, samples are stable and do not absorb any contaminants for months
with minimal precautions for storing.

• As low as 10 ng of DNA is sufficient for the preparation of one sample.

These characteristics of AP-mica were crucial for routine imaging nucleic
acids (DNA, dsRNA, kinetoplast DNA) and nucleoprotein complexes of dif-
ferent type (9,16,17).

2. Materials.
1. Chemicals: commercially available 3-aminopropyltriethoxy silane (e.g., Fluka,

Chemika-BioChemika (Switzerland), Aldrich (USA), United Chemical Technol-
ogy (USA), and N,N-diisopropylethylamine (Aldrich, Sigma). It is recommended
to redistill APTES and store under argon.

2. Mica substrate: any type of commercially available mica sheets (green or ruby
mica). Asheville-Schoonmaker Mica Co. (Newport News, VA) supplies both
thick and large (more than 5 × 7 cm) sheets suitable for making the substrates of
different sizes.

3. Water: Double glass distilled or deionized water filtered through a 0.5-µm filter.
4. 2-L glass desiccators and vacuum line (50 mmHg is sufficient).
5. Plastic syringes (5–10 mL) with a plastic tip for rinsing the samples.
6. Plastic syringes (1 mL) for imaging in liquid.
7. Gas tank with clean argon gas.
8. Vacuum cabinet for storing the samples.
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3. Methods
3.1. AP-Mica Preparation

1. Place two plastic caps (cut them from regular 1.5 mL plastic tubes) on the bottom
of a 2-L desiccator, evacuate then purge with argon.

2. Cleave mica sheets (approx 5 × 5 cm) to make them as thin as 0.1–0.05 mm and
mount at the top of the desiccator.

3. Put 30 µL of APTES into one plastic cap in the desiccator and 10 µL of N,N-
diisopropylethylamine (Aldrich) into the other cap and allow the functionalization
reaction to proceed for 1–2 h. Remove the cap with APTES and purge the desic-
cator with argon for 2 min.

4. Leave the sheets for 1–2 d in the desiccator to cure. The AP-mica is then ready
for the sample deposition. (See Note 1.)

The procedure allows one to obtain a weak cationic surface with rather uni-
form charge distribution. This is illustrated in Fig. 2A by the uniform distribu-
tion of DNA fragments that can be obtained.

Fig. 1. The reaction of aminopropyltriethoxy silane (APTES) with mica. Three pos-
sible types of reaction are illustrated.
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3.2. Sample Preparation for AFM Imaging in Air

3.2.1. The Droplet Procedure

1. Prepare the solution of the sample (DNA, RNA, protein–DNA complex) in
appropriate buffer. DNA concentration should be between 0.1 and 0.01 µg/mL,
depending on the size of the molecules (see Notes 2 and 3).

2. Place 5–10 µL of the solution in the middle of AP-mica substrate (usually 1 × 1-cm
squares) for 2–3 min.

3. Rinse the surface thoroughly with water (2–3 mL per sample) to remove all buffer
components. A 10-mL plastic syringe is very useful for rinsing, but attach an
appropriate plastic tip instead of a metal needle.

4. Dry the sample by blowing with clean argon gas. The sample is ready for imag-
ing. Store the samples in vacuum cabinets or desiccators filled with argon.

3.2.2. The Immersion Procedure

This procedure is recommended if the deposition should be performed at
strictly controlled temperature conditions (0°C or elevated temperatures).

1. Prepare the solution (DNA, RNA, nucleoprotein complexes) and preincubate for
10–20 min to allow the temperature to equilibrate. Recommended concentration
of DNA is 0.2 –0.01 µg/mL, depending on the size of the molecules (see Notes 2
and 3).

2. Immerse a piece of AP-mica into the vials and leave it for 10–20 min to allow the
samples to adsorb to the surface.

3. Remove the specimen, rinse with water thoroughly, and dry under the argon flow.
The sample is ready for imaging.

4. The samples can be stored in vacuum cabinet or under argon.

3.3. AFM Imaging in Air

1. Mount the sample and start approaching the probe.
2. Both the contact and intermittent (tapping) modes can be used, but the latter is

preferable and allows one to obtain images of DNA and DNA–protein complexes
routinely. Our experience is mostly limited to a NanoScope III microscope
(MultiMode system, Digital Instruments, CA), but samples prepared on AP-mica
were imaged on other commercially available instruments (e.g., the microscopes
manufactured by Topometrix, Park Scientific Instruments, Molecular Imaging).
With the MultiMode system, any type of probe designed for noncontact imaging
can be used. NanoProbe TESP tips (Digital Instruments, Inc.) and conical sharp

Fig. 2. (previous page) AFM images of a 800-bp fragment (A) and reconstituted
chromatin (B). The concentration of DNA was 0.5 µg/mL in (A). Reconstituted chro-
matin was deposited onto the substrate after glutaraldehyde fixation. (The sample was
from D. Lohr [Arizona State University] and the images were taken in air with TM
AFM [NanoScope III]).
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silicon probes from K-TEK International (Portland, OR) work well. Typically a
tapping frequency of 240–380 kHz and a scanning rate 2–3 Hz allows one to
obtain stable images.

3.4. Imaging in Solution

The capability of AFM to perform scanning in liquid is its most attractive
feature for numerous biological applications, allowing imaging under near-
physiological conditions. In addition, this mode of imaging permits one to
eliminate the undesirable resolution-limiting capillary effect typical for imag-
ing in air (3,8,9). As a results, images of DNA filaments as thin as approx 3 nm
were obtained in water solutions (13) and helical periodicity was observed
when dried DNA samples were imaged in propanol (18). AP-mica can be used
as a substrate for imaging in liquid. Moreover, the first images of DNA in fully
hydrated state were obtained by the use of AP-mica (19). This section describes
the procedures of two types of imaging in solution.

3.4.1. Imaging of Dried Sample in Solutions

This type of imaging was successfully applied for high-resolution imaging
of DNA (18,19).

1. Install an appropriate tip designed for imaging in liquid (fluid cell). Use stiff
triangular Si3Ni4 cantilevers (20).

2. Mount the sample on the stage of the microscope. Coating the stage of the scan-
ner with a thin plastic film prevents it from being wetted because of accidental
leakage of the fluid beneath the mica sheet.

3. Attach the head of the microscope with installed fluid cell and make appropriate
adjustments to the microscope.

4. Approach the sample to the tip manually, leaving approx 20-µm gap between the
tip and the surface.

5. Inject buffer solution or appropriate solvent with a 1-mL plastic syringe through
the inlet hole in the fluid cell.

6. Change the position of the mirror to maximize the signal on the photodetector.
7. Find a resonance peak. Typically, it is quite broad peak around 8–9 kHz for the

MultiMode system. Follow the recommendations given in the manual for the
fluid cell on how to find the peak.

8. Minimize the drive amplitude. The numbers vary from tip to tip, but amplitudes
as low as 10 nm or even less provide better quality pictures (see Note 4).

9. Allow the microscope to approach the sample and engage the surface.
10. Operate with the setpoint voltage and drive the amplitude parameters to improve

the quality of images (see Note 4).

3.4.2. Imaging Without Drying of the Sample (AFM In Situ)

This type of imaging is recommended in cases in which dynamics are to
be studied.
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1. Prepare the solution of your sample in appropriate buffer. The concentration is
the same as it is needed for imaging in air (Subheading 3.2.)

2. After installing the tip in the fluid cell, mount a piece of AP-mica on the sample
stage. Mica pieces of 1 cm × 1 cm are sufficient for NanoScope design of the
fluid cell. As earlier, coating the stage with a plastic film is recommended for
secure operating of the microscope.

3. Take approx 50 µL of the sample with a 1-mL syringe. Use 200-µL plastic tips
with capillary ends instead of a metal needle. Cut both ends of the tip to fit the
syringe and the diameter of inlet hole of the fluid cell.

4. After necessary adjustments of the microscope (Subheading 3.4.1.) and manual
approaching of the tip, inject the solution into the cell. The use of additional
syringe attached to the outlet of fluid cell as a suction helps in manipulating the
small volume of solution.

5. Start approaching and follow the steps described in Subheading 3.4.1.

3.5. Alternative Procedures for AFM Sample Preparation

Among other techniques applied to AFM studies of DNA, the method based
on miltivalent cations (3,5,8) has permitted the imaging of a number of nucle-
oprotein complexes (3,4,8). In this approach, the mica surface is simply treated
with multivalent ions (e.g., Mg2+) to increase its affinity for DNA, the DNA
then being held in place strongly enough to permit reliable imaging by AFM.
An alternative is to deposit the sample in the buffer containing a multivalent
ion. This cation-assisted procedure of sample preparation was used for studies
of the process of DNA degradation with nuclease (21) and interaction of DNA
with photolyase (22). The mechanism underlying this technique remains
unclear and the protocol depends on the system studied and the type of the
cation used, and the efficiency of DNA deposition is buffer sensitive (23,24).
In some cases, a special type of tips (electron-beam-deposited tips) is required
for reliable imaging (25). A protocol describing the use of Mg-assisted proce-
dure has been published (26).

4. Notes
1. A dry argon atmosphere is crucial for obtaining the substrates for AFM studies and

for storage of the substrate. Allow the gas to flow while desiccator is opened.
With these precautions, the AP-mica substrates retain their activity for several weeks.

2. DNA concentration. This parameter depends on the length of molecules. If the
molecules are as small (e.g., several hundred base pairs), a concentration of
approx 0.3 µg/mL is recommended to avoid intermolecular crossing. A lower
DNA concentration is recommended for larger DNA molecules. For example,
concentration of lambda DNA (approx 48 kb) of approx 0.01 µg/mL allows one
to obtain images of individual DNA molecules (9–11,19).

3. DNA preparation. Very little DNA is needed to prepare the samples by the drop-
let procedure. Typically, 10 ng of DNA is sufficient for the preparation of plas-
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mid DNA (approx 3 kb long). Because a band of DNA from agarose gel usually
contains 100 ng of DNA, DNA extracted from a single gel slot can be sufficient
for preparation of a complete set of samples. The following procedures can be
used for purification of DNA extracted from the gel:
• Electrophoretic deposition of DNA bands onto DEAE paper. Strips of DEAE

paper are placed into a slot cut in the agarose gel 3–5 mm below the band to
be recovered and the DNA is electrophoresed onto the paper for 5–10 min
(the time can be determined by direct examination the gel under an ultra-
violet [UV] source). The DNA is extracted from the paper by elution into 2 M
NaCl followed by two rounds of spin-column desalting and extensive etha-
nol precipitation.

• Extraction from the gel. The procedure is based on the use of the extraction kit
UltraClean15 (MoBio Laboratories, Solana Beach, CA). The purification con-
sists of melting of the slice of agarose, immobilizing the DNA on the absorbent
matrix, washing off all contaminants, and eluting DNA from the matrix with a
low-salt buffer. At least one step of the ethanol precipitation is needed to remove
UV absorbing low-molecular-weight materials. A similar procedure can be
applied to purification of the sample eluted from polyacrylamide gel.

4. Imaging conditions. It was recommended to operate the instrument at the lowest
possible drive amplitude. This recommendation is based on the following con-
siderations; the oscillating tip provides rather large energy to the sample.
According to ref. 45, a total energy  provided to the sample by oscillating tip can
be as high as 10–16–10–17 J at 30 nm amplitude of oscillation. However, this value
is almost three orders of magnitude lower if the microscope is operated at an
amplitude as low as approx 3 nm. Such imaging conditions allow one to mini-
mize the effect of the tip on the sample, to prevent damaging the tip, and to obtain
images with high contrast. In addition, such conditions simplify considerably the
study by AFM of dynamic processes such as segmental DNA mobility (13,14) or
the process of protein–DNA interaction (27).
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Electron Microscopy
of Protein–Nucleic Acid Complexes

Uniform Spreading of Flexible Complexes, Staining
with a Uniform Thin Layer of Uranyl Acetate,
and Determining Helix Handedness

Carla W. Gray

1. Introduction
There are a number of proteins involved in DNA replication, recombina-

tion, or repair that bind stoichiometrically to single DNA strands irrespective
of the nucleotide sequence, and some of these proteins also bind to single-
stranded RNA. Some of the best known examples are the ssb protein of
Escherichia coli, the gene 32 protein of phage T4, the gene 5 protein of the
M13/fd/f1 filamentous bacterial viruses, and the more recently isolated human
replication protein A (1–4). Complexes formed by these proteins contain pro-
tein bound to the nucleic acid at defined ratios of the number of nucleotides per
molecule of bound protein; the ratios are determined by the interactive proper-
ties of the protein. These ratios, and the structures of the complexes that are
formed, may vary with factors such as changes in solution conditions that alter
the binding properties of the proteins.

Stoichiometric, multiprotein complexes of proteins with nucleic acids will
form structural repeats, arranged as discrete clusters of bound proteins or as a
continuous nucleoprotein helix. Although the individual proteins may not be
resolved, the structural repeats tend to be of a size that can be visualized by
electron microscopy. “Negative” staining, in which protein masses are delin-
eated by their exclusion of an electron-opaque stain, is a method of choice
because negative staining provides a well-contrasted image at higher resolu-
tion than is attained with other techniques such as shadowing with refractory
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metals. We have used negatively stained complexes with the M13/fd/f1 gene 5
protein to provide crucial information in conjuntion with crystallographic and
low-angle X-ray scattering studies, making it possible to model the three-
dimensional structures of the complexes (5,6). Negatively stained nucleopro-
tein complexes can be prepared relatively quickly and examined immediately
after preparation. This makes it advantageous to use negatively stained prepa-
rations prior to or in conjunction with cryo electron microscopy, a technique
that, although it offers better preservation for detailed structural studies, is a
more difficult and time-consuming method.

Nucleoprotein complexes are often highly flexible and the complexes are
easily distorted, tangled, or partially dissociated during preparation for nega-
tive staining. The author has developed procedures to overcome these difficul-
ties (3,7), such that preparations consistently contain complexes with
well-extended configurations free of any obvious distortions (Fig. 1). Com-
plexes prepared in this manner are uniformly spread on a two-dimensional sup-
port film and can be used for quantitative analysis of such parameters as the
number of protein clusters or helical turns in a complex, the axial length of the
complex, and the extent of the local variations in interturn distances in a com-
plex that forms a flexible helix. These preparations can also be used for analy-
ses of three-dimensional structures using tilted specimens (3). The most likely

Fig. 1. A transmission electron micrograph of a helical complex of the fd gene 5
protein with circular, single-stranded fd viral DNA. The complex was formed in vitro
and was spread and stained with uranyl acetate by the methods described in this chap-
ter. The complex is not tilted; the plane of the support film is in the plane of the page.
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Fig. 2. Effects of tilting on the appearance of left- and right-handed helices. Three-
dimensional images are drawn in the upper panel of the figure and two-dimensional
parallel projections in the lower panel. A negatively stained complex will be seen as a
two-dimensional projection. A helix at 0° tilt is parallel to the plane of the page; a
“plus” (+) tilt brings the top of the helix nearer to the observer, whereas a “minus”
(–) tilt brings the bottom of the helix closer to the observer. (Reprinted with permis-
sion from ref. 3.)

application is a determination of the handedness of helical nucleoprotein com-
plexes, using the approach of Finch (8), which is illustrated for a general case
in Fig. 2. Projections of left- or right-handed helices on a two-dimensional
plane are identical, as shown in the lower part of the figure. However, a left-
handed helix tilted with its top toward the viewer will show deeper indenta-
tions between the helical turns along its right side, whereas an identically tilted
right-handed helix has the deeper indentations on its left side. Tilting the heli-
ces in the opposite direction, with the tops of the helices away from the viewer,
produces an opposite set of left-hand and right-side indentations. In the
description that follows, we describe a practical means of determining the
absolute orientations of helices in images of tilted specimens.

2. Materials
1. Purified water, chemically softened and then predistilled in bulk, is twice redis-

tilled in our laboratory using a series of two 24-in. borosilicate glass Vigreux
columns. We do not find it necessary to use a quartz still. Alternatively, the bulk
distilled water may be deionized to a resistivity of 18 mΩ·cm in a Millipore Milli-
Q system consisting of one Milligard cellulose ester prefilter cartridge, two ion-
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exchange cartridges, and a 0.22-µm filter, in series. No activated-charcoal filter
is included in our system, because of the tendency of the charcoal filter to release
minute charcoal particles, which are found in our preparations for electron
microscopy. (See Note 1.)

2. Buffers in which the protein–DNA complexes are to be visualized. Concentrated
buffer stocks are passed through a 0.22-µm fiberless polycarbonate filter
(Nuclepore/Costar) to remove particulates and are then stored in borosilicate glass
or polystyrene containers. The buffers should generally not contain high concen-
trations of salts or other nonvolatile components, as these components will tend
to be retained on the carbon support film and can interfere with visualization of
the protein–DNA complexes.

3. The protein–nucleic acid complexes are to be examined. These preparations
should not contain significant excess quantities of noncomplexed or contam-
inating proteins, and they must generally be free of contaminating nonaqueous
solvents as well as lipids, oils, salts, detergents, and other nonvolatile materials.
We frequently repurify proteins and nucleic acids obtained commercially or from
other laboratories, using ethanol precipitation of nucleic acids, molecular-sieve
chromatography of proteins, or dialysis. About 0.2–2 nmol of DNA (measured as
the concentration of nucleotides), together with protein added at an appropriate
ratio, will be needed for a 50-µL incubation mixture from which the protein–
DNA complexes are adsorbed to a single specimen grid.

4. Glutaraldehyde, purified for electron microscopy (distilled in vacuo and stored
in sealed ampoules under inert gas). The contents of one ampoule are diluted to
8% (v/v) in purified water and are stored at –20°C in a tightly capped borosilicate
glass tube with a Teflon-lined screw cap; this solution can be used for as long as
6 mo.

5. A suitable electron-opaque (“negative”) stain, preferably analytical reagent grade.
We generally use uranyl acetate, which provides good surface detail and yields
satisfactory images with many proteins. However, one should always consider
the possibility that other stains may be preferable for a particular application (9).
A 2% (w/v) solution of a small amount of uranyl acetate in purified water is
dissolved by stirring for 30 min in a borosilicate glass beaker. The beaker is
sealed with a wax film and stored in the dark. The solution is used within a few
days or weeks, but only if precipitates have not begun to form. Uranyl salts are
weakly radioactive, and discarded solutions should be collected and properly dis-
posed of as radioactive waste.

6. Carbon support films, 8–10 nm thick, on 500-mesh copper grids. We make our
films in an Edwards E306A evaporator equipped with a liquid-nitrogen trap and
a quartz crystal film thickness monitor (Edwards FTM5). The chamber is evacu-
ated just to 1 × 10–4 mbar, contaminants are burnt off from the carbon rods (shut-
ter closed, carbon rods brought to a red glow) and then evaporation is carried out
over a period of several seconds. We use high-purity carbon rods (Bio-Rad/
Polaron, <20 ppm impurities) that have been milled to form 1-mm tips. The car-
bon is evaporated onto a freshly cleaved mica film (Ladd, tested by flame spec-
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troscopy). The carbon films are then floated from the mica onto purified water in
a Teflon dish, picked up on copper grids, and dried for 30 min under a heat lamp.

3. Methods
3.1. Specimen Mounting and Negative Staining

1. Prepare stock solutions of DNA and protein, or of protein–DNA complexes, in
high-quality, contamination-free, non-wetting polypropylene tubes. Care must
be taken to avoid touching pipet tips or tube rims, to avoid contamination with
oils and nucleases from the skin. (See Note 2.)

2. Prepare diluted DNA–protein mixtures for microscopy in a volume of 50 µL for
each specimen grid. The final concentration of DNA will be approx 4–40 nmol of
DNA nucleotides per milliliters; the optimal concentration must be determined
experimentally, as it will vary with the adsorptive properties of the DNA and
protein in a buffer of given composition, pH, and ionic strength.

3. Clean a Teflon surface with reagent-grade ethanol and rinse it with purified water.
For each specimen grid, place a row of droplets on the Teflon surface: leave an
empty space for one droplet, then deposit two 50-µL droplets of purified water,
then one 50-µL droplet of 2% uranyl acetate.

4. Initiate glutaraldehyde fixation. This will be required in most cases to maintain
noncovalent protein–DNA associations during adsorption to the charged (glow-
discharge-activated) carbon film. (To confirm that fixation is effective and yields
an unperturbed structure, stained preparations can be made by the method of
Valentine et al. [10], which does not require fixation even for some relatively
labile complexes.) Add 0.5 µL of 8% glutaraldehyde to the bottom of a 0.5-mL
conical polyethylene tube; immediately add 50 mL of the protein–DNA mixture
and gently mix by pipetting up and down once. Incubate the reaction mixture at
20–25°C for 20 min.

5. Meanwhile, place carbon-coated grids, carbon side up, on a clean, inverted glass
Petri dish and subject the grids to glow discharge. We use two parallel, L-shaped
aluminum rods (6.5 mm in diameter) fitted to the high-tension electrodes of the
Edwards E306A evaporator. Glow discharge is carried out at 0.1–0.2 mbar (with
only the rotary pump in operation), with the grids placed on the Petri dish at a
distance of about 4 cm below the horizontal segments of the rods. The discharge
is continued for about 50 s at 40% of maximum voltage (i.e., at approx 2 kV) and
complexes are adsorbed to the grids within 10 min.

6. Place a 50-µL droplet of each protein–DNA mixture on the Teflon surface, at the
beginning of a row of droplets prepared as described in step 3. Touch the grid,
carbon side down, to the top of the droplet containing the protein–DNA mixture
for 20–60 s, then wick off (remove) excess solution from the grid onto a filter
paper, holding the grid perpendicular to the filter paper. Next, touch the grid to
each of the two water droplets for 1 s each and, finally, to the uranyl acetate
droplet for 20 s, wicking off excess liquid after each step.

7. Dry the grid for 10 s by holding it within 2–3 cm of a lamp bulb (we use an
illuminator having a 30-W bulb and a polished metal reflector) and then dry it for
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10 min, carbon side up, on a filter paper that is under the lamp and approx 12 cm
from the bulb.

3.2. Specimen Tilting

Although specimen grids are readily tilted in an electron microscope fitted
with a goniometer, when dealing with flexible helical nucleoprotein complexes
one is confronted with two problems: first, to find a specimen that will show
the helical asymmetries when it is tilted, and second, to determine which end
of a tilted helix is closer to the viewer when the helix is seen on the fluorescent
screen, in negatives, and in prints. We deal with these problems in the following:

1. Flexible nucleoprotein helices will generally not have straight helical axes and
uniform turns as in Fig. 2, but a much less regular structure. It is essential to
select a segment of a helical complex in which the turns are as regular as can be
found, with a roughly linear (or only gently curved) helix axis extending for 5–10
helical turns. Figure 3 contains a set of drawings taken from an actual tilt experi-
ment (3). The helix axis of a relatively linear and regular helical segment has
been oriented approximately perpendicular to the tilt axis (which is horizontal in
Fig. 3) to maximize the changes observed upon tilting. The characteristic left-
side and right-side indentations are seen when the complex in Fig. 3 is tilted
in opposite directions (+55°, –55°), even though there is significant flexing in
the helix axis. The change of indentations from one side to the other is faintly
visible even in a diagonally oriented helical segment (arrows), but the effect is
more convincing in a segment that is perpendicular to the tilt axis.

2. The complexes must also have been prepared under conditions that yield a mini-
mum of flattening of the helical structure; the use of a relatively deep layer of
negative stain will tend to help support the three-dimensional structure. Flatten-
ing of the helix makes the left-hand-side and right-hand-side indentations in tilted
helices more difficult to observe, but they still can be seen when the helix is
distorted. Note that in Fig. 3 the width at a appears to be about half of the width
at b in the helix that is tilted –55°, indicating that the helix is flattened so that the
height of a helical coil above the support film is roughly half of the width of the
coil measured in a direction parallel to the support film.

3. In order to determine the absolute orientations of helical specimens as they are
seen on the fluorescent screen of an electron microscope, focusing effects are
utilized. An asymmetric marker (such as a macroscopic letter R punched on a
specimen grid) can be used to correlate what is seen on the screen with the known
position of the tilted grid (oriented, for example, so that the top edge of the R is
uppermost in the column at a tilt angle of +55°). We used such a device in the
top-entry stage of our Zeiss EM10C to demonstrate that when the objective lens
current is adjusted to focus on the central portion of a steeply tilted grid, then the
edge of the grid that is uppermost in the microscope and furthest from the upper
polepiece of the objective (imaging) lens will be overfocused (lens current too
strong to focus on it), whereas the lower edge of the grid will be underfocused
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(lens current too weak). These focusing effects can be used to determine which
end of any helical complex is uppermost in the column; that same upper end of
the helix will be, in effect, the end that is nearest to the viewer who is looking at
the helix on the fluorescent screen.

4. The differing Fresnel patterns due to underfocusing and overfocusing of a tilted
specimen support film are visible in a negative bearing an image of the specimen.
Hence, proof of the three-dimensional orientation of the specimens is contained
in each negative. To correctly interpret the hand of a helix from an image, the
negatives must be viewed from the emulsion side, which in the microscope faces

Fig. 3. Drawings made from electron micrographs of a left-handed helical complex
of the IKe gene 5 protein with single-stranded fd viral DNA. The center image is of
the nontilted complex that lies in the plane of the page. The upper image is of the same
complex tilted –55° around a horizontal axis, so that the top of the complex is below
the plane of the page and the bottom of the complex is closer to the observer. The
lower image is of the same complex tilted +55°, so that the bottom of the complex is
below the plane of the page and the top of the complex is nearer to the observer. The
drawings show the helical coils as three-dimensional structures to show how they can
account for the projection images seen in the original electron micrographs, which are
shown in ref. 3. (Reprinted with permission from ref. 3.)
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in the same direction (toward the electron beam and toward the viewer) as does
the viewing surface of the fluorescent screen. It is, of course, essential that the
operator correctly recognize the patterns corresponding to overfocusing as
opposed to underfocusing; if in doubt, the patterns can be demonstrated by mak-
ing exposures of deliberately underfocused and overfocused specimens at zero
degrees of tilting.

5. The Fresnel patterns will also be visible in prints made at a suitable magnifi-
cation. To present the helical asymmetries correctly, the prints must be made
with the emulsion side of the negative facing the enlarger light source, so that
the print will represent the same view of the object as that which is seen on the
fluorescent screen.

6. Finally, we emphasize that it is essential to demonstrate that the indentations
between helical turns switch from one side to the other of the same helical nucle-
oprotein segment as the helix is tilted in opposite orientations. We find that the
flexing and partial compression of nucleoprotein helices can produce structures
that show indentations on one side in one tilt orientation, but that do not show
indentations on the other side when the helix is tilted in the opposite orientation.
A satisfactory proof of the helical symmetry (hand of the helix) requires that both
symmetrically related effects be demonstrated in the same helical segment.

4. Notes
1. The purity of the water used as solvent can be critical to the success of prepara-

tions for electron microscopy. The chemical content of the water supplied to a
laboratory varies greatly with the locale, and it sometimes happens that proce-
dures that worked in one location will fail in another, when the only reagent not
carried to the new location is the water. If difficulties are encountered with
experimental procedures, alternative sources of water and alternative water puri-
fication protocols should be explored.

2. The exercise of care to preclude the contamination of solutions is essential to the
success of these procedures. Negative staining of specimens mounted on glow-
discharge-activated grids is a widely used technique, but long and flexible nucle-
oprotein helices are particularly susceptible to the effects of contaminants that
can interfere with the uniform adsorption of the complexes to an activated carbon
film. The adsorption may fail to give satisfactory results if appropriate precau-
tions are not taken.

3. We find that a more uniform layer of uranyl acetate stain can be obtained if the
carbon-coated grids are hydrated prior to step 5 of Subheading 3.1. This is done
by placing the grids carbon side up in a small plastic Petri dish, 2 cm in diameter,
and then floating the small Petri dish on distilled water that has been brought to
90°C and poured into a standard Petri dish bottom. Another standard Petri dish
bottom is inverted over the first, creating a chamber in which steam is captured
and will be exposed to the carbon coatings on the grids. After 10 min of hydra-
tion, the grids are dried under a lamp for 10 min and are immediately subjected to
glow-discharge activation. The depth of the uranyl acetate stain layer can be con-
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trolled by varying the times of hydration exposure and drying. In our hands, this
procedure yields satisfactory staining on every grid, provided that there is no
interference resulting from contaminants in the specimen.

Acknowledgments
The author gratefully acknowledges support of this work by National Insti-

tutes of Health Research grant 5-RO1-GM34293-03 (to C.W.G.), by NIH
Biomedical Research Support grant 2S07-RR07133-21, by NIH Small Instru-
mentation grant 1-S15-NS25421-01, and by National Science Foundation
Instrumentation grant PCM-8116109.

References
1. Bujalowski, W. and Lohman, T. M. (1991) Monomer–tetramer equilibrium of

the Escherichia coli ssb-1 single-strand binding protein. J. Biol. Chem. 266,
1616–1626.

2. Kodadek, T. (1990) The role of the bacteriophage T4 gene 32 protein in homolo-
gous pairing. J. Biol. Chem. 265, 20,966–20,969.

3. Gray, C. W. (1989) Three-dimensional structure of complexes of single-stranded
DNA binding proteins with DNA: IKe and fd gene 5 proteins form left-handed
helices with single-stranded DNA. J. Mol. Biol. 208, 57–64.

4. Bochkarev, A., Pfuetzner, R. A., Edwards, A. M., and Frappier, L. (1007). Struc-
ture of the single-stranded-DNA-binding domain of replication protein A bound
to DNA. Nature 385, 176–181.

5. Skinner, M. M., Zhang, H., Leschnitzer, D. H., Guan, Y., Bellamy, H., Sweet, R.
M., et al. (1994). Structure of the gene V protein of bacteriophge f1 determined by
multiwavelength X-ray diffraction on the selenomethionyl protein. Proc. Natl.
Acad. Sci. USA 91, 2071–2075.

6. Olah, G. A., Gray, D. M., Gray, C. W., Kergil, D. L., Sosnick, T. R., Mark, B. L.,
et al. (1995) Structures of fd gene 5 protein-nucleic acid complexes: a combined
solution scattering and electron microscopy study. J. Mol. Biol. 249, 576–594.

7. Gray, C. W., Brown, R. S., and Marvin, D. A. (1981) Adsorption complex of
filamentous fd virus. J. Mol. Biol. 146, 621–627.

8. Finch, J. T. (1972). The hand of the helix of tobacco mosaic virus. J. Mol. Biol.
66, 291–294.

9. Haschemeyer, R. H. and Myers, R. J. (1972). Negative staining, in Principles and
Techniques of Electron Microscopy (Hayat, M. A., ed.), vol. 2, Van Nostrand
Reinhold, New York, pp. 101–147.

10. Valentine, R. C., Shapiro, B. M., and Stadtman, E. R. (1968). Regulation of
glutamine synthetase, XII. Electron microscopy of the enzyme from Escherichia
coli. Biochemistry 7, 2143–2152.



STEM of DNA–Protein Complexes 589

589

From: Methods in Molecular Biology, vol. 148: DNA–Protein Interactions: Principles and Protocols, 2nd ed.
Edited by: T. Moss  © Humana Press Inc., Totowa, NJ

41

Scanning Transmission Electron Microscopy
of DNA–Protein Complexes

Joseph S. Wall and Martha N. Simon

1. Introduction
The scanning transmission electron microscope (STEM) at Brookhaven

National Laboratory* (BNL) is nearly unique in its ability not only to image
isolated unstained and unshadowed biological molecules but also to obtain
quantitative information about them such as their oligomeric state (1) (see
Note 1). This makes it ideal, in principle, for looking at protein–DNA com-
plexes and obtaining information about the masses bound. However, there are
very stringent requirements on the purity and stability of the samples.

The quantitative STEM offers significant advantages over other techniques
for characterizing biological complexes (see Note 2). The STEM operates in a
dark-field imaging mode which gives high contrast for small objects. The
STEM forms an image one point at a time by rastering a finely focused elec-
tron beam over a specimen in a TV-type scan. Typically 1000 electrons are
used for the readout of each picture element (pixel) in the specimen. Most of
these pass directly through the specimen without losing energy or changing
direction. However, a few of these electrons interact with the specimen and are
scattered into two annular detectors. The number of scattered electrons is
directly proportional to the mass thickness at that point.

The digital STEM image is a two-dimensional projection map of the
specimen’s mass distribution. Adding up the mass in regions of the image
containing a complex gives the molecular weight, which usually identifies
the complex and determines its oligomeric state. Thus, a link is established
between biochemistry and imaging.

*The BNL STEM is a NIH Supported Resource Center, NIH P41-RR01777, with additional
support provided by the Department of Enrgy and Office of Biological and Environmental Research.
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The high contrast and signal-to-noise-ratio (S/N) of a STEM dark-field
image permits direct visualization of unstained double-stranded DNA (dsDNA)
and can provide an accurate measurement of its total length and the position of
a bound complex (see Note 3). The high contrast of the STEM also reveals any
problems with the specimen such as denatured protein or residual salt. This
forces rigorous attention to details of specimen preparation that, although some-
times annoying, leads to results having high credibility.

We distinguish three types of complex that place different constraints on
specimen preparation, imaging, and analysis: (1) one-dimensional complexes
(2) such as a protein binding to a specific sequence of nucleic acid, (2) two-
dimensional complexes (3) such as chromatin, filamentous viruses and recA-
type filaments, and (3) three-dimensional objects such as ribosomes (4),
“spherical” virus particles (5),and intermediates in such viral assembly.

Objects of the last type tend to be the easiest to work with because the com-
ponents are bound together in a relatively rigid and stable complex. Adsorbing
such objects from solution onto a suitable EM substrate such as carbon film
generally causes minimal perturbation. The particles tend to have characteris-
tic shapes and relatively few distinct orientations, so it is easy to recognize
broken or incompletely assembled particles. Compact shapes with distinct bound-
aries make it relatively easy to identify complete particles for mass measurements.

Two-dimensional complexes are usually curved and may also be tangled in
solution, so depositing them on a planar substrate may cause distortions or
topological problems. In this case also, the outside edges of the complex are
usually composed of a relatively uniform compact protein shell, which is not
significantly disrupted by contact with the substrate. Any areas that have
unraveled are easily recognized as different from sharp, well-preserved sec-
tions for mass/length determinations.

One-dimensional complexes tend to be the most difficult with which to
work. In solution, the dsDNA itself tends to be a random coil with low rigidity,
so docking onto the substrate can give an uninterpretable tangle if the strands
are long. Searching for bound proteins on this can be slow, so the best approach
is to use the shortest strands compatible with the experiment. A more serious
problem comes from the fact that such complexes contain relatively large
stretches of bare nucleic acid that attach poorly to the carbon film substrate.
The entire coil in solution is undergoing rapid translational and rotational
Brownian motion. If the protein sticks first, as usually happens, the mechanical
forces transmitted to the binding region are frequently greater than the specific
binding forces and the complexes are disrupted. Shorter strands help, but cova-
lent crosslinking is usually required to give reproducible complexes. Alterna-
tively, poly-lysine pretreated grids will bind the dsDNA well, but, sometimes,
this forces a weaker binding protein off so that the complexes are disrupted,



STEM of DNA–Protein Complexes 591

and, again crosslinking may be required. However, if the strands are too short
(e.g., made from oligomers of 20 bases) such that the protein complex covers
them, it is not possible to determine the orientation of the complex on the DNA.

The use of general fixatives to crosslink, such as glutaraldehyde and formal-
dehyde, raises the question of generating artifacts such as nonspecific binding
or binding of extraneous proteins and consequent increases in masses. The best
scenario is to have is a specific crosslinker between the protein(s) and the
dsDNA, but that is not always available.

Whatever is used should be tested on the complex, and the minimum condi-
tions to maintain it should be determined. This can be done by footprinting, gel
retardation, or some other assay of the crosslinking conditions. The cross-
linking need not be 100% and that should actually probably be avoided, because
anything that is overcrosslinked will be uninterpretable (See Note 4.) If more
than 50% of the molecules are in complexes and the concentration is good
(roughly 10 complexes per square micron), searching in the microscope can be
fairly rapid if the strands are reasonably short (<1000 bp). The histogram of
mass bound as a function of distance from the end of the strand is the final test
of specimen quality.

2. Materials
We will describe in some detail the materials we use, as the physical purity

of most materials is critical to the success of a STEM project. The grids for the
STEM are prepared by the STEM staff, but the specimens themselves come
from the users. (See Note 5.) Knowing the details involved in specimen prepa-
ration enables users to understand the problems that can arise. One of the most
important is the physical purity of all of the materials involving the sample,
which may end up on the grid in the STEM.

2.1. Water, Buffers, and Salts

1. Of surprising importance is that the water used in all the steps of sample prepara-
tion must be physically clean. The water in some labs is very impure. STEM
water is deionized and freshly distilled daily. It is used for all grid and sample
preparation as well as for all buffers (see Note 6).

2. All solutions must be physically clean. Anything “dirty” involved in the purifica-
tion such as fragments of column or gel material will show up on the grid and
interfere with the observations and analysis. Any physical additives that scatter
electrons will also interfere (see Note 7).

3. Most samples can be applied to the grid in the buffer which is necessary for their
biological activity. Additives such as sucrose, glycerol, and dithiothreitol will
usually wash off. If necessary, a sample can be applied to the grid in high salt.
(A few washes with a high concentration of ammonium acetate will usually
remove it.) (See Note 8.) However, some buffers and salts are known to cause
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problems (see Note 9). HEPES and MOPS are good buffers. The final washes of
the grid before freeze-drying must be with a volatile solution such as freshly
prepared ammonium acetate or STEM water. Because ammonium acetate is a
poor buffer, it can be used at any desired pH.

2.2. Grids and Films

1. We use titanium grids for the STEM. This is for ease of handling in the
microscope and for their good thermal behavior. The supporting film (step
3) is thin carbon. The grids are at liquid-nitrogen temperature in the micro-
scope to prevent contamination and reduce radiation damage to the speci-
mens. Carbon and titanium have similar thermal properties, so there is no
differential contraction or expansion that would result in tearing of the film.
Also, compared to copper grids, titanium grids are flat and chemically inert.
However, to mimic STEM conditions in a conventional TEM, there are
many choices for grids.

2. The slots in our titanium grids are too large to support the thin carbon film neces-
sary for STEM samples, so we put a “holey” film over the slots. This is a plastic
film made on glass slides under controlled humidity conditions so little droplets
of condensation determine the hole size, which is approx 5–10 mm in diameter.
The plastic holey film is heavily shadowed with carbon for strength. Again, to
mimic our conditions, there are many available choices of grids with support for
small areas of thin film.

3. The thin carbon film is critical to simulating STEM conditions for samples.
Because carbon film behaves like activated charcoal in adsorbing everything from
the atmosphere, it is made so that the side to which the sample is adsorbed has
never seen air. We make it by lightly shadowing carbon (for the STEM, it needs
to be 2–3 nm thick) onto a piece of freshly cleaved rock salt in an ion-pumped
vacuum system. (See Note 10.) We buy NaCl crystals from Bicron. We cleave
them with a Weck safety razor blade, which is placed on a corner edge of the
crystal (to give a piece several millimeters thick) and tapped with a hammer. The
freshly cleaved side is lightly breathed on before putting it face down in the bell
jar. The carbon rods (from Fullam) are located below the rock salt in the shadower
so that cinders do not drop on it. (See Note 11.)

4. We often use poly-lysine pretreated grids for complexes on dsDNA, which does
not stick well to carbon grids. However, if the grids are pretreated with poly-
lysine, dsDNA binds very well. We use poly-lysine from Sigma, approx 3000
Daltons, and dilute and freeze away aliquots at 10 µg/mL.

5. We sometimes fix complexes with low concentrations (approx 0.1%) of glu-
taraldehyde for relatively short times (approx 15 min) before applying them
to the grid. The sample washings will stop the fixation so that it does not
have to be quenched. (See Note 4.) We start with a new ampoule of 8% EM
grade from Polysciences. We usually open a new ampoule, but if the air is
flushed out with dry nitrogen gas and it is resealed, it can be kept for a few
days for further use.
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2.3. Concentrations of Complexes and Components

1. Only small quantities of sample are needed for examination in the STEM, but it
is useful if the concentration is relatively high. Because different samples absorb
to the thin carbon film differently, a concentration series for a new specimen is
made. Twenty to 50 µL of a sample at 100 or 200 µg/mL is adequate. (See Note 12.)

2. It is often a good idea to look at the components tht go into a complex separately.
On poly-lysine pretreated grids, a dsDNA concentration of 1–5 µg/mL is plenty.
Depending on its size, a protein concentration of 50–100 µg/mL is good. Again,
only 10–50 µL is needed.

3. The ideal sample is frozen in aliquots to be thawed and used as needed. However,
many samples cannot be frozen. They can be shipped overnight on wet ice and
the grids can be made on the day of arrival (if it has been arranged). The grids are
stored under liquid nitrogen until microscope time is available.

4. Occasionally, a complex is unstable, either over time or shipping conditions.
Sometimes, frozen aliquots of the components can be shipped, but the complex
itself cannot be frozen or it may not be stable overnight. Under those circum-
stances, we can assemble (and incubate) a complex just prior to putting it on the
grids. We need a detailed protocol and all of the components.

3. Method
3.1. Specimen Preparation

Details of specimen preparation for grids for the STEM are given in this
section. Specimens for the STEM are prepared by the STEM staff (see Note 5),
but knowing the details enables users to understand the potential problems.
A user with EM experience in other ways of visualizing proteins or DNA or
complexes can mimic these conditions to screen their samples in a conven-
tional TEM.

3.1.1. Wet Film, Hanging Drop Method

1. The thin (2–3 nm) carbon film, which has been shadowed onto freshly cleaved
rock salt, is floated off the crystal onto a dish of STEM water (see Note 6).

2. The grids, covered with holey film (and for the STEM, in rings and caps) are
placed face down on it for approx 1 h.

3. A grid is picked up from above and retains a droplet of water. It is washed and
wicked with STEM water two or three times, never being allowed to dry. Water
is applied from one side with an Eppendorf pipet and wicked from the other side
with filter paper.

4. Three microliters of tobacco mosaic virus (TMV) at 100 µg/mL is injected into
the drop and allowed to adsorb to the thin carbon film for 1 min.

5. The grid is then washed and wicked two or three times with injection buffer for
the sample. Three microliters of the specimen is injected into the drop and allowed
to adsorb for 1 min.
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6. The grid is washed with sample buffer a couple of times, followed by washes
(approx 10), ending with washes of 20–50 mM ammonium acetate (or, rarely,
water). The intermediate washes depend on the sample buffer (e.g., high-salt buff-
ers require washes with high ammonium acetate). (See Notes 8 and 9.).

7. For freeze-drying the grid, after the final wash the liquid is briefly blotted between
two pieces of filter paper to a thickness of a few micrometers and rapidly plunged
into liquid-nitrogen slush to freeze it.

3.1.2. Poly-lysine-Pretreated Grids

The dsDNA does not bind well to carbon films. However, if the grids are
pretreated with poly-lysine, dsDNA binds very well to them. Poly-lysine
grids that have been made by this method contribute no additional detect-
able background.

1. The thin carbon film is picked up as above and washed with water.
2. Three microliters of poly-lysine at 10 µg/mL is injected into the drop and allowed

to adsorb to the carbon film for 1 min.
3. The grid is then washed with water, approx eight times, and allowed to air-dry.
4. Before use, 3 µL of water is put on its surface before the TMV is injected. Because

TMV also binds very well, a solution of 10 µg/mL should be used for these grids.
(See Note 13.)

3.1.3. Fixation

In any multicomponent system, one part may bind more strongly to the car-
bon film substrate. The rest of the complex may be coming apart through
Brownian motion as described earlier. Frequently, some kind of crosslinking
or fixation is required to keep the complex together.

The best results are when the users have been able to fix or crosslink their
sample before sending it to us. Sometimes they have determined the minimal
fixation or crosslinking conditions for their sample, but it needs to be done just
prior to applying the sample to a grid. Unless something very unusual is called
for, we can do that.

If the complex is falling apart and optimal fixation conditions to preserve it
are not known, we will often try a brief glutaraldehyde fixation on the sample
just prior to applying it to the grid. The washes involved in specimen prepara-
tion will stop the fixation without having to worry about quenching conditions.
Sometimes, this will help preserve the complexes, but it may not.

3.2. STEM Operation

The STEM is usually run by a trained operator to assure optimum data qual-
ity and efficient use of microscope time. Frequent users can obtain training on
request, but the alacrity of most STEM experiments makes this unnecessary.
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The main factors considered by the STEM operator in taking data are described
as follows.

All biological specimens are sensitive to electron irradiation (see Note 14).
Because unstained, freeze-dried specimens have only unprotected biological
material, radiation damage to them is particularly noticeable and limits quanti-
tative interpretation. Therefore, searching for suitable areas must be done at
the lowest possible dose (low magnification). Potential areas of interest (AOIs)
are boxed on the display for later scanning. Near the AOIs, but not overlapping
them, focusing areas are placed. The STEM beam is highly collimated with
essentially no intensity outside the 0.3-nm-diameter focused spot, so scanning
one area causes no damage to nearby areas. Once the microscope focus is veri-
fied, an AOI is scanned and displayed (8.5 s per scan). At that point, the scans
are shut off (meaning there is no additional radiation damage) while the opera-
tor evaluates the quality of the data in the scan using the following criteria:
background cleanliness, TMV profile, TMV mass, numbers, shapes, and
masses of sample particles. If the area is suitable for more complete analysis, it
is recorded digitally and processed with another computer program (see Sub-
heading 3.3.).

The STEM control computer is a PC with a custom interface designed to
take full advantage of STEM capabilities. The computer directs the focused
beam, scanning the next AOI upon command and recording the electron counts
striking the two annular detectors (large-angle and small-angle scattering) sur-
rounding the beam. Most of the beam passes through the irradiated spot on the
specimen and strikes a bright-field detector used for normalization. The large-
angle annular detector provides the most useful dark-field signal, which directly
maps the local mass thickness of the specimen. The computer display shows
two 512 × 512-element images (large-angle and small-angle detectors) where
the intensity is proportional to the detector signal. Objects as small as single
heavy atoms or dsDNA are easily visible, especially with zoom or contrast
enhancement. During this decision making, the beam is not scanning, so there
is no additional damage.

Once the image is saved, it can be viewed by any networked computer.
Image files are usually distributed by FTP transfer on the Internet (requir-
ing 1–10 s per image) to users. For users without Ethernet, images can be put
on a CD (1300 images/CD) and mailed.

3.3. Analysis

The STEM images stored on a CD or a hard drive can be viewed using
commercial software or our mass-analysis program, PCMass, provided by the
STEM Group. The format for the BNL STEM images is a header 4096 bytes
long, followed by two 512 × 512, 8-bit images interleaved. Adobe PhotoShop
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can read these images directly using its “AS RAW” option with the above
parameters. We recommend this program for producing publication-quality
images with a high-quality printer.

The PCMass program provides for rapid viewing of STEM images, with the
ability to perform accurate mass measurements on them. This program “reads”
the image header and imports the image data with appropriate settings. Mass
accuracy is most often limited by the cleanliness of the background carbon
film between particles. The first step in analysis with PCMass is to mask out
particles and dirt and measure the background mass per unit area (mass–thick-
ness) in the cleanest areas. There are several diagnostic criteria to indicate the
severity of background problems. The background determination is critical
because the mass of the carbon substrate in the measuring area is usually equal
to or greater than the particle mass and it must be subtracted to get the net
particle mass. If the background quality is less than ideal, mass measurements
can still be made, but their interpretation requires caution.

Manual mass measurements require the user to position a measuring circle
or rectangle around particles of interest using a mouse and keystrokes to change
size. A mouse click or ‘=’ keystroke saves the measurement in a database and
shows the running average and standard deviation for particles in the selected
category. Automated mass measurements use a set of simple comparison mod-
els to align and categorize particles, providing size and shape information as
well as mass. This offers the advantages of speed and reproducible particle
selection, but it is not suitable for complicated specimens such as convoluted
DNA–protein complexes.

Summarizing several thousand (automated) mass measurements for publi-
cation involves answering two basic questions: (1) Are the particle selections
reliable and unambiguous? (2) Is the standard deviation of the mass measure-
ments what would be expected for a homogeneous population of particles with
the observed shape? Frequently, particles will break apart into subunits either
during preparation or attachment to the grid. This may be obvious both by
careful inspection of the images and by mass measurements of the various spe-
cies observed. Knowing the molecular weights of the components facilitates
this sorting. If the automatic particle selection with model fitting was used, one
can view histograms for all the fitting parameters and choose those selection
parameters that exclude clear outliers. However, one must be careful not to
skew the “real” mass distribution.

The expected mass accuracy depends on particle size, shape, and measuring
dose. A 100-kDa globular particle on a 2-nm carbon substrate measured with a
dose of 10 el/Å2 should give a standard deviation (SD) of 10%, whereas a
1-MDa particle should give 2% (see Note 15). If the particle is extended or the
background is dirty, the SD will be worse. The TMV reference particles should
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give mass per unit length of 13.1 kDa/Å with a SD of 1%. With a large number
of measurements, one may be tempted to quote the standard error of the mean,
but this is overly optimistic. Instead, we find that the standard deviation of
image averages (for all images having more than 10 particles) gives a truer
idea of accuracy. One can also plot the total mass histogram and fit multiple
Gaussians to it. If the spread in masses is larger than expected, caution is indicated.

A poor standard deviation, worse than that predicted, is most often caused
by random background problems such as denatured protein, residual salt, and
so forth. Unfortunately, these also give systematic errors that can shift the mea-
surements in either direction. Residual salt tends to accumulate around the
edges of particles (a meniscus effect), which raises the apparent mass. On the
other hand, denatured protein may not be masked completely by the back-
ground program, giving too much subtraction for the background and lowering
the apparent mass.

The example shown in Fig. 1 is particularly complex because it has four
dsDNA arms in a Holliday junction complex (see Note 16). In this example,
the M/L of the dsDNA is greater than expected because of deviations from
straightness and/or salt binding. The particle mass is also larger than the
expected value (800 kDa + 2 × 2 kDa/nm × 26 nm = 900 kDa), presumably the
result of binding of fixative or salt.

The TMV control particles are useful in identifying these problems. Residual
salt tends to accumulate in their hollow central hole and along their edges,
giving an increased M/L and an altered radial mass profile. Denatured protein
from the sample tends to decrease the TMV M/L, because the TMV is added
before the sample and tends to protect the substrate from deposition of this
denatured protein. Consequently, one cannot assume that specimen problems
observed on the TMV will be the same for the specimen of interest and some
“fudge factor” will make everything come out right. Rather, it is well worth the
extra effort to try to solve the specimen problems by using added purification,
fixation, other buffers or stabilizing agents (see Subheading 3.1.).

The results from the automated PCMass program are tabulated as TMV M/L,
TMV SD, and the number of particles passing the selection parameters vs the
number measured for each image file. On the same line are the results for
particles selected relative to one model, followed by apparent dose and
background thickness. At the bottom of the summary, the global averages,
standard deviations, and a mass histogram for the selected model are given.
This provides a convenient format to identify images or blocks of images with
problems (e.g., poor TMV). It is not unusual for a single grid to have significant
variations in specimen quality from one area to another, so we strive to collect
good image data in at least three widely separated areas on each specimen.
What is meant by “good” data is then clear: Discarding data based on poor
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TMV measurements is legitimate, whereas discarding data based on poor (un-
expected) particle mass is suspect.

3.4. Conclusion

The STEM, with its ability to provide both mass and structural information,
offers an excellent method for studying protein–DNA complexes. The samples

Fig. 1. A STEM micrograph (top) of a RuvAB-Holliday junction complex (6),
illustrating the mass measurement program (bottom). The box encloses an area 26 nm
wide and 15 nm long, which contains a mass of 1.05 MDa. The three sets of parallel
lines (along three of the DNA branches) enclose areas 12 nm wide by 25 nm long with
mass per length approx 300 Da/Å. Clean, straight dsDNA should have a M/L = 200 Da/Å.
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do have to be very clean and the complexes have to be stable under conditions
for applying them to our grids. All of the above information is meant to help
address the potential problems that can arise. However, if these conditions are
met, it is a relatively rapid and inexpensive method of obtaining a lot of infor-
mation about the composition and location of proteins bound to dsDNA. The
quantitative link between observed structure and biochemistry provided by
mass mapping, makes image interpretation highly believable.

4. Notes
1. One cannot see bare dsDNA in a conventional TEM. It can be visualized if it is

stained, shadowed, or imbedded in a spreading solution, but under those condi-
tions, the mass of any protein bound to it cannot be determined.

2. The STEM provides both mass and structural information simultaneously, as does
small-angle scattering. Although the STEM does not have the atomic resolution
of X-ray crystallography, NMR, or cryoEM of 2-D arrays, it also does not depend
on the ability of samples to form arrays. Comparatively, it is rapid and not very
labor intensive. Scanning probe microscopies potentially can offer similar capa-
bilities. Electron spectroscopic imaging techniques are quantitative and offer the
possibility of distinguishing nucleic acids from proteins (6).

3. Single-stranded DNA (ssDNA) has been visualized in the STEM but only under
conditions where it has a lot of secondary structure. If it were fully extended or
stretched, it would be barely detectable in the STEM above the thin-carbon-
film background.

4. Crosslinking conditions can be quite different for different samples. Because
conditions depend on concentration, temperature, and time, frequently the
crosslinking has to be stopped by quenching. It is important that the quencher is
either removed or is known not to interfere with visualization of the complex in
the STEM. Overly crosslinked samples turn into large uninterpretable aggregates.

5. The STEM is a NIH Research Resource. As such, it is available to users with
appropriate projects free of charge. A project is usually initiated by a discussion
of it on the phone or by e-mail. A trial sample is sent by overnight mail to us.
We can make the grids on the day it arrives, if it has been prearranged. The grids
are stored in a grid fridge under liquid nitrogen (stable for years) until they can be
freeze-dried and examined in the microscope. Additional details about the facil-
ity can be found on our web page, most easily accessed from www.bnl.gov, then
click on Scientific Facilities, then on Scanning Transmission Electron Micro-
scope. Our address is http://bnlstb.bio.bnl.gov/biodocs/stem/stem.htmlx

6. A water control grid can be made if it is likely that the water from a lab is a
problem. A 5-µL drop of water is applied to and completely dried on a grid in a
laminar-flow clean hood (which is where the samples are made) and examined in
the STEM. If there is a problem, STEM water (deionized and freshly distilled)
can be sent to the lab to make the buffers for the final steps of sample purifica-
tion. Clean air during sample preparation is also critical, as “dust” particles can
carry both physical and biological contaminants.
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7. Most physical additives (which may improve the biological activity) such as
bovine serum albumin, trypsin, and high concentrations of peptides, oligonucle-
otides, or PEG cannot be used. One way to remove these is by passing the sample
of interest over an appropriate sizing column, if one can be found where it comes
off in the void volume. This can also be a useful way of exchanging salts or
buffers. If one is in a lab where bacteria are a problem, low levels (0.2%) of
sodium azide can be tolerated in buffer solutions. It seems to wash off grids and
not interfere with STEM samples.

8. Ca2+ often does not wash off well, but Mg2+ usually does. A buffer containing
Ca2+ can be washed with Mg2+, then ammonium acetate.

9. Some salts and buffers are likely to cause problems. Phosphate buffers often do
not wash off well and leave bright spots, which interfere with the analyses. Some-
times, Tris buffers leave a bad background and they also interfere with glutaral-
dehyde fixation. A buffer control grid is made for a new sample (especially in an
unusual buffer) to see how well the components of the buffer wash off.

10. Carbon films are often made by shadowing onto cleaved mica. We have found
that films made on freshly cleaved NaCl crystals will float off onto a dish of
water much easier than off of mica. Mass analysis of the two background films
are indistinguishable, indicating that they are just as flat.

11. Many experimental details about the grids, films, and shadowing can be found in
Cells: A Laboratory Manual, Vol. 3, pp. 125.2–125.7 (CSH Press, 1998). How-
ever, to simulate STEM conditions for a sample, the only critical step is the thin
carbon film because it is the only surface that the biological materials will see.
Some additional capabilities of the STEM can be found in the same volume,
Chapter 124.

12. Caution: Steps taken to concentrate a sample, such as Centricon filters, may also
concentrate contaminants of the same size.

13. Many, but not all, molecules adsorb well to poly-lysine-pretreated grids. It
may be necessary to change the suggested concentrations to lower ones when
using them.

14. Biological specimens are sensitive to radiation damage by the electron beam. This
manifests itself in two ways, as a loss of mass and a loss of fine detail. For STEM
mass measurements at 40 keV with the specimen at –150°C, the rate of mass loss is
roughly 0.25% for every 1 el/Å2. The normal STEM imaging dose is 10 el/Å2,
which results in 2.5% mass loss per scan. Measurements are usually done on first
scan images, but it is instructive to do a dose-response curve using sequential scans
of the same area for a new specimen type. Most protein specimens plateau at approx
50% mass loss even at high dose. DNA has much less mass loss, whereas carbohy-
drate has much more. Resolution loss is seen most easily by examining the ends of
TMV rods. These have relatively sharp corners with one end concave and the other
convex. After several scans, the corners become rounded, providing a visual moni-
tor of the accumulated dose to that part of the specimen.

15. The expected error (standard deviation) for mass measurements arises from elec-
tron counting statistics and thickness variations in the thin carbon substrate. These
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can be calculated from first principles, but a more straightforward approach is to
use image simulation with the appropriate model shape and mass. The simulation
program places particles in random positions and orientations and adds Poisson
counting noise to produce an image that should closely resemble the speci-
men image, but with homogeneous mass. Mass measurements on the simulated
image should reflect only the random variations inherent in the STEM technique.

16. This complex was particularly difficult because it contained four dsDNA
branches of different lengths, ranging from 660 to 1940 base pairs, which are
long enough for tangling. Also because of these long branches, the complex had
to be exhaustively fixed to hold together on a STEM grid (7).
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Determination of Nucleic Acid
Recognition Sequences by SELEX

Philippe Bouvet

1. Introduction
Interactions of proteins with nucleic acids play important roles in biological

phenomenon. Almost every stage in the regulation of gene expression involves
the interaction of proteins with specific nucleic acids sequences. The identifi-
cation of the nucleic acid recognition sequence of a given DNA-binding
protein is therefore often the first step to be undertaken in the study of its
biological function. Over the last 10 yr, the SELEX procedure (systematic
evolution of ligands by exponential enrichment) has been used to identify
high-affinity nucleic acids ligands for a large number of different proteins.
The method was first described for the identification of the DNA and RNA
target sequences of nucleic-acid-binding proteins (1,2) but has since been used
for the selection of the nucleic acid sequence ligands for other kinds of
molecules (3). SELEX uses the power of genetic selection while taking
advantage of in vitro biochemistry. It is a rapid technique that is relatively
easy to implement and can accelerate and simplify nucleic-acid/protein inter-
action studies.

The SELEX procedure involves only the few simple steps described in Fig. 1.
The procedure consists of the selection of a subset of oligonucleotides from a
complex mixture of nucleic acid sequences by repeated rounds of binding to
the protein of interest. First, ligand sequences that bind to the target protein are
partitioned from the unbound sequences. The bound sequences are then ampli-
fied by polymerase chain reaction (PCR). This partitioning and amplification
is repeated until a very significant enrichment of nucleic acid sequences that
bind to the protein with high affinity is obtained. Finally, these sequences are
cloned and analyzed.
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The strategy is designed to determine an optimal nucleic-acid-binding
sequence, also called an “aptamer” for proteins (4). However, a high-affinity
nucleic acid ligand can be isolated for apparently nonspecific partitioning
agents (e.g., the matrices used for protein immobilization). Therefore, if the
strategy is used to determine the nucleic acid recognition sequence of a pro-
tein, one must realize that the most difficult part of the study will be the analy-
sis of isolated SELEX sequences and the demonstration that these sequences
are relevant to the in vivo function of the protein studied.

Numerous protocols for the SELEX procedure have been used successfully
by different laboratories. In fact, each step of this procedure can be optimized

Fig. 1. Schematic representation of the different steps of SELEX.
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(5) and modified as a function of the characteristics of the nucleic-acid-binding
protein being studied.

We provide below a typical protocol that has been used successfully in sev-
eral laboratories (6–9) to identify nucleic acid ligands for RNA-binding pro-
teins. The same synthetic oligonucleotide DNA template can be used for the
selection of DNA sequences by a DNA binding protein. In this case, steps 6
and 18 of the method should be omitted.

2. Materials
1. The following synthetic DNA template (see Note 7) has been used with success by

several laboratories: 5' TGGGCACTATTTATATCAAC (N25) AATGTCGTTG-
GTGGCCC 3' with these flanking primers T7 5'-CGCGGATCCTAATACG-
ACTCACTATAGGGGCCACCAACGACATT–3' and Rev 5'-CCCGAC
ACCCGCGGATCCATGGGCACTATTTATATCAAC–3'. The T7-Xba
primer 5' GGTCTAGATAATACGACTCACTATAGGGG 3' and Rev-HIII
primer 5' ACCGCAAGCTTATGGGCACTATTTATAT 3' can be used for the
final PCR amplification, and will allow an oriented cloning (XbaI and HindIII)
of the PCR product in a cloning vector like pBluescript (Stratagene).

2. Thermocycler.
3. Taq polymerase.
4. TAE (Tris–acetate buffer); 40 mM Tris–acetate and 0.4 mM EDTA (pH 7.5).
5. Partitioning matrix (to be chosen as a function of the studied protein; see Note 1).
6. Nucleic acid electrophoresis system.
7. NT2 buffer: 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 0.05% NP 40, and 1 mM

MgCl2.
8. Binding buffer (BB): 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 20 mM KCl, 1 mM

dithiothreitol (DTT), 0.05% NP 40, 1 mM MgCl2, 2.5% polyvinyl alcohol (PVA),
1 mM EGTA, 50 µg/mL poly(A), 2 µL/mL vanadyl ribonucleoside complex
(VRC), 0.5 µg/mL tRNA, and 125 µg/mL bovine serum albumin (BSA).

9. 5X reverse transcription buffer: 250 mM Tris-HCl (pH 8.5), 40 mM MgCl2, 5 mM
DTT, 250 µg/mL BSA, 150 mM KCl.

10. 1X transcription buffer: 40 mM Tris-HCl (pH 7.5), 6 mM MgCl2, 2 mM spermi-
dine, 10 mM NaCl, and 10 mM DTT.

3. Method
1. About 10 pmol of synthetic template DNA (N25) (see Note 2) is amplified by

PCR in a standard 100-µL reaction, in a 500-µL test tube, using 2 µL of a mix of
all four dNTPs (10 mM each) and 500 ng of each primer. One unit of Taq poly-
merase is added just before the start of the amplification procedure. If the
thermocycler does not have a hot cover, the reaction mixture is overlayed with
2 drops of mineral oil.

2. Set up the thermocycler with the following cycle conditions: denaturation 1 min
at 94°C, annealing 1 min at 50°C, and elongation 1 min at 72°C (see Note 8).
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After 25 cycles of amplification, finish with an elongation of 10 min at 72°C. The
PCR reaction can be stored at 4°C without further purification.

3. Analyze 5 µL of the PCR reaction on a 3% agarose gel in TAE. Run in parallel
with a commercial DNA molecular-weight marker giving characteristic bands
around 100 bp. The PCR reaction should produce a strongly staining product at
108 bp.

4. Add 100 µL of phenol:chloroform (1:1) to the PCR reaction and mix vigorously
for 1 min. After a 5-min centrifugation at 15,000 rpm, the upper aqueous phase is
extracted one more time with 1 volume of phenol:chloroform. Ten microliters of
3 M sodium acetate (NaOAc) (pH 5.0) and 300 µL of cold ethanol are added.
Allow DNA precipitation for at least 15 min at –20°C.

5. The PCR product is recovered by centrifugation (15 min at 15,000 rpm), washed
with 70% ethanol, dried, and resuspended in 10 µL of sterile water.

6. In vitro transcription. This step should be omitted for a SELEX with a DNA-
binding protein. One microgram of PCR product of step 5 is incubated in 1X
transcription buffer containing 0.5 mM of each rNTP, 1 unit of RNasin, and 20 U
of T7 RNA polymerase. The reaction is incubated for 1 h at 37°C. The DNA
template is eliminated by the addition of 1 unit of RNase-free DNase and incuba-
tion for an additional 10 min at 37°C. After two sequential phenol:chloroform
extractions, the RNA is purified through a G50 column (to remove most of the
unincorporated nucleotides) then precipitated with 0.1 vol of 3M NaAc (pH 5.0)
and 2 vol of 100% EtOH for 15 min at –20 °C. The RNA is pelleted for 15 min at
15,000 rpm, washed with 70% EtOH, dried and resuspended in 20 µL of RNase-
free water. One microliter of the transcription reaction is loaded on a 3% agarose
gel to check the quality of the RNA. The RNA concentration is determined from
its ultraviolet (UV) adsorption at 260 nm.

7. Preparation of the partitioning matrix. The nature of this matrix will depend on
the protein to be used (see Note 1). We will provide here a detailed protocol for a
selection procedure using a histidine-tagged protein. Other strategies are men-
tioned in Note 1. Take 2 µL of Ni–NTA agarose beads (Qiagen) and wash twice
with 500 µL of sterile water to remove storage buffer (beads are recovered by a
15-s centrifugation in a microcentrifuge). Wash the beads twice with 500 µL of
NT2 buffer. During the last wash, divide the suspension into two tubes (tubes A
and B), centrifuge, and eliminate 150 µL of the supernatant (i.e., leave beads in
100 µL NT2).

8. Add about 1 pmol of purified histidine-tagged protein to tube A (see Note 10).
Incubate 30 min at 4°C on a roller to allow binding of the protein on the
Ni–NTA beads.

9. Centrifuges tube A for 15 s, remove supernatant, then wash the beads twice with
500 µL of NT2 buffer to remove all unbound protein.

10. Centrifuge tubes A and B, and remove most of the NT2 supernatant to leave
about 10 µL of buffer above the beads. Ni–NTA beads must be visible at the
bottom of the tube.

11. Add 100 µL of BB buffer in tube B (see Note 9).
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12. Add 15 µg of nucleic acid from step 5 (for a DNA-binding protein) or from step
6 (for an RNA-binding protein) to tube B (see Note 3). Incubate 5 min at room
temperature. Centrifuge tube B for 15 s. Remove and save supernatant (see Note 4).

13. Add supernatant from step 12 to the tube containing the matrix-bound protein
(tube A). Incubate 5 min at room temperature. Centrifuge tube A for 15 s, then
remove and discard supernatant.

14. Add 1 mL of NT2 buffer (see Note 5) to tubes A and B. Mix well by inverting the
tubes three times. Centrifuge for 15 s to pellet the Ni–NTA beads. Remove as
much the supernatant as possible.

15. Repeat this wash four more times. At the last wash, transfer the matrix-bound
nucleic acid–protein complex to a new test tube (see Note 6).

16. After the last wash, leave 100 µL of NT2 buffer in each tube. Add 100 µL of
sterile water and 200 µL of phenol:chloroform (1:1). Vortex for 30 s and spin for
5 min at full speed in a microcentrifuge. Repeat the extraction one more time.

17. Recover the upper aqueous phase and add 2 µL of 1 M MgCl2, 20 µL of 3 M
NaOAc, and 700 µL of 100% EtOH. Precipitate for at least 30 min at –20°C, spin
for 30 min at 15,000 rpm. Wash the pellet with 70% EtOH, dry and resuspend it
in 13 µL of sterile water.

18. Reverse transcribe the bond RNA (should be omitted if the SELEX is performed
with DNA). To each tube A and B, add 100 ng of Rev primer (in 1 µL), 2 µL of
a dNTP mix (each dNTP at 10 mM), 4 µL of 5X reverse transcription buffer,
30 U of RNasin (Promega), and 25 U of AMV reverse transcriptase (Boehringer
Mannheim). The reaction is incubated for 5 min at 55°C, then for 1 h at 42°C.
Five microliters of this reverse transcription reaction is used directly, without
further purification, for the next PCR amplification.

19. Add to the recovered nucleic acid of step 17 or 18 the reagents necessary for the
PCR reaction, as described in step 1. Include a control reaction without oligo-
nucleotide template to assure that the PCR reaction is specific. No PCR product
should be obtained from the products of tube B (see Note 6).

20. Purify the PCR product obtained with tube A as described in steps 4 and 5.
21. Repeat several rounds of partitioning on fresh binding protein matrix, steps 6–18

(but see Note 4).
22. After several rounds of selection (usually between 4 and 10) check for an enrich-

ment of the oligonucleotide pool in the high-affinity ligand for the target protein.
This can be done by binding a labeled aliquot of the selected oligonucleotide
pool of each cycle (either direct 5' [32P] labeling of the PCR product with
polynucleotide kinase for DNA-binding protein, or in vitro transcribed with an
[α-32P] rNTP for an RNA-binding protein) following steps 7–16. If a substantial
enrichment is obtained, as determined by the fraction of labeled nucleic acid
remaining on the matrix-bound protein and this fraction reaches a plateau after a
given number of partitioning cycles, the selection can be stopped and one should
proceed to the cloning step. If no enrichment is observed, more rounds of selec-
tion should be performed, either under the same experimental conditions or at
higher stringency (see Note 5).
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23. The final PCR can be performed with the primers T7–Xba and Rev–HIII (see
Subheading 2.). After gel purification, the PCR products are digested with the
restriction enzymes XbaI and HindIII, and the oligonucleotides are cloned in a
suitable vector (e.g., pBluescript). A number of individual clones are isolated
and their inserts are sequenced using standard methodology.

4. Notes
1. Several methods of partitioning can be used as a function of what is available to

the researcher. If the target is a tagged recombinant protein (GST, histidine, or
any other tag), nucleic acid–protein complexes can be recovered by classical
affinity chromatography as described in the present protocol. If the protein is
pure but not tagged, filtration of the binding reaction mixture through nitrocellu-
lose (see Chapter 1) may allow separation of the bound and unbound molecules
(15). An alternative method of partitioning is to use gel-shift analysis or EMSA
(Chapter 2). When using EMSA, labeled oligonucleotides are to be preferred in
order to easily identify the nucleic acid–protein complex. Shifted oligonucle-
otides are eluted from the EMSA gel and used for PCR amplification.

2. A custom-made random oligonucleotide can be easily synthesized using stan-
dard chemistry. The variable sequence is flanked by fixed sequences that serve in
the PCR amplification steps. Full-length oligonucleotides should be purified
before their amplification by PCR. The length of the random sequence may vary
from a few nucleotides to as many as a hundred. If a simple DNA-binding site is
expected, a random sequence of as little as 20 nucleotides should be sufficient. A
library with a short random sequence has also the advantage of being more likely
to contain all possible random sequences and therefore to allow the selection of
the best binding sequence. Sequencing of a few random sequences should be
ideally performed to ensure that the synthesis of the random sequences has not
been biased by a preferential incorporation of one deoxynucleotide. If the com-
position of the random sequence is severely biased, this should be corrected by
modifying the percentage of the addition of nucleotides accordingly during syn-
thesis. If a binding site is already known for the protein, the SELEX procedure
can be used to determine nucleotides important for binding affinity and specific-
ity. In this case, an oligonucleotide containing a degenerated sequence within the
known binding site can be synthesized (10). Libraries that contain genomic
sequences can also be used to identify potential natural binding sites (11,12).

3. The amount of oligonucleotide present in the binding reaction should be in large
excess over the protein. This ensures an efficient competition between ligands
for the protein. The ratio oligonucleotide/protein is often within the range of 10
and 1000. The volume of the binding reaction should also be determined as a
function of the diversity of the library. A binding reaction of several milliliters
might be required if one wished to test all possible sequences (4n, n: number of
random nucleotides) present in an initial library.

4. The interaction of the random oligonucleotide pool with the partitioning matrix
alone (i.e., without bound protein [called counter selection or negative selec-
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tion]) is important to remove oligonucleotide molecules with high affinity for the
partitioning matrix itself. This counter selection is not necessary if the DNA
bound to the protein is recovered instead using electrophoretic mobility shift
assay (EMSA) gel shift (see Chapter 2) because only nucleic acid from the shifted
band will be used for the next selection cycles. The counter selection should only
be performed during the first and possibly the second cycles of selection and
should subsequently be omitted in subsequent cycles.

5. The stringency of the binding and washing buffer can be increased if necessary.
This could be done by increasing the salt concentration, or by adding 0.5–1.0 M
urea. Usually, between 1% and 10% of the initial oligonucleotide pool binds
to the target protein. Preliminary binding tests should determine the optimal
buffer stringency to allow a binding that falls within this range. Buffer strin-
gency can also be increased during the cycling process if no substantial enrich-
ment is observed.

6. Although nucleic acids bind poorly to most plastic tubes, this binding is some-
times sufficient to give a PCR product after the selection reaction. This problem
may be overcome by using siliconized tubes and/or by transferring the nucleic
acid/protein complex to a new tubes during the washing procedure.

7. The random sequence is flanked by fixed sequences (17–20 nt) to allow PCR
amplification with the corresponding primers (see Subheading 2. for an example
of primer sequences). It is important to check that the flanking sequences are not
a binding site for the protein. This can easily be done by performing a binding
assay between the random pool and the studied protein.

8. The PCR reaction can be modified to allow the production of single-stranded
oligonucleotides, the incorporation of modified nucleotides or random mutations,
and so forth. If the PCR reaction produces aberrant products (higher-molecular-
weight DNA products, smear, etc.), several tests reactions (with various amount
of primers, number of cycle) should be made.

9. The composition of the binding buffer should be adapted to the protein that is
being studied. The addition of nucleic acid competitors, such as tRNA and
homopolymers like poly(A), may be necessary in some selection experiments in
order to reduce nonspecific binding. Preliminary tests of interaction of the random
pool with the protein can be performed with nucleic acid competitors to deter-
mine the best selection conditions.

10. In most published experiments, the SELEX procedure is performed with purified
recombinant proteins. However, it can be performed with crude cell extracts
containing the protein of interest or with multiprotein complexes if the partition-
ing procedure allows a specific recovering of the nucleic acid-protein target
(13,14). Epitope-tagged protein can be expressed in cells, or added to cell extract
and used for the SELEX. For some SELEX experiments, it could also be interest-
ing to use truncated protein with only the nucleic-acid-binding domain. In some
cases, this can significantly reduce nonspecific binding of the random oligonucle-
otide pool and therefore reduce the number of rounds necessary for the isolation
of specific ligands.
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High DNA–Protein Crosslinking Yield
with Two-Wavelength Femtosecond
Laser Irradiation

Christoph Russmann, Rene Beigang, and Miguel Beato

1. Introduction
DNA–protein interactions are instrumental in the replication, repair, recom-

bination, and expression of genetic information. Their study under physiologi-
cal conditions requires rapid methods that do not cause extensive cell damage.
Among the available techniques, crosslinking by ultraviolet (UV) laser irradia-
tion seems best placed to fulfill these requirements, but the crosslinking yield
is still relatively low with the commonly used pulses in the nanosecond (ns)
range (see Chapter 27). To attain higher crosslinking yields, laser parameters
must be adjusted to the underlying two-photon process, which strongly depends
on pulse intensity and pulse length (1). The highest crosslink yields are achieved
using femtosecond (fs) laser pulses, but these also result in higher DNA dam-
age (1). In order to reduce the UV-induced DNA damage, we have applied a
combination of UV pulses for the first excitation step and blue pulses for the
second step (2). This strategy has the advantage that the intensity of the UV
pulse in the first step can be kept low, thus reducing DNA damage caused by
the UV photons. High crosslinking efficiency can, however, still be attained by
applying the second pulse with a very short time delay and at a visible wave-
length too long to excite DNA bases from the ground state. This second pulse
cannot alone damage DNA, but it can provide enough additional energy for the
UV excited bases to pass their ionization threshold, leading to crosslinking.

1.1. The Method

Two-wavelength femtosecond (TWF) laser-induced DNA–protein cross-
linking provides a significant improvement to classical laser crosslinking.
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Optimized laser parameters lead to an increased crosslinking efficiency while
minimizing DNA damage.

1.2. Practical Applications

The practical applications of TWF-laser crosslinking are similar to the
applications of classical laser crosslinking (see Chapter 27).

1.3. The Basic Approach

The basic approach of TWF-laser crosslinking differs from classical UV-laser
crosslinking in the simultaneous irradiation of the sample with two precisely
timed fs pulses of different wavelengths. As a consequence, the laser equip-
ment and the irradiation procedure have been modified. In the following, we
describe the method in detail.

2 Materials
2.1. Lasers

As a source for the fs laser pulses, we have used a continuous-wave (cw)-argon-
ion-laser (514.5 nm)-pumped cw-mode-locked Ti:sapphire laser (Spectra Phys-
ics, model Tsunami), which generates 150-fs-long pulses at a repetition rate of
82 MHz with an average power of up to 2 W in a wavelength range from 720 to
850 nm (2). Infrared pulses around 798 nm were frequency doubled and tripled
in two β-barium borate crystals in a “flexible harmonic generator” (FHG), and
pulses at the second harmonic frequency 2ω (λ = 399 nm) and the third har-
monic frequency 3ω (λ = 266 nm) were used to irradiate the sample (Fig. 1).
The pulse length in the ultraviolet was increased to about 200 fs as a result of
the dispersion of the nonlinear crystals. We used the following physical
parameters in our approach (Table 1).

Using a variable delay line with a temporal resolution of 10 fs, the sample
was irradiated with UV and blue in a two-step excitation process with a well-
defined time delay. The time delay between the UV and the blue pulses has to
be chosen accurately, as the lifetime of the intermediate singlet level of the
base pairs is of the order of the pulse length. It was determined with a delay
line using a β-barium borate crystal and a photodiode for difference-fre-
quency generation (DFG). If the two laser pulses arrive simultaneously in
the crystal, the generated difference-frequency signal is maximized. This
method is used to calibrate the delay line. For our approach, the optimum
temporal delay between the UV and the blue pulse was determined to be
300 fs. The laser pulse was focused onto the sample with a quartz lens. The
energy of the applied radiation was measured with a standard energy meter
(see Note 1).
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2.2. Reagents and Solutions for Irradiation and Analysis

1. The buffer should be optimal for DNA binding and exhibit minimal UV and
visible absorbency. For our experiments we used the following buffer: 10 mM
Tris-HCl, pH 7.5, 10% glycerol, 1 mM EDTA, and 300 mM NaCl.

2. Native polyacrylamide gel for binding studies: 5% acrylamide, acrylamide:bis-
acrylamide ratio 40:1 in 0.05 M Tris base, 0.045 boric acid, and 0.5 mM EDTA.

3. Sodium dodecyl sulfate (SDS) sample buffer: 200 mM Tris-HCl, pH 6.8, 8%
SDS, 0.4% bromophenol blue, 40% glycerol, 1% of 2-mercaptoethanol, and 1 M
urea (3).

4. SDS -polyacrylamide protein gel for crosslinking analysis: 8% acrylamide,
(acrylamide:bis-acrylamide ratio 40:1).

5. Sequencing gel for analysis of DNA integrity: 6% acrylamide (acrylamide:bis-
acrylamide ratio 40:1), 90 mM Tris-borate, pH 8.3, and 2 mM EDTA.

3. Methods
3.1. Irradiation Techniques

With the laser equipment described in Subheading 2.1., it is possible to
irradiate in vitro and in vivo. For comparison, the in vitro and in vivo samples
should be irradiated under the following conditions. The molecular biological

Fig. 1. The fs-laser equipment with delay line. The BBO crystal is used to deter-
mine the temporal delay between the blue and UV pulses. In the actual experiment, the
combination of L1, L2, BBO, filter “F,” and detector is replaced by the sample.
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techniques used for treatment of the samples after the irradiation procedure are
similar to the methods mentioned in Chapter 27.

3.1.1. In Vitro Crosslinking

The in vitro samples should be irradiated in microcentrifuge tubes (Eppendorf)
with an unfocused beam (approx 5 mm in. diameter) of the laser (1,2). The
irradiation time should controlled with a shutter.

3.1.2. In Vivo Crosslinking

For in vivo crosslinking, it is recommended to irradiate cells in a culture
dish. The blue and UV laser pulses should be focused with a broadband mirror
perpendicular to the cell dishes. The cell dishes can be moved under the laser
beams with an xy-positioning table (Fig. 2).

The medium should have no dominant absorption band in the UV and the
visible-wavelength range. In principle, one can irradiate samples in Eppendorf
tubes, but one should keep in mind that the maximal crosslink yield is a critical
function of the optical density and the thickness of the sample (see Note 2).

3.2. Determination of the Optimal Irradiation Conditions

To optimize the irradiation conditions, it is necessary to determine the influ-
ence of various parameters on the “effective crosslinking yield” (e.g., the
fraction of primer extendable or intact DNA multiplied by the crosslinking
yield) (1,2).

3.2.1. Determination of the Binding Efficiency
by Electrophoretic Mobility Shift Assay

1. To determine the binding efficiency, different amounts of purified DNA-binding
protein are incubated for 20 min under appropriate buffer conditions with a
[P32]-labeled DNA fragment that encompasses the binding site of the protein,
bovine serum albumin and poly (dI–dC) to reduce unspecific binding (e.g., see
Chapter 2).

2. The samples are separated on a native 5% native polyacrylamide gel and the gel
dried onto Whatman paper.

Table 1
Laser Parameters for TWF-Laser Crosslinking

Wavelength Pulse length Energy/pulse Total energy
[J] Dtp [fs] [nJ] 2[J]

2. Harmonic  399  105  1.00  1.00
3. Harmonic  266  225  0.25  0.25
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3. The dried gel is analyzed with a PhosphorImager™ (Molecular Dynamics). For
optimal crosslinking, a binding efficiency of 50–70% should be reached.

3.2.2. Determination of the Crosslinking Yield

1. The DNA–protein complexes are irradiated as described in Subheading 3.1..
2. The samples are heated for 5 min to 100°C with 1/3 vol SDS sample buffer and

loaded onto a 8% SDS–polyacrylamide gel containing 1 M urea (see Note 3).
After electrophoresis, the gel is dried and analyzed with a PhosphorImager.

3. The fraction of shifted DNA sample (i.e., crosslinked to protein, multiplied
by the binding efficiency, as determined in the band-shift assay) is the “cross-
linking yield.”

3.2.3. Determination of the Integrity of DNA
and Calculation of the Effective Crosslinking Yield

1. A plasmid containing the region of DNA to be analyzed is irradiated, restricted
near one end of the insert, and analyzed by 30 cycles of primer extension across
the insert toward the site of restriction using Taq polymerase and a suitable cycle
of extension and denaturation.

2. The reaction products are visualized on a 6% sequencing gel followed by quanti-
tative analysis of the dried gel on the PhosphorImager.

3. The amount of full-length extension product obtained from the irradiated DNA is
divided by the amount of full-length extension products obtained from non-
irradiated DNA to yield the fraction of intact or primer extendable DNA (see
Note 4). This value does not represent a stringent measurement of DNA damage.

4. The fraction of intact DNA is multiplied by the crosslinking yield to obtain the
“effective crosslinking yield.”

3.3. Example

Using recombinant nuclear factor 1 (NF1) and the MMTV promoter region
containing one degenerated NF1-binding site under conditions yielding 60%
binding efficiency, the crosslinking yield was 30% with a single fs UV pulse
and 30% with the TWF method (2). However, the increased fraction of intact
DNA using TWF laser crosslinking results in a threefold higher effective

Fig. 2. Scanning cell dishes with the TWF-laser beam.
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crosslinking yield with the TWF method (14%) as compared with a single fs
UV pulse (4.8%).

4. Notes
1. The laser equipment used in the first experiments for TWF laser crosslinking is

rather complex and sophisticated. Molecular biologists interested in using this
method are best advised to contact a laser laboratory. However, the recent devel-
opment of compact, diode-laser-pumped, all-solid-state femtosecond lasers and
the use of new nonlinear materials for frequency conversion, like quasi-phase-
matched crystals, will eventually result in reliable easy-to-operate femtosecond
systems at a reasonable price. These systems are well-suited for routine applica-
tions of this new crosslinking method in molecular biology laboratories.

2. The irradiated samples should be as thin as possible to avoid dispersion effects,
as these cause a change of the temporal distance between the blue and the UV
pulses. The velocity of the positioning table should be precisely tunable. Changes
in velocity can then be used to vary the applied energy per square millimeter of
cell layer. This is an important parameter for increasing the in vivo crosslinking
yield. However, irradiation should be fast enough to avoid drying of the cells.

3. Many crosslinked protein-DNA complexes do not enter a standard SDS–protein
gel when solubilized in SDS–sample buffer without urea (3). Probably, urea pre-
vents the aggregation of crosslinked material.

4. The amount of full-length extension product is only an operational value,
depending on the irradiation conditions and on the length of the template. One
should keep in mind that this parameter is used to optimize the crosslink proce-
dure and does not represent a stringent measurement of DNA damage.
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Appendix I

EMSA/Gel Shift Conditions:

Acrylamide:
Bisacrylamide Reference

Buffer Conditions Ratio Chapter

Tris-glycine: 50 mM Tris, 2,5 mM EDTA, 0,4 M 39:1 Ch 2
glycine

Tris-acetate: 6.7 mM Tris-HCl, pH 7.5, 3.3 mM — Ch 7
sodium acetate, 1 mM EDTA

0.5 × Tris-borate EDTA: 45 mM Tris, 45 mM 39:1 Ch 2
boric acid, 1 mM EDTA

1 × Tris-borate EDTA: 0.089 M Tris-borate, 37.5:1 Ch 32
pH 8.0, 1 mM EDTA

1 × Tris-borate CaCl2: 0.089 M Tris-borate, 37.5:1 Ch 32
pH 7.5 to 8.0 and up to 5 mM CaCl2

Tris-HCl: 8 mM Tris-HCl (recycled) 39:1 Ch 4

HEPES-NaCl: 50 mM NaCl, 40 mM 30:0,8 Ch 37
HEPES-NaOH, pH 7.5 and 5% v/v glycerol. (=37.5:1)
Running buffer: 50 mM NaCl, 20 mM
HEPES-NaOH, pH 7.5
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Reagent MW DNA Duplex Attack Comments Uses

1,10- 284 Ribose via  minor groove. Does not attack Footprinting.
Z-form DNA

Phenanthroline- and more
Copper TAT>CG>TA weakly (35%)

attacks
A form DNA
as compared
to B form.

DEPC 162 G + A ¨ C, Out of plane attack DNA
unstacked bases on bases conformation,

base destack-
ing, bending.

Dimethyl Sulphate 126 N7-G via major groove Footprinting
(DMS) N3-A via minor groove Interference

DNase I 40k Independent attack on Sequence specific Footprinting.
phosphodiester bonds DNA cleavage
from minor groove
face of DNA

Ethyl-nitroso-urea 117 60–65% Non-esterified Low sequence Interference
oxygen of  specificity
phosphodiester (> T-O2
(minor groove) =G-O6
(major groove) > T-O4
(major groove) >> C-O2
(minor groove))

Exonuclease III 28k 3 terminal attack Extremities of “Footprinting”
DNA-protein
complexes

Continued...

Appendix II

DNA-Modification/Cleavage Reagents

619
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Hydroxy-radical 17 Sugar backbone Little sequence Footprinting
preference Interference

Osmium tetroxide 254 Unstacked T Very specific for DNA
certain, as yet conformation
poorly defined
DNA
conformations
including
overwinding

Permanganate 119 T » G, C, A Out of plane attack DNA
on 5,6 double conformation,
bond of T melting, base

destacking,
bending.

Diffusible singlet 16 Unstaked/unwound DNA Little sequence DNA
oxygen bases preference in conformation

duplex DNA
(though as free
bases, G is by
far the prefered
target)

uranyl(VI) ion 268 Phosphates-photolysis Little sequence Footprinting
(UO2

2+) dependence of both
macromol-
ecules and
drugs.

UV irradiation — TT >> CT, TC, or CC Products: Footprinting.
i) cyclobutane Note, protein

pyrimidine does not
dimer (CBD). prevent

ii) pyrimidine (6-4) access but
pyrimidone changes DNA
photoproduct reactivity
(6-4PP) locally.
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Index

A

AFM, see Atomic force microscopy
Aminopropyltrietoxy silane (APTES),

mica functionalization, see
Atomic force microscopy

1-Anilinonaphthalene-8-sulfonic acid
(ANS),

competition assay for DNA binding,
advantages over intrinsic

fluorescence, 265
binding curve generation, 270–272
materials, 267, 268, 273
preliminary testing, 266, 267,

269, 270, 273
principle, 265
resonance energy transfer, 273, 274
titration, 268, 269, 273

protein binding properties, 265, 266
ANS, see 1-Anilinonaphthalene-8-

sulfonic acid
APTES, see Aminopropyltrietoxy silane
Atomic force microscopy (AFM),

advantages and limitations, 569
functionalized mica substrates,

overview, 569, 570
preparation, 571, 575

imaging in air,
contact vs tapping modes,
569, 570
sample preparation,
droplet procedure, 569, 571,
572
immersion procedure, 569,
571, 572

imaging in solution,

advantages, 570
dried samples, 570, 572
in situ, 570, 571

materials for nucleoprotein imaging,
570

multivalent cation method for
sample preparation, 571

8-Azidoadenine,
DNA incorporation,

materials, 325, 326
nick translation, 328, 332

DNA–protein crosslinking,
filter binding assay, 330
gel electrophoresis analysis,

329, 330
photocrosslinking, 328, 329,

332, 333
photoaffinity labeling overview,

323, 324
synthesis,

characterization, 327, 328, 331,
332

materials, 325
protocol, 326, 327, 330, 331
radiolabeled compound, 330

B

Biacore, see Surface plasmon resonance

C

Calorimetry, see also Differential
scanning calorimetry; Isothermal
titration calorimetry,

DNA-binding protein applications, 512
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equilibrium, 513
thermodynamic parameters,

energetics of protein–DNA
interaction, 512, 513

overview, 511, 512
CD, see Circular dichroism
Circular dichroism (CD),

applications for DNA-binding
proteins, 504, 508

DNA change measurement upon
protein binding,

materials, 504, 505
titration, 505, 506, 508
wavelength selection, 504, 505

origin of signal, 503
principles, 503, 504
sensitivity, 504
Sox-5 HMG domain dissociation

constant determination for
DNA, 518

Crystallography, see Reconstitution,
protein–DNA complexes for
crystallization; Two-dimensional
crystallization

D

DEPC footprinting, see Diethyl
pyrocarbonate footprinting

Diethyl pyrocarbonate (DEPC)
footprinting,

advantages, 63, 64
applications, 64, 65
DNA modification,

detection of modified bases with
piperidine cleavage, 65, 66,
68, 69, 71

reaction mechanism, 64
in vitro experiments on linear

DNA fragments,
binding reaction, 68, 71
gel electrophoresis, 69, 71
modification reaction and

stopping, 68, 71

piperidine cleavage, 68, 69, 71
radiolabeling of probe, 68

materials, 67
Differential scanning calorimetry

(DSC), see also Calorimetry,
excess molar heat capacity, 516
intrinsic heat capacity, 516
partial molar heat capacity, 515, 516
principle, 515, 516
Sox-5 HMG domain interaction with

DNA,
concentration determinations,

complex, 528, 529
DNA, 527, 5286
protein, 528

correction of isothermal titration
calorimetry-derived
enthalpies, 525, 526

data acquisition, 524, 530, 531
data analysis, 525
instrumentation, 520
materials, 520, 521, 529

Dimethyl sulfate (DMS) footprinting,
combination with electrophoretic

mobility shift assay, 78, 79
ligation-mediated polymerase chain

reaction for in vivo
footprinting,

advantages and limitations, 183, 187
cleavage for DNA sequencing

products,
A reaction, 201
C reaction, 201, 202
G reaction, 201
overview, 200, 201
processing of samples, 202
reagants, 192
T+C reaction, 201

detectable DNA–protein
interactions, 183

dimethyl sulfate treatment, 193,
202, 203, 213

DNA polymerase selection, 191
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DNA purification,
DNA extraction, 200, 213
materials, 191, 192
nuclei isolation, 200
quantification, 200, 213

gel electrophoresis and
electroblotting,
blotting, 209, 214
electrophoresis, 208, 209
materials, 196, 197

hybridization,
digoxigenin-labeled probe,
197, 198, 210, 214, 215
materials, 197
radiolabeled probe, 197,
209, 214

ligation,
ligation reaction, 207
materials, 195

modified bases and conversion to
single-strand breaks, 181,
188, 193, 205

overview, 176, 177
polymerase chain reaction,

cycles, 207, 208
materials, 195, 196, 213

primer extension,
incubation conditions,
206, 207
materials, 194, 195, 212, 213

single-stranded hybridization
probe preparation,
amplification product
purification and
quantification, 198, 199,
211, 215
digoxigenin labeling, 199,
212, 215
length, 210, 215
materials, 198, 199, 213
polymerase chain reaction
amplification, 198, 210, 211
radiolabeling, 199, 211, 212

methylation interference assay, see
methylation protection/
interference, dimethyl sulfate

principle, 78
sites of reaction with DNA, 79

DMS footprinting, see Dimethyl sulfate
footprinting

DNA bending,
functions, 403
pBend vectors for assay,

bending angle, 415, 416
cloning sites, 405
colony screening for clones, 408, 411
electrophoretic analysis of

complexes, 408, 409, 412–414
host strains of bacteria, 409
materials, 405–409
overview, 403, 404
protein-binding site insertion into

plasmid, 405–411, 413
purification of plasmid DNA, 408,

411, 412
restriction sites, 404–406, 414, 415
types of vectors, 404, 405

DNase I footprinting,
applications, 31, 32
autoradiography, 36, 38
binding reaction, 35–37
combination with electrophoretic

mobility shift assay, 78, 79
digestion, 36, 37
DNA probe labeling, 34
DNase I,

sequence specificity, 33, 34, 79
structure and function, 32, 33, 79

gel electrophoresis, 36, 37
ligation-mediated polymerase chain

reaction for in vivo
footprinting,

advantages and limitations, 186, 187
cleavage for DNA sequencing

products,
A reaction, 201
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C reaction, 201, 202
G reaction, 201
overview, 200, 201
processing of samples, 202
reagants, 192
T+C reaction, 201

DNA polymerase selection, 191
DNA purification,

DNA extraction, 200, 213
materials, 191, 192
nuclei isolation, 200
quantification, 200, 213

DNase I treatment, 193, 204, 205,
213, 214

gel electrophoresis and
electroblotting,
blotting, 209, 214
electrophoresis, 208, 209
materials, 196, 197

hybridization,
digoxigenin-labeled probe,
197, 198, 210, 214, 215
materials, 197
radiolabeled probe, 197,
209, 214

ligation,
ligation reaction, 207
materials, 195

modified bases and conversion to
single-strand breaks, 188

nonspecific priming of 3'-ends,
188, 189

overview, 182, 186, 188
permeabilization of cells, 188
polymerase chain reaction,

cycles, 207, 208
materials, 195, 196, 213

primer extension,
incubation conditions, 206,
207
materials, 194, 195, 212, 213

single-stranded hybridization
probe preparation,

amplification product
purification and
quantification, 198, 199,
211, 215
digoxigenin labeling, 199,
212, 215
length, 210, 215
materials, 198, 199, 213
polymerase chain reaction
amplification, 198, 210, 211
radiolabeling, 199, 211, 212

materials, 35–37
nonspecific competitor DNA, 34
principle, 31, 77, 78
Southwestern blotting, see

Southwestern blot
titration, 34

DSC, see Differential scanning
calorimetry

E

Electron microscopy, see also Scanning
transmission electron microscopy,

nucleoprotein structural repeat
imaging,

focusing effects, 584, 585
materials, 571–573, 586
negative staining, 579, 580,

583, 584
overview, 579
specimen mounting, 583, 586, 587
tilted specimens,

applications, 580, 581
closer end identification,
584–586
Fresnel patterns, 585, 586
helical asymmetry
identification, 584–586

two-dimensional crystallography,
see also Two-dimensional
crystallization,

crystal transfer to grid, 563,
565–567
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evaluation of specimens, 564, 567
negative staining, 563, 567
support preparation, 616–614

Electrophoretic mobility shift assay
(EMSA),

advantages, 13
applications, 15, 16
buffers, 20, 26
combination with binding

interference studies, 16
DNA probe,

isolation,
double-stranded synthetic
oligonucleotides, 23, 27
fragments derived from
subcloned sequence, 22, 23
materials, 20, 21

labeling options, 19
radiolabeling,

double-stranded synthetic
oligonucleotides, 22
fragments derived from
subcloned sequence, 21,
22, 27
materials, 20, 25
safety, 25

size, 19
electrophoresis,

autoradiography, 24
gel matrix selection, 19, 20, 25, 26
gel preparation, 23, 24, 26
loading and electrophoresis, 24, 26
materials, 21, 25, 26

ethylation interference assay, 233–236,
240, 241

exonuclease III footprinting
optimization, 43, 45, 46

hydroxyl radical footprinting
optimization, 55

hydroxyl radical interference,
gel, 250, 252
optimization, 250, 252

10-Phenanthroline-copper
footprinting coupling,

benefits, 83, 85, 86
cleavage in gel, 94, 95, 106, 107
competition binding assay, 92, 104
dissociation rate determination,

92, 104, 105
gel preparation, 93
loading of gel, 94, 106
materials, 86, 87
optimization,

binding reaction parameters,
103, 104
electrophoresis conditions,
104
exposure time to chemical
nuclease, 92, 105, 106
preliminary assay, 92, 102
probe length, 103

preparative reaction, 93
principle, 82
running conditions, 94

reconstitution of protein–DNA
complexes for crystallization,
551, 554

restriction endonuclease dissociation
constant determination,

competitive equilibrum
binding, 482
data analysis, 482, 383
direct titration, 481, 482,
487, 488
materials, 471

sensitivity, 13
two-wavelength femtosecond laser

crosslinking optimization,
614, 615

ELISA, see Enzyme-linked
immunosorbent assay

EMSA, see Electrophoretic mobility
shift assay

Enzyme-linked immunosorbent assay
(ELISA), phage binding, 419,
423, 424, 428

Equilibrium constant,
filter-binding assay determination,

5, 6
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fluorescence anisotropy
determination, 469, 486, 487

Ethylation interference,
ethylnitrosourea,

modification of phosphate groups,
229

modification reaction, 233, 235, 239
secondary modifications, 229, 239

fractionation of DNA by
electrophoretic mobility shift
assay, 233–236, 240, 241

materials, 230, 231, 233, 234
MetJ methionine repressor

interaction with target DNA,
230, 237–239

phosphotriester cleavage, 236
principle, 230
radiolabeling of DNA, 230, 231,

233–235
recovery of DNA from gels, 236
sequencing of DNA, 234, 236, 237,

241, 242
Exonuclease III footprinting,

applications, 41
digestion reaction, 43–46
exonuclease III,

activities, 39
sequence specificity, 39

gels,
band-shift assay, 42
electrophoresis, 44
purification of binding

complexes, 44, 45
sequencing, 42

interpretation, 40
materials, 42
optimization using electrophoretic

mobility shift assay, 43, 45, 46
principle, 40

F

Filter-binding assay,

advantages, 1
buffers, 3
equilibrium constant determination,

5, 6
equipment, 4
filters, 3
in vitro selection, 9, 10
kinetic measurements,

association, 7
dissociation, 6, 7
interference measurements, 7, 8

methionine repressor binding to
operator variants, 8, 9

radiolabeling of DNA,
gel electrophoresis and band

excision, 4
labeling reaction, 4
materials, 2, 3
plasmid digestion, 4

restriction endonuclease dissociation
constant determination,

competitive equilibrium binding,
478–480, 487, 484

data analysis,
competitive titration, 481
direct binding, 478, 485, 486

direct titrations, 476, 477, 485–487
materials, 471

retention efficiency, 2
troubleshooting, 10

Fluorescence anisotropy,
DNA–protein dissociation constant

determination, 493
equilibrium constant determination,

469, 486, 487
restriction endonuclease dissociation

constant determination using
hexachlorofluorescein-labeled
oligonucleotides,

data analysis, 483, 484, 488
fluorescence measurements,

483, 488
materials, 470–472
overview, 469, 470, 486, 487
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Footprinting, see Diethyl pyrocarbonate
footprinting; Dimethyl sulfate
footprinting; DNase I
footprinting; Exonuclease III
footprinting; Hydroxyl radical
footprinting; In vivo DNA
footprinting; Osmium tetroxide
footprinting; 1,10-Phenanthroline-
copper footprinting; Potassium
permanganate footprinting;
Singlet oxygen footprinting;
Ultraviolet C footprinting;
Ultraviolet-laser footprinting;
Uranyl photofootprinting

G

Gel retardation assay, see
Electrophoretic mobility shift assay

H

Histone, see Linker histone-Fe(II)
EDTA conjugate; Ultraviolet
laser-induced protein–DNA
crosslinking

Hydroxyl radical footprinting,
advantages, 49
applications,

antibiotic–DNA complexes, 54
DNA structure probing, 54
protein–DNA complexes, 53, 54
RNA–protein complexes, 54
RNA structure probing, 54

binding reaction, 56, 57, 59
cutting reaction,

materials, 54, 58
mechanism, 50
optimization, 56, 59

DNA probe preparation and labeling,
56, 59

gels,
nondenaturing, 55

sequencing, 55, 58, 59
generation of radicals, 49, 50
interpretation, 51–53
optimization using electrophoretic

mobility shift assay, 55
principle, 49–51
separation of free DNA from

complex,
nitrocellulose filter filtration, 58, 59
nondenaturing gel electrophoresis,

57–59
Hydroxyl radical interference,

advantages, 245, 246
applications,

RNA polymerase–promoter
interaction, 248, 249

transcription factors, 247, 248
cutting reaction, 249–252
electrophoretic mobility shift assay,

gel, 250, 252
optimization, 250, 252

generation of radicals, 246
interpretation, 246
materials, 249, 250, 252
principle, 245, 246
sequencing, 249–252

Hydroxyl radical site-directed cleavage,
see Linker histone-Fe(II) EDTA
conjugate

I

1,5-IAEDANS, competition assay for
DNA binding, 274

In vivo DNA footprinting,
dimethyl sulfate footprinting, see

Dimethyl sulfate footprinting
DNase I footprinting, see DNase I

footprinting
osmium tetroxide footprinting, see

Osmium tetroxide footprinting
overview, 176, 184
parameters affecting outcomes, 176
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potassium permanganate
footprinting, see Potassium
permanganate footprinting,

ultraviolet C footprinting, see
Ultraviolet C footprinting

Intrinsic fluorescence,
applications for DNA-binding

proteins, 491, 493
DNA binding curve determination,

data analysis, 497, 498
dissociation constant

considerations for titration,
492, 490

materials, 494–495, 499
preliminary experiments, 495,

496, 499, 500
titration, 496, 497, 500

inner filter effects and correction of
fluorescence, 493

origins, 492
principles of fluorescence, 491, 492

Isothermal titration calorimetry (ITC),
see also Calorimetry,

apparent heat change, 513, 514
dissociation constant determinations,

514, 515
effective heat change, 514
enthalpy of binding, 513–515, 518
principle, 513–515
Sox-5 HMG domain interaction

with DNA,
concentration determinations,

complex, 528, 529
DNA, 527, 528
protein, 528

data analysis, 522, 524, 529, 530
enthalpy correction using

differential scanning
calorimetry, 525, 527

instrumentation, 520
materials, 520, 521, 529
titration,

data acquisition, 521, 522, 529
range for DNA, 518

titration calculations, 515
ITC, see Isothermal titration

calorimetry

L

Ligation-mediated polymerase chain
reaction (LMPCR),

violet C footprinting, see Ultraviolet
C footprinting

Linker histone-Fe(II) EDTA conjugate,
cysteine substituted protein

construction,
ligation and transformation of

polymerase chain reaction
insert, 276, 280, 288

materials, 276
overexpression and purification,

276, 280, 281, 288
point mutation by polymerase

chain reaction, 276, 279
rationale, 275, 276
reduction and modification with

EDTA-2-aminoethyl 2-
pyridyl disulfide, 277, 278,
281, 282

linker histone function, 275
site-directed hydroxyl radical

cleavage analysis,
application, 286, 288
binding to reconstituted

nucleosomes, 284, 285, 289
cleavage reaction, 285, 289
materials, 278, 279
Maxim–Gilbert G-specific

reaction, 278, 284
nucleosome reconstitution, 278,

283, 284, 288
radiolabeling of DNA, 278, 282,

283, 289
sequencing gel, 279, 286

LMPCR, see Ligation-mediated
polymerase chain reaction

Lysine modification,
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modifying reagents, 301
rationale for DNA-binding proteins, 301
reductive methylation with sodium

cyanoborohydride,
data analysis, 310
isotope incorporation, 302, 303
materials, 303, 304
overview, 301–303
peptide mapping, 308, 309, 313, 314
pulse–chase labeling, 306–309,

312, 313
quantification of modified

residues, 306, 312
sodium cyanoborohydride

recrystallization, 304
surface labeling of proteins and

complexes, 305, 306, 311, 312
tritiated formaldehyde,

determination of effective
specific activity, 304, 305,
310, 311

M

Methionine repressor,
ethylation interference assay with

MetJ, 230, 237–239
filter-binding assay using operator

variants, 8, 9
Methylation protection/interference,

dimethyl sulfate,
DNA base reactivity, 221
interference assay, 225
materials, 222, 223
principles,

interference assay, 222
protection assay, 221, 222

protection assay, 223–226

N

Nitration, see Tyrosine nitration
Nucleoprotein complex, limited

proteolysis,

applications, 315, 316
materials, 318
overview,

preliminary characterization of
DNA-binding domains, 316

proteolysis, 316
purification of DNA-binding

domain, 317
sequencing of protein, 317, 318, 320

protease selection, 316, 317
proteolysis conditions, 319, 320
purification of DNA-binding

domain, 319–321
rationale, 315, 316

O

Osmium tetroxide footprinting,
advantages and limitations, 121, 122
applications, 122, 125, 127
safety, 128
materials, 122, 123, 128–130
stock solution preparation, 128–130
mechanism of thymidine attack, 130
reaction conditions, 123
detection of adducts, 123, 124, 130, 131
gel electrophoresis, 124
interpretation, 125, 127, 131, 132
ion effects, 125
in vivo modifications, 127, 128

P

pBend vectors, see DNA bending
PCR, see Polymerase chain reaction
Peptide mapping,

lysine modifications, 308, 309, 313, 314
RNA polymerase III after

photoaffinity labeling, 365, 377,
378, 380

tyrosine nitrations, 295, 296, 298
Phage display, nucleic acid-binding

proteins,
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applications, 417
cloning into phage vector, 418, 421,

422, 426
enzyme-linked immunosorbent assay

for binding, 419, 423, 424, 428
gene cassette library construction,

418, 420, 421, 425, 426
materials, 418, 419
overview, 417, 418
phage selection against nucleic acid

targets, 418, 419, 422, 423,
427, 428

phage vector preparation, 418, 419,
424, 425

principle, 417
1,10-Phenanthroline-copper

footprinting,
advantages over other footprinting

agents, 82, 83
chemistry of DNA cleavage, 79, 80, 82
complex isolation from free DNA,

direct elution from gels,
autoradiography, 95, 96
desalting, 97
excision, 96
extraction, 96, 97, 107
materials, 88–90

electrotransfer and elution from
membrane,
electrotransfer, 98
elution, 99
materials, 90, 91
principle, 97, 98

DNA structure and reaction rates,
80, 82

electrophoretic mobility shift assay
coupling,

benefits, 83, 85, 86
cleavage in gel, 94, 95, 106, 107
competition binding assay, 92, 104
dissociation rate determination,

92, 104, 105
gel preparation, 93

loading of gel, 94, 106
materials, 86, 87
optimization,

binding reaction parameters,
103, 104
electrophoresis conditions,
104
exposure time to chemical
nuclease, 92, 105, 106
preliminary assay, 92, 102
probe length, 103

preparative reaction, 93
principle, 82
running conditions, 94

in-gel cleavage,
applications, 86
materials, 88

kinetic scheme for nuclease activity,
80, 81

RNA-binding protein analysis, 86
sequencing,

autoradiography, 101, 102, 107, 108
gel loading and electrophoresis,

100, 101
ladder preparation, 91, 99, 100
reagents and equipment, 92
solutions, 91

Photoaffinity labeling, see also
8-Azidoadenine,

overview of photolabeling groups,
323, 324

RNA polymerase II transcription
complex, site-specific labeling,

advantages and applications,
383, 384

materials, 384, 385
members of complex, 383
overview, 384
photocrosslinking, 388, 389,

391, 392
photoprobe preparation,

AB-dUMP incorporation,
385, 388
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annealing, 385
gel purification, 385, 387,
388, 391
primer extension, 385, 391
restriction digestion, 385

RNA polymerase III transcription
complex, site-specific labeling,

DNA probe synthesis, 364, 365,
371, 373, 380

DNA template immobilization,
biotinylation, 369, 379
materials, 364
streptavidin bead binding,
369, 371, 379

nucleotide synthesis,
AB-dUTP, 365–367, 378
dCTP analogs, 368, 369
materials, 364
varied photochemistry
nucleotides, 368
varied tether-length
nucleotides, 367, 368

peptide mapping, 365, 377,
378, 380

photoaffinity labeling, 365, 373,
376, 377, 380

Polymerase chain reaction (PCR),
see also Ligation-mediated
polymerase chain reaction,

error-prone polymerase chain
reaction for mutation
introduction, 433, 436, 440, 447

phage display gene cassette library
construction, 418, 420, 421,
425, 426

point mutation for cysteine
substitution in histones,
276, 279

potassium permanganate footprinting
application, 66, 70–72

systematic evolution of ligands by
exponential enrichment,
603–604, 608–609

ultraviolet-laser footprinting
analysis, 166–168

Potassium permanganate footprinting,
advantages, 63, 64
applications, 64, 65
DNA modification,

detection of modified bases,
piperidine cleavage, 65, 66,
68, 69, 71
polymerase chain reaction
amplification, 66, 70–72
primer extension, 66, 70–72

reaction mechanism, 64
in vitro experiments on linear DNA

fragments,
binding reaction, 68, 71
gel electrophoresis, 69, 71
modification reaction and

stopping, 68, 71
piperidine cleavage, 68, 69, 71
radiolabeling of probe, 68

in vivo experiments, 69
materials, 67

Primer extension, see Polymerase chain
reaction

Proteolysis, see Nucleoprotein complex,
limited proteolysis

R

Reconstitution, protein–DNA
complexes for crystallization,

annealing of DNA duplex, 551, 554
crystallization trials, 452, 553, 555
electrophoretic mobility shift assay,

551, 554
scale-up, 551, 552, 555
synthetic oligomer preparation, 550,

551, 554
TFIIIA recombinant protein

purification,
chromatography, 549, 552, 554
concentration determination, 549,

552, 554
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annealing, 385
gel purification, 385, 387,
388, 391
primer extension, 385, 391
restriction digestion, 385

RNA polymerase III transcription
complex, site-specific labeling,

DNA probe synthesis, 364, 365,
371, 373, 380

DNA template immobilization,
biotinylation, 369, 379
materials, 364
streptavidin bead binding,
369, 371, 379

nucleotide synthesis,
AB-dUTP, 365–367, 378
dCTP analogs, 368, 369
materials, 364
varied photochemistry
nucleotides, 368
varied tether-length
nucleotides, 367, 368

peptide mapping, 365, 377,
378, 380

photoaffinity labeling, 365, 373,
376, 377, 380

Polymerase chain reaction (PCR),
see also Ligation-mediated
polymerase chain reaction,

error-prone polymerase chain
reaction for mutation
introduction, 433, 436, 440, 447

phage display gene cassette library
construction, 418, 420, 421,
425, 426

point mutation for cysteine
substitution in histones,
276, 279

potassium permanganate footprinting
application, 66, 70–72

systematic evolution of ligands by
exponential enrichment,
603–604, 608–609

ultraviolet-laser footprinting
analysis, 166–168

Potassium permanganate footprinting,
advantages, 63, 64
applications, 64, 65
DNA modification,

detection of modified bases,
piperidine cleavage, 65, 66,
68, 69, 71
polymerase chain reaction
amplification, 66, 70–72
primer extension, 66, 70–72

reaction mechanism, 64
in vitro experiments on linear DNA

fragments,
binding reaction, 68, 71
gel electrophoresis, 69, 71
modification reaction and

stopping, 68, 71
piperidine cleavage, 68, 69, 71
radiolabeling of probe, 68

in vivo experiments, 69
materials, 67

Primer extension, see Polymerase chain
reaction

Proteolysis, see Nucleoprotein complex,
limited proteolysis

R

Reconstitution, protein–DNA
complexes for crystallization,

annealing of DNA duplex, 551, 554
crystallization trials, 452, 553, 555
electrophoretic mobility shift assay,

551, 554
scale-up, 551, 552, 555
synthetic oligomer preparation, 550,

551, 554
TFIIIA recombinant protein

purification,
chromatography, 549, 552, 554
concentration determination, 549,

552, 554
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materials, 548, 549
overview, 547, 548
vectors, 549

Restriction endonuclease,
oligonucleotide assays,

association rates of reaction
components, 465, 484

dissociation constant,
data analysis for determination,

468, 472, 485, 486
direct versus competition titration,

616, 557, 614
electrophoretic mobility shift

assay for determination,
competitive equilibrum
binding, 481
data analysis, 482, 483
direct titration, 481, 482,
487, 488
materials, 471

filter binding assay,
competitive equilibrium
binding, 478–480, 487, 488
data analysis for
competitive titration, 481
data analysis for direct
binding, 478, 485, 486
direct titrations, 476, 477,
485–487
materials, 471

fluorescence anisotropy
determination using
hexachlorofluorescein-
labeled oligonucleotides,
data analysis, 483, 484, 488
fluorescence measurements,
481, 488
materials, 470–472
overview, 469, 470, 486, 487
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