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Preface

The introduction of high-performance liquid chromatography (HPLC)
to the analysis of peptides and proteins some 25 years ago revolutionized the
biological sciences by enabling the rapid and sensitive analysis of peptide and
protein structure through the exquisite speed, sensitivity, and resolution that
can be easily obtained. Today, HPLC in its various modes has become the
pivotal technique in the characterization of peptides and proteins and currently
plays a critical role in both our understanding of biological processes and in
the development of peptide- and protein-based pharmaceuticals.

The number of applications of HPLC in peptide and protein purification
continues to expand at an extremely rapid rate. Solid-phase peptide synthesis
and recombinant DNA techniques have allowed the production of large
quantities of peptides and proteins that need to be highly purified. HPLC
techniques are also used extensively in the isolation and characterization of
novel proteins that will become increasingly important in the postgenomic
age. The design of multidimensional purification schemes to achieve high levels
of product purity further demonstrates the power of HPLC techniques not only
in the characterization of cellular events, but also in the production of peptide-
and protein-based therapeutics. HPLC continues to be at the heart of the
analytical techniques with which scientists in both academia and in industry
must arm themselves to be able to fully characterize the identity, purity, and
potency of peptides and proteins.

The aim of HPLC of Peptides and Proteins: Methods and Protocols is to
provide the beginner with a sufficiency of the practical information needed to
develop separation and analytical protocols for peptide and protein analysis.
This volume opens with an overview of the basic theory and general
methodology of HPLC, with particular reference to the key separation
parameters that can be manipulated to achieve high resolution.  Each of the
commonly used HPLC techniques are covered in Chapters 2–9, whereas
methods for capillary to large-scale preparative isolation are described in
Chapters 10–15. Chapters 16–27 provide those already experienced in HPLC
with a number of specific applications, as in case studies to illustrate the
analytical approaches to a particular separation or assay challenge, with
examples drawn from contemporary fields in biochemistry and biotechnology.
These applications include proteolytic mapping, posttranslational
modifications, neuropeptide processing, glycopeptides and glycoproteins,
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vi          Preface

MHC-binding peptides, toxins/venoms, membrane proteins, antibodies,
combinatorial and proteome analysis, and enzymatic activity.

HPLC of Peptides and Proteins: Methods and Protocols will be a valuable
resource for a wide range of scientists, including biochemists, molecular
biologists, pharmacologists, and microbiologists, who work with peptides and/
or proteins in both academic and biotechnology laboratories.

Finally, I would like to thank all of the authors for their enthusiastic
participation and excellent contributions.

Marie-Isabel Aguilar
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3

1

HPLC of Peptides and Proteins

Basic Theory and Methodology

Marie-Isabel Aguilar

1. Introduction
High-performance liquid chromatography (HPLC) is now firmly established

as the premier technique for the analysis and purification of a wide range of
molecules. In particular, HPLC in its various modes has become the central tech-
nique in the characterization of peptides and proteins and has, therefore, played
a critical role in the rapid advances in the biological and biomedical sciences
over the last 10 years.

The enormous success of HPLC can be attributed to a number of inherent
features associated with reproducibility, ease of selectivity manipulation, and
generally high recoveries. The most significant feature is the excellent resolu-
tion that can be achieved under a wide range of conditions for very closely
related molecules, as well as structurally quite distinct molecules. This arises
from the fact that all interactive modes of chromatography are based on recog-
nition forces that can be subtly manipulated through changes in the elution con-
ditions that are specific for the particular mode of chromatography. Peptides
and proteins interact with the chromatographic surface in an orientation-
specific manner, in which their retention time is determined by the molecular
composition of specific contact regions. For larger polypeptides and proteins
that adopt a significant degree of secondary and tertiary structure, the chro-
matographic contact region comprises a small proportion of the total molecu-
lar surface. Hence, the unique orientation of a peptide or protein at a particular
stationary phase surface forms the basis of the exquisite selectivity that can be
achieved with HPLC techniques. All biological processes depend on specific

From: Methods in Molecular Biology, vol. 251, HPLC of Peptides and Proteins: Methods and Protocols
Edited by: M.-I. Aguilar © Humana Press Inc., Totowa, NJ
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interactions between molecules and affinity chromatography exploits these spe-
cific interactions to allow the purification of a biomolecule on the basis of its
biological function or individual chemical structure. In contrast reversed phase
HPLC, ion-exchange and hydrophobic interaction chromatography separate
peptides and proteins on the basis of differences in surface hydrophobicity or
surface charge. These techniques therefore allow the separation of complex
mixtures whereas affinity chromatography normally results in the purification
of one or a small number of closely related components of a mixture.

Reversed-phase chromatography (RPC) is arguably the most commonly used
mode of separation for peptides, although ion-exchange (IEC) and size exclu-
sion (SEC) chromatography also find application. The three-dimensional struc-
ture of proteins can be sensitive to the often harsh conditions employed in
RPC, and as a consequence, RPC is employed less for the isolation of proteins
where it is important to recover the protein in a biologically active form. IEC,
SEC, and affinity chromatography are therefore the most commonly used modes
for proteins, but RPC and hydrophobic interaction (HIC) chromatography are
also employed.

HPLC is extremely versatile for the isolation of peptides and proteins from
a wide variety of synthetic or biological sources. The number of applications
of HPLC in peptide and protein purification continue to expand at an extremely
rapid rate. Solid-phase peptide synthesis and recombinant DNA techniques
have allowed the production of large quantities of peptides and proteins which
need to be highly purified. The design of multidimensional purification schemes
to achieve high levels of product purity further highlight the power of HPLC
techniques in the analysis and isolation of peptide and proteins samples. The
complexity of the mixture to be chromatographed depends on the nature of the
source and the degree of preliminary clean-up that can be performed. In the case
of synthetic peptides, RPC is generally employed both for the initial analysis
and the final large scale purification. The isolation of proteins from a biologi-
cal cocktail however, often requires a combination of techniques to produce a
homogenous sample. HPLC techniques are then introduced at the later stages
following initial precipitation, clarification and preliminary separations using
soft gel. Purification protocols therefore need to be tailored to the specific
target molecule. The key factor that underpins the development of a successful
separation protocol is the ability to manipulate the retention of the target mol-
ecule so that it can be resolved from other contaminating components. This
chapter thus provides an outline of the general theory of chromatography and
the factors that control both the retention time and peakwidth of solutes under-
going separation in terms of the parameters that control resolution. This infor-
mation can then be used to understand the approaches used to perform

4 Aguilar
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separations with specific modes of chromatography as outlined in the remain-
ing chapters in this book.

2. The Molecular Basis of Separation
The separation of a mixture of peptides and proteins in interactive modes of

chromatography arises from the differential adsorption of each solute accord-
ing to their respective affinity for the immobilized stationary phase. Thus, when
a particular molecule has a very high affinity for a specific stationary phase, i.e.,
when the equilibrium distribution coefficient K is high, then that solute is
retained to a greater extent than another molecule with a lower affinity for the
stationary phase. The degree and nature of the binding affinity is clearly depen-
dent on the structure of the solute and the immobilized ligands. For example,
in the case of RPC and HIC, binding is mediated predominantly through
hydrophobic interactions between the solute and the immobilized n-alkyl lig-
ands. In IEC, the binding is through electrostatic interactions, whereas in dif-
ferent modes of affinity chromatography, binding involves a mixture of
hydrophobic, electrostatic, and polar forces. In the case of size exclusion chro-
matography, the differential movement along the column is a result of the extent
to which each solute can permeate the porous structure of the stationary phase.

An additional factor that influences the appearance and relative separation
of a peak is the degree of bandbroadening of the solute band during migration
through the column. Thus, as it moves down the column, the solute band broad-
ens as a consequence of a number of factors including longitudinal diffusion,
brownian motion, eddy diffusion, and mobile phase and stagnant phase mass
transfer. These effects result in bandbroadening that generally increases with
increasing residence time in the column. The resulting degree of separation or
selectivity between constituent solutes in a mixture is thus a subtle interplay
between the relative affinity of the molecules for the stationary phase and the
degree of diffusive processes that occur during separation.

3. Retention and Bandwidth Relationships
The time taken for a solute to pass though a chromatographic column is

referred to as the retention time tr. This retention time is measured as the time
taken by the solute, following injection, to emerge from the column and to be
detected as illustrated in Fig. 1. In order to allow retention times to be com-
pared to different columns or under different conditions, the retention time of
a solute is normally compared with the retention time of a molecule which is
not retained on the specific column of interest. This allows the unitless capac-
ity factor k′ of a solute to be expressed in terms of the retention time tr, through
the relationship

HPLC of Peptides and Proteins 5
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k′ = (tr – to) / to (1)

where to is the retention time of a nonretained solute. The capacity factor k′ can
also be defined as the ratio ns/nm where ns and nm are the number of moles of
solute in the stationary phase and mobile phase respectively as follows:

k′ = ns / nm (2)

or alternatively as

k′ = [X]s Vs / [X]m Vm (3)

where [X]s and [X]m refer to the concentrations of the solute in the stationary and
mobile phases, respectively, and Vs and Vm are the corresponding volumes of the
stationary and mobile phases. Since the ratio [X]s / [X]m is the equilibrium dis-
tribution coefficient K and the ratio Vs / Vm defines the phase ratio Φ of the chro-
matographic system, the capacity factor can also be expressed as follows:

k′ = Φ[X]s / [X]m (4)

or

k′ = ΦK (5)

6 Aguilar

Fig. 1. Diagram of the retention parameters that describe a chromatographic sepa-
ration. The retention time of a nonretained solute is denoted by t0, while the retention
times of two retained solutes, 1 and 2, are given by tr,1 and tr,2. The corresponding peak-
widths for solutes 1 and 2 are denoted σ,1 and σ,2, and together with the retention times
are they used to detrmine the resolution of the separation according to Eq. 9.
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Equation 5 thus formerly describes the direct thermodynamic relationship
between the retention of a peptide or protein and its affinity for the stationary
phase material.

The practical significance of k′ can be related to the selectivity parameter α,
defined as the ratio of the capacity factors of two adjacent peaks as follows:

α = k′i / k′j (6)

which allows the definition of a chromatographic elution window in which
retention times can be manipulated to maximise the separation of components
within a mixture. Clearly, the aim is to obtain as high a value of α as possible,
which reflects a high degree of separation between two peaks. The second
factor involved in defining the quality of a separation is the peak width σt. The
degree of peak broadening is directly related to the efficiency of the column
and can be expressed in terms of the number of theoretical plates N as follows:

N = (tr)
2 / σ r

2. (7)

N can also be expressed in terms of the reduced plate height equivalent h, the
column length L, and the particle diameter of the stationary phase material dp, as

N = hL / dp. (8)

The resolution Rs between two components of a mixture, therefore, depends on
both selectivity and bandwidth according to

Rs = 1 / 4 √N (α – 1)[1 / (1 + k′)]. (9)

This equation describes the relationship between the quality of a separation and
the relative retention, selectivity, and the bandwidth. It also provides the formal
basis upon which resolution can be manipulated to achieve a particular level of
separation. Thus, when faced with an unsatisfactory separation, the aim is to
improve resolution by one of three possible strategies. The first is to increase
α as previously and the second, but related, approach is to vary k′ within a
defined range normally 1 < k′ < 10 through variation in the experimental elu-
tion conditions such as solvent strength, separation time, or nature of the immo-
bilized ligand. Third, one can increase N, for example, by using very small
particles in microbore or narrow bore columns.

An appreciation of the factors that control the resolution of peptides and pro-
teins in interactive modes of chromatography can assist in the development and
manipulation of separation protocols to obtain the desired separation. The opti-
mization of high-resolution separations of peptides and proteins involves the
separation of sample components through manipulation of both retention times
and solute peak shape. For example, inspection of the schematic separation
shown in Fig. 1 demonstrates baseline separation between the two components

HPLC of Peptides and Proteins 7

CH01,1-8,8pgs  10/30/03  7:00 PM  Page 7



which corresponds to a high value of both selectivity α, and resolution. A sce-
nario can be envisaged where it may be desirable to decrease the retention times
of the solutes to allow more rapid analysis times. However, resolution may be
sacrificed and the final separation conditions are often likely to be a tradeoff
between rate of analysis and quality of separation.

An enormous range of different separation techniques are available for pep-
tide and protein analysis. The challenge facing the scientist who wishes to ana-
lyze and/or purify their peptide or protein sample is the selection of the initial
separation conditions and subsequent optimisation of the appropriate experi-
mental parameters. The following chapters thus provide a practical guide to per-
forming peptide and protein analyses under a range of different separation
modes. In addition, the reader is guided through the experimental options avail-
able to achieve a high-resolution separation of a peptide or protein mixture, an
exercise which is underpinned by the theoretical relationships provided in this
chapter.

8 Aguilar
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9

2

Reversed-Phase High-Performance Liquid
Chromatography

Marie-Isabel Aguilar

1. Introduction
Reversed-phase high-performance liquid chromatography (RP-HPLC)

involves the separation of molecules on the basis of hydrophobicity. The sepa-
ration depends on the hydrophobic binding of the solute molecule from the
mobile phase to the immobilized hydrophobic ligands attached to the station-
ary phase, i.e., the sorbent. A schematic diagram showing the binding of a pep-
tide or a protein to a reversed-phase surface is shown in Fig. 1. The solute
mixture is initially applied to the sorbent in the presence of aqueous buffers, and
the solutes are eluted by the addition of organic solvent to the mobile phase.
Elution can proceed either by isocratic conditions where the concentration of
organic solvent is constant, or by gradient elution whereby the amount of organic
solvent is increased over a period of time. The solutes are, therefore, eluted in
order of increasing molecular hydrophobicity. RP-HPLC is a very powerful
technique for the analysis of peptides and proteins because of a number of fac-
tors that include: (1) the excellent resolution that can be achieved under a wide
range of chromatographic conditions for very closely related molecules as well
as structurally quite distinct molecules; (2) the experimental ease with which
chromatographic selectivity can be manipulated through changes in mobile
phase characteristics; (3) the generally high recoveries and, hence, high pro-
ductivity; and (4) the excellent reproducibility of repetitive separations carried
out over a long period of time, which is caused partly by the stability of the sor-
bent materials under a wide range of mobile phase conditions (1,2). However,
RP-HPLC can cause the irreversible denaturation of protein samples thereby
reducing the potential recovery of material in a biologically active form.

From: Methods in Molecular Biology, vol. 251, HPLC of Peptides and Proteins: Methods and Protocols
Edited by: M.-I. Aguilar © Humana Press Inc., Totowa, NJ
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The RP-HPLC experimental system for the analysis of peptides and proteins
usually consists of an n-alkylsilica-based sorbent from which the solutes are
eluted with gradients of increasing concentrations of organic solvent such as ace-
tonitrile containing an ionic modifier such as trifluoroacetic acid (TFA) (1,2).
Complex mixtures of peptides and proteins can be routinely separated and low
picomolar—femtomolar amounts of material can be collected for further charac-
terization. Separations can be easily manipulated by changing the gradient slope,
the operating temperature, the ionic modifier, or the organic solvent composition.

The extensive use of RP-HPLC for the purification of peptides, small polypep-
tides with molecular weights up to 10,000, and related compounds of pharma-
ceutical interest has not been replicated to the same extent for larger polypeptides

10 Aguilar

Fig. 1. Schematic representation of the binding of (A) a peptide and (B) a protein,
to an RP-HPLC silica-based sorbent. The peptide or protein interacts with the immo-
bilized hydrophobic ligands through the hydrophobic chromatographic contact region.

CH02,9-22,14pgs  10/30/03  6:59 PM  Page 10



(molecular mass > 10 KDa) and globular proteins. The combination of the
traditionally used acidic buffering systems and the hydrophobicity of the
n-alkylsilica supports which can result in low mass yields or the loss of biolog-
ical activity of larger polypeptides and proteins have often discouraged practi-
tioners from using RP-HPLC methods for large-scale protein separations. The
loss of enzymatic activity, the formation of multiple peaks for compositionally
pure samples, and poor yields of protein can all be attributed to the denaturation
of protein solutes during the separation process using RP-HPLC (3–6).

RP-HPLC is extremely versatile for the isolation of peptides and proteins
from a wide variety of synthetic or biological sources and is used for both ana-
lytical and preparative applications (1–2, see also Chs. 10–21). Analytical
applications range from the assessment of purity of peptides following solid-
phase peptide synthesis (see Ch. 14), to the analysis of tryptic maps of proteins.
Preparative RP-HPLC is also used for the micropurification of protein fragments
for sequencing to large-scale purification of synthetic peptides and recombi-
nant proteins. The complexity of the mixture to be chromatographed will depend
on the nature of the source and the degree of preliminary clean-up that can be
performed. In the case of synthetic peptides, RP-HPLC is generally employed
both for the initial analysis and the final large-scale purification. The purifica-
tion of synthetic peptides usually involves an initial separation on an analyti-
cal scale to assess the complexity of the mixture followed by large-scale
purification and collection of the target product. A sample of the purified mate-
rial can then be subjected to RP-HPLC analysis under the same or different elu-
tion conditions to check for purity. The isolation of proteins from a biological
cocktail derived from a tissue extract or biological fluid for example, often
requires a combination of techniques to produce a homogenous sample. HPLC
techniques are then introduced at the later stages following initial precipitation,
clarification, and preliminary separations using soft gels.

The challenge facing the scientist who wishes to analyze and/or purify their
peptide or protein sample by RP-HPLC is the selection of the initial separation
conditions and subsequent optimization of the appropriate experimental para-
meters. This chapter describes a standard method that can be used as an initial
procedure for the RP-HPLC analysis of a peptide sample, and then different
experimental options available to achieve a high-resolution separation of a pep-
tide or protein mixture using RP-HPLC are outlined in Subheading 4.

2. Materials
2.1. Chemicals

1. Acetonitrile (CH3CN), HPLC grade.
2. Milli-Q water.
3. Trifluoroacetic acid (TFA).

RP-HPLC 11

CH02,9-22,14pgs  10/30/03  6:59 PM  Page 11



2.2. Equipment and Supplies

1. HPLC solvent delivery system with binary gradient capability and a UV detector.
2. Reversed-phase octadecylsilica (C18) column (see Note 1) (4.6 mm id (internal

diameter) × 250 mm length (see Note 2), 5 µm particle size, 300 Å pore size (see
Note 3).

3. C18 guard column.
4. Solvent filtration apparatus equipped with a 0.22-µm Teflon filter.
5. Sample filters, 0.22 µm porosity.
6. Buffer A: 0.1% (v/v) TFA in water (see Note 4).
7. Buffer B: 100% CH3CN containing 0.1% (v/v) TFA (see Note 5).

3. Methods
3.1. Sample Preparation

Dissolve 1 mg of sample in 1 mL of Buffer A. If there is some undissolved
material, filter the sample through a 0.22-µm filter.

3.2. Solvent Preparation

Filter all solvents through a 0.22-µm filter before use. This removes partic-
ulates that could block solvent lines or the column and also serves to degass
the solvent. If the HPLC instrument is not installed with on-line degassing capa-
bility, check with your instrument requirements to assess whether further
degassing is required.

3.3. Column Equilibration and Blank Run

1. Connect the guard and the column to the solvent delivery system according to the
HPLC system requirements and equilibrate under the following initial conditions.
a. Solvent: 100% Buffer A
b. Flow rate: 1 mL/min (see Note 6)
c. Detection wavelength: 215 nm (see Note 7)
D. Temperature: Ambient (see Note 8)

2. Once a stable baseline is obtained, inject 10 µL of Milli-Q water (either manually
or via an automatic injector). It is generally advisable to perform two blank runs
to ensure proper equilibration of the column.

3.4. Sample Injection and Analysis

Once a stable baseline is obtained, inject 10 µL of the sample (either man-
ually or via an automatic injector) and use a linear gradient from 0 to 100%
buffer B over 30 min to elute the sample (see Note 9).

Figure 2 shows a typical chromatogram of a crude synthetic peptide. The
large majority of components should normally elute within the gradient time.
Thus, each individual method is relatively straightforward to perform. The

12 Aguilar
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scope lies in the wide range of operating parameters that can be changed in order
to manipulate the resolution of peptide and protein mixtures in RP-HPLC.
These parameters include the immobilized ligand (see Note 1), the column
packing geometry (see Note 3), the column dimensions (see Note 2), the ionic
additive (see Note 4), the organic solvent (see Note 5), the mobile phase flow
rate (see Note 6), the gradient time and gradient shape (see Note 9), and the
operating temperature (see Note 8).

4. Notes
1. The most commonly employed experimental procedure for the RP-HPLC analy-

sis of peptides and proteins generally involves the use of a C18-based sorbent and
a mobile phase. The chromatographic packing materials that are generally used
are based on microparticulate porous silica which allows the use of high linear
flow velocities resulting in favorable mass transfer properties and rapid analysis
times (7,8). The silica is chemically modified by a derivatized silane bearing an
n-alkyl hydrophobic ligand. The most commonly used ligand is C18, whereas

RP-HPLC 13

Fig. 2. RP-HPLC elution profile illustrating the purification of a synthetic peptide.
Analytical profile (1 mg) of a crude peptide mixture from solid phase peptide synthe-
sis. Column: Zorbax 300 RP-C18, 25 cm × 4.6 mm id, 5-µm particle size, 30 nm pore
size. Conditions, linear gradient from 0–60% acetonitrile with 0.1%TFA over
30 min, flow rate of 1 mL/min, 25°C.
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n-butyl (C4) and n-octyl (C8) also find important application and phenyl and
cyanopropyl ligands can provide different selectivity (9). The process of chemi-
cal immobilization of the silica surface results in approx half of the surface silanol
group being modified. The sorbents are, therefore, generally subjected to further
silanization with a small reactive silane to produce an end-capped packing mate-
rial. The type of n-alkyl ligand significantly influences the retention of peptides
and proteins and can therefore be used to manipulate the selectivity of peptide and
protein separations. Although the detailed molecular basis of the effect of ligand
structure is not fully understood, a number of factors including the relative
hydrophobicity and ligand chain length, flexibility, and the degree of exposure of
surface silanols all play a role in the retention process. An example of the effect
of chain length on peptide separations can be seen in Fig. 3 (1). It can be seen that
the peaks labeled T3 and T13 are fully resolved on the C4 packing but cannot be
separated on the C18 material. In contrast, the peptides T5 and T18 are unresolved
on the C4 column but fully resolved on the C18 material. In addition to effects on
peptide selectivity, the choice of ligand type can also influence protein recovery
and conformational integrity of protein samples. Generally higher protein recov-
eries are obtained with the shorter and less hydrophobic n-butyl ligands. However,
proteins have also been obtained in high yield with n-octadecyl silica (10–12).
Silica-based packings are also susceptible to cleavage at pH values greater
than 7. This limitation can severely restrict the utility of these materials for sep-
arations which require basic pH conditions to effect resolution. In these cases,
alternative stationary phases have been developed including cross-linked poly-
styrene divinylbenzene (13,14) and porous zirconia (15,16), which are all stable
to hydrolysis at alkaline pHs.

2. The desired level of efficiency and sample loading size determines the dimension
of the column to be used. For small peptides and proteins, increased resolution
will be obtained with increases in column length. Thus, for applications such as
tryptic mapping, column lengths between 15–25 cm and id of 4.6 mm are gener-
ally employed. However, for larger proteins, low mass recovery and loss of bio-
logical activity may result with these columns as a result of irreversible binding
and/or denaturation. In these cases, shorter columns of between 2 and 20 cm in
length can be used. For preparative applications in the 1–500 mg scale, such as
the purification of synthetic peptides, so-called semipreparative columns of dimen-
sions 30 cm × 1 cm id and preparative columns of 30 cm × 2 cm id can be used.

The selection of the internal diameter of the column is based on the sample
capacity and detection sensitivity. Whereas most analytical applications are car-
ried out with columns of internal diameter of 4.6 mm id, for samples derived from
previously unknown proteins where there is a limited supply of material, the task
is to maximize the detection sensitivity. In these cases, the use of narrow bore
columns of 1 or 2 mm id can be used that allow the elution and recovery of sam-
ples in much smaller volumes of solvent (see Chapter 11). Capillary chromatog-
raphy is also finding increasing application where capillary columns of internal
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Fig. 3. The influence of n-alkyl chain length on the separation of tryptic peptides
derived from porcine growth hormone. Top: Bakerbond (J. T. Baker, Phillipsburg, NJ)
RP-C4, 25 cm × 4.6 mm id, 5 µm particle size, 30 nm pore size. Bottom: Bakerbond
(J. T. Baker) RP-C18, 25 cm × 4.6 mm id, 5 µm particle size, 30 nm pore size.
Conditions, linear gradient from 0–90% acetonitrile with 0.1%TFA over 60 min, flow
rate of 1 mL/min, 25°C (Reproduced from ref. 1 by permission of Academic).
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diameter between 0.2–0.4 mm and column length of 15 cm result in the analysis
of femtomole of sample (see Chapter 10). The effect of decreasing column inter-
nal diameter on detection sensitivity is shown in Fig. 4 for the analysis of lysozyme
on a C18 material packed into columns of 4.6, 2.1, and 0.3 mm id (17).

3. The geometry of the particle in terms of the particle diameter and pore size, is also
an important feature of the packing material. Improved resolution can be achieved
by decreasing the particle diameter and the most commonly used range of parti-
cle diameters for analytical scale RP-HPLC is 3–5 µm. There are also examples
of the use of nonporous particles of smaller diameter (18). For preparative scale
separations, 10–20 µm particles are utilized. The pore size of RP-HPLC sorbents
is also an important factor that must be considered. For peptides, the pore size gen-
erally ranges between 100–300 Å depending on the size of the peptides. Porous
materials of ≥300 Å pore size are necessary for the separation of proteins, as the

16 Aguilar

Fig. 4. Effect of column internal diameter on detector sensitivity. Column: Brownlee
RP-300 C8 (7 µm particle size, 30 nm pore size), 3 cm × 4.6 mm id and 10 cm × 2.1 mm
id (Applied Biosystems) and 5 cm × 0.32 mm id. Conditions: linear gradient from
0–60% acetonitrile with 0.1% TFA over 60 min, 45°C. Flow rates, 1 mL/min, 200 µLl/min,
and 4 µL/min for the 4.6, 2.1, and 0.32 mm id columns, respectively. Sample loadings,
lysozyme, 10 µg, 4 µg, and 0.04 µg for the 4.6, 2.1, and 0.32 mm id columns, respec-
tively. (Reproduced from ref. 17 by permission of Elsevier Science, copyright 1992.)
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solute molecular diameter must be at least one-tenth the size of the pore diame-
ter to avoid restricted diffusion of the solute and to allow the total surface area of
the sorbent material to be accessible. The development of particles with
6000–8000 Å pores with a network of smaller pores of 500–1000 Å has also
allowed very rapid peptide and protein separations to be achieved (19,20).

4. RP-HPLC is generally carried out with an acidic mobile phase, with TFA the most
commonly used additive because of its volatility. However, for high sensitivity
applications, the amount of TFA in buffer B can be adjusted downward because
phosphoric acid, perchloric acid, formic acid, hydrochloric acid, acetic acid, and
heptaflourobutyric acid have also been used (21–23). Alternative additives such
as nonionic detergents can be used for the isolation of more hydrophobic proteins
such as membrane proteins (24, see Chapter 22).

5. One of the most powerful characteristics of RP-HPLC is the ability to manipulate
solute retention and resolution through changes in the composition of the mobile
phase. In RP-HPLC, peptide and protein retention is a result of multisite interac-
tions with the ligands. The practical consequence of this is that high resolution
isocratic elution of peptides and proteins can rarely be achieved as the experimental
window of solvent concentration required for their elution is very narrow. Mixtures
of peptides and proteins are therefore routinely eluted by the application of a
gradient of increasing organic solvent concentration. The three most commonly
employed organic solvents in RP-HPLC are acetonitrile, methanol, and
2-propanol, which all exhibit high optical transparency in the detection wave-
lengths used for peptide and protein analysis. Acetonitrile provides the lowest vis-
cosity solvent mixtures and 2-propanol is the strongest eluent. An example of the
influence of organic solvent is shown in Fig. 5 where changes in selectivity can
be observed for a number of peptide peaks in the tryptic map. In addition to the
eluotropic effects, the nature of the organic solvent can also influence the con-
formation of both peptides and proteins and will, therefore, have an additional
effect on selectivity through changes in the structure of the hydrophobic contact
region. In the case of proteins, this may also impact on the level of recovery of
biologically active material.

6. The typical experiment with an analytical scale column would utilize flow rates
ranging between 0.5–2.0 mL/min. With microbore columns (1–2 mm id) flow rates
of 50–250 µL/min are used, whereas for capillary columns of 0.2–0.4 mm id, flow
rates of 1–4 µL/min are applied. At the preparative end of the scale with columns
of 10–20 mm id, flow rates ranging between 5–20 mL/min are required.

7. Detection of peptides and proteins in RP-HPLC, generally involves detection
between 210 and 220 nm, which is specific for the peptide bond, or at 280 nm,
which corresponds to the aromatic amino acids tryptophan and tyrosine. The use of
photodiode array detectors can enhance the detection capabilities by the on-line
accumulation of complete solute spectra. The spectra can then be used to identify
peaks specifically on the basis of spectral characteristics and for the assessment
of peak purity (24–26). In addition, second derivative spectroscopy can provide
information on the conformational integrity of proteins following elution (27,28)

RP-HPLC 17

CH02,9-22,14pgs  10/30/03  6:59 PM  Page 17



18 Aguilar

Fig. 5. The influence of organic solvent on the RPC of tryptic peptides derived from
porcine growth hormone. Column: Bakerbond (J. T. Baker) RP-C4, 25 cm × 4.6 mm
id, 5 µm particle size, 30 nm pore size. Conditions, linear gradient from 0–90%
2-propanol (top), acetonitrile (middle) or methanol (bottom) with 0.1%TFA over
60 min, flow rate of 1 mL/min, 25°C. (Reproduced from ref. 1 by permission of
Academic.)
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Fig. 6. Effect of gradient time on the reversed phase chromatography of tryptic
peptides of porcine growth hormone. Column: Bakerbond (J. T. Baker) RP-C4,
25 cm × 4.6 mm id, 5 µm particle size, 30 nm pore size. Conditions, linear gradient
from 0–90% acetonitrile with 0.1%TFA over 30 min (top), 60 min (middle), or 120 min
(bottom) at a flow rate of 1 mL/min, 25°C. (Reproduced from ref. 1 by permission of
Academic.)
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8. The operating temperature can also be used to manipulate resolution. Although
the separation of peptides and proteins is normally carried out at ambient tem-
perature, solute retention in RP-HPLC is influenced by temperature through
changes in solvent viscosity. In addition to this, peptide and protein conformation
can also be manipulated by temperature. Changes in temperature can therefore also
be used to manipulate the structure and retention of peptide mixtures. For pep-
tides, it has been shown that secondary structure can actually be enhanced through
binding to the hydrophobic sorbent (29). In the case of proteins that are to be sub-
jected to further chemical analysis and thus where recovery of a biologically
active protein is not essential, increasing temperature can be used to modulate
retention via denaturation of the protein structure (3–6). However, if the efficient
recovery of both mass and biological activity is of paramount importance, the use
of elevated temperatures is not an option.

9. The choice of gradient conditions will depend on the nature of the molecules of
interest. The influence of gradient time on the separation of a series of tryptic pep-
tides proteins is shown in Fig. 6 (1). Generally the use of longer gradient times
provides improved separation. However, these conditions also increase the resi-
dence time of the peptide or protein solute at the sorbent surface, which may then
result in an increase in the degree of denaturation.
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Ion-Exchange Chromatography

Peter Stanton

1. Introduction
Ion-exchange chromatography (IEX) separates biomolecules (proteins,

polypeptides, nucleic acids, polynucleotides, charged carbohydrates, and poly-
saccharides) based on differences in their charge. IEX can be a highly selec-
tive chromatographic technique, being able to resolve, for example, proteins
which differ by only a single charged group (1). The process relies upon the
formation of ionic bonds between the charged groups on biomolecules (typi-
cally, –NH3

+, =NH2
+, ≥NH+, –COO–, PO4

–, SO3
2–), and an ion-exchange gel/

support carrying the opposite charge. Non-bound biomolecules (i.e., neutral
molecules which do not carry any electrical charge, or molecules carrying the
same charge as the ion-exchange support) are removed by washing, and bound
biomolecules are recovered by elution with a buffer of either higher ionic
strength, or altered pH. The advantages of IEX are 1) high resolving power, 2)
separations can be fast, 3) in general, recoveries are high, 4) buffer components
are nondenaturing and frequently compatible with further downstream chro-
matographic separation or assay systems, 5) process can be used as a concen-
tration step, to recover proteins from a dilute solution. The disadvantages of IEX
are few, but include 1) the sample must be applied to the IEX support under
conditions of low ionic strength and controlled pH, which sometimes requires
an extra buffer exchange step to be inserted, 2) chromatographic instrumenta-
tion should be resistant to salt-induced corrosion, and 3) postchromatographic
concentration of dilute solutions of recovered proteins can result in high salt
concentrations (>1 M), unsuitable, for example, in biological assays unless
buffer exchange is carried out. Applications for IEX are numerous, from ana-
lytical scale column chromatographic separations in the research laboratory

From: Methods in Molecular Biology, vol. 251, HPLC of Peptides and Proteins: Methods and Protocols
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through to preparative scale column separations at the industrial level. In
selected cases, IEX can also be applied successfully in a batch-mode, which
has advantages in simplicity and lack of requirement for expensive chromato-
graphic equipment.

There are two basic types of ion-exchangers: 1) anion-exchanger and 2)
cation exchanger. The anion exchanger has positively charged groups which
have been immobilized onto a chromatographic support, and will therefore bind
and exchange negatively charged ions (anions) (see Fig. 1A), while a cation-
exchanger has negatively charged immobilized groups which will bind and
exchange positively charged ions (cations) (see Fig. 1B). In solution, proteins
and other biomolecules are ionized, and the extent of ionization is dependent
on the pH of the solution. For any given protein, the pH at which the total pos-
itive charge is equal to the total negative charge is known as the isoelectric point
(pI ). Hence, when pH = pI, the total net charge on the protein is zero (see
Fig. 2). At pHs less than the pI, the total net charge on the protein will be pos-
itive, thus the protein should bind to a cation-exchange column. At pHs greater
than the pI, the total net charge on the protein will now be negative, and the
protein should bind to an anion-exchange column (see Fig. 2). As a rule of
thumb, proteins with pI < 6 (i.e., acidic proteins) are chromatographed on an
anion-exchange column, while proteins of pI > 8 (basic proteins) are chro-

24 Stanton

Fig. 1. Types of ion-exchangers. For an anion-exchanger (A), the gel matrix is pos-
itively charged, with negatively charged counter-ions (anions) in solution. These anions
are reversibly exchanged with other anions in the process of ion-exchange chro-
matography. For a cation-exchanger (B), the gel matrix is negatively charged, with pos-
itively charged counter-ions (cations) in solution.
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matographed on a cation-exchange column, and proteins with pI between 6 and
8 can be chromatographed on either type (5). In the lab, if the pI of the pro-
tein(s) of interest is unknown, it will be necessary to conduct a pilot experiment
to determine the best ion exchanger to use (see Subheading 3.2.). A list of the
pIs of a series of standard proteins is shown in Table 1.

Despite the fact that the net charge on a protein is zero at its pI, it is not
unusual that some binding to ion-exchangers will occur. This is owing to 1) the
nonuniform distribution of charged groups on the surface of the protein and 2)
potential for differences between the pH of the microenvironment inside the
pores of the ion-exchange support and the pH of the bulk eluent (3). Regardless,
as the solubility of many proteins is lowest at or near their pI (4), it is suggested
to avoid chromatography at this pH value to prevent potential on-column pre-
cipitation (see Note 1).

Ion-Exchange Chromatography 25

Fig. 2. Generic titration curve for proteins. In solution, charged groups on proteins
are ionized, and the extent of ionisation is dependent on solution pH. At a particular
pH known as the isoelectric point (pI ), the total positive charge on the protein is equiv-
alent to the total negative charge, hence the net protein charge is zero. At pHs more
acidic than the pI, the net protein charge is positive as carboxyl and other acidic groups
are protonated, and amino groups are ionised. Under these conditions, a negatively
charged ion-exchanger (cation exchange) should be used. Conversely, at pHs more basic
than the pI, the net protein charge is negative, and a positively charged ion-exchanger
(anion exchange) should be employed.
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The types of charged groups commonly immobilized to chromatographic
supports are shown in Table 2. These groups can be categorized into weak or
strong ion-exchangers, depending on the pH range over which the exchanger
remains charged. Strong ion exchangers, typically containing sulphonic acid
groups (cation-exchange) or quaternary amino groups (anion-exchange) (see
Table 2), remain ionized over a wide pH range, whereas weak ion-exchangers
are ionized in a narrower pH range. Hence, an advantage for the use of a strong
ion-exchanger is that the charge on the exchanger is independent of pH over
the pH range 2–12, and therefore, the interaction between the solute and the
exchanger follows a simple mechanism (1). In addition, the sample loading
capacity of the matrix is not altered at high or low pH. In contrast, the sample
loading capacity of a weak ion-exchanger varies considerably with pH, there-
fore both the charge on the support and the amount of sample which can be
loaded can be less predictable (3). It is important to realize that the terms
“weak” and “strong” do not refer to the strength of attraction between the
charged exchanger and the solute/molecule of interest.

It is beyond the scope of this chapter to consider the theoretical mechanisms
that affect resolution, selectivity, and capacity in ion-exchange chromatogra-
phy. For detailed considerations of the retention behavior of biomolecules on
IEX supports, the reader is referred to reviews elsewhere (1,3).
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Table 1
Isoelectric Points and Molecular Weights of Some Standard Proteinsa

Protein pI M. Wt

Pepsin ~1 135,500
Ovalbumin 14.6 143,000
Thyroglobulin 14.6 660,000
Albumin (bovine serum) 14.9 168,000
Urease 15.0 480,000
β-Lactoglobulin 15.2 120,000
Insulin 15.3 115,700
Hemoglobin (horse) 16.8 64,000
Myoglobin (horse) 17.0 117,500
Carbonic anhydrase 17.3 129,000
Chymotrypsinogen 19.5 125,700
Cytochrome-c 10.7 112,000
Lysozyme (hen egg white) 11.0 114,300

aData from refs. 2 and 5.
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2. Materials
2.1. Gel Media and Selection Criteria

The selection of appropriate ion-exchange gel media depends on the char-
acteristics of the biomolecule in question (including pI, molecular size, and pH
stability), as well as on the type of separation being considered (analytical or
preparative scale), the column capacity required (see Subheading 2.2.), the sta-
bility of the various supports at the chosen pH, and finally the cost of the sup-
port. IEX supports for low-pressure applications are commonly based on
polysaccharides (agarose, dextran, cellulose), whereas for HPLC, supports are
based on silica particles or polymers (cross-linked polystyrene/divinyl benzene,
or methacrylate copolymer) (see Table 3 for a list of some of the commercially
available IEX supports).

If the pI of the protein is unknown, then one should either set up a pilot exper-
iment to choose the optimal exchanger (see Subheading 3.2.), or use an anion-
exchange support with a running buffer of pH 8.0–8.5 as a starting point. This
latter alternative recognizes that the pI of many proteins is less than 7–7.5 (3),
hence, these will bind to an anion-exchanger at pH 8.5. If the pI of the protein
is known, choose either an anion-exchange support with running buffers of pH
at least one pH unit greater than the pI, or a cation exchanger with running
buffers at least one pH unit below the pI (1). Include at this selection stage any
knowledge about the pH stability of the protein of interest, as some proteins
readily denature or lose biological activity at extremes of pH.

As a starting point, choose either a strong anion or strong cation exchanger
(see Table 2), as these supports give a more consistent performance and load-
ing capacity over a wide pH range. After the initial experiments are completed,
chromatography on the weak ion-exchangers can be investigated, as in some
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Table 2
Types of Functional Groups Immobilized on Ion-Exchange Gelsa

Type of
Functional group Name exchanger

-O-CH2CH2N
+H(CH2CH3)2 Diethylaminoethyl (DEAE) Weak anion

-O-CH2CH2N
+H(CH2CH3)2-CH2-CHOH-CH3 Quaternary aminoethyl (QAE) Strong anion

-O-CH2OH-CH2-O-CH2-CHOH-CH2-N
+(CH3)3 Quaternary ammonium (Q) Strong anion

-O-CH2-COO– Carboxymethyl (CM) Weak cation
-O-CH2-CHOH-CH2-O-CH2-CH2-CH2SO3

– Sulphopropyl (SP) Strong cation
-O-CH2-CHOH-CH2-O-CH2-CHOH-CH2SO3

– Methyl sulphonate (S) Strong cation

aAdapted from ref. 1.
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cases, these can yield improved resolution although this is sample dependent
and must be empirically established.

IEX supports differ in their mechanical stability. Exchangers based on “soft”
supports (agarose, dextran, or cellulose, see Table 3) are suitable for low pres-
sure, open column chromatography of proteins, but these supports are limited
to lower linear flow rates, and can swell and shrink to differing extents
depending on the pH and ionic strength of the eluent (1). Alternatively, high-
performance media with small, controlled bead sizes (5–10 µm) manufactured
from silica, or rigid crosslinked polystyrene/divinyl benzene derivatives (for
example, Mono-Q, Mono-S, Table 3), do not swell or shrink and are stable at
greater pressures making them suitable for HPLC (5). Silica-based HPLC pack-
ings have a disadvantage in that they must be used in the pH range 2–8, as more
basic pHs cause the packing to hydrolyze and disintegrate. The mechanical sta-
bility of these supports makes them an attractive choice for analytical-scale ion-
exchange chromatography, however, commercial cost can become an issue for
preparative scale purification. This problem has been addressed by the avail-
ability of similar monodisperse packings with particle sizes of 15, 25, or 30 µm
(e.g., Source 15S, MacroPrep 25S) suitable for larger scale applications (1).

Pore-size varies between the various IEX supports (see Table 3). In general,
supports with smaller pore sizes (~125 Å) are best suited for low molecular
weight solutes such as nucleotides and small peptides, whereas larger pore sizes
(300 Å or greater) will work better for larger peptides, proteins, and nucleic
acids (3). Detailed information about the exclusion limits of particular IEX sup-
ports should be checked in the product literature. As examples, Sephadex ion
exchangers are based on either the Sephadex G-50 or Sephadex G-25 particles,
of which the G-50 support is more porous and better suited for the chro-
matography of proteins of molecular weights greater than 30,000 (1). Similarly,
the TSK DEAE-2SW prepacked HPLC column (see Table 3) has a pore size
of 125 Å and an exclusion limit of 10,000 Daltons, whereas the TSK DEAE-
5PW HPLC column has a pore size of 1000 Å and an exclusion limit of
1,000,000 Daltons.

Invariably, the choice of IEX support will involve some level of compromise
between the main factors that influence resolution (particle type and size, poros-
ity) and capacity and cost. Small particle sizes (10 µm) give higher resolution,
but also give higher backpressure, which limits flow rates and requires specialist
pumps and associated hardware. Larger particles (25–50 µm) allow faster
flow rates and lower backpressures, but do not have the same resolution as
smaller particles. Note also that the capacity of ion-exchange supports tends to
increase with particle size (see Subheading 2.2.), therefore choose a support
that has the smallest particle size (see Table 3) consistent with the scale of the
purification.
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2.2. Capacity of IEX Supports

The capacity of an ion-exchange support for a particular sample is depen-
dent on a number of variables, including charge and molecular size of the
sample, experimental conditions including buffer pH and ionic strength, and
flow rate. Product information from the manufacturers can include various
measures of capacity, which are 1) total ionic capacity, 2) available capacity,
and 3) dynamic capacity (4). The total ionic capacity of an exchanger refers to
the total amount of immobilized charged groups on the support. In practice,
most ion-exchangers are porous (see Table 3), and the ability of large sample
ions such as proteins to access all immobilized charged groups is limited by
their molecular size and shape. Hence, available capacity refers to the amount
of a specific protein that will bind to the ion-exchanger under defined condi-
tions of pH, ionic strength, and sample concentration. This parameter is deter-
mined in a static or batch type of experiment, and does not take into account
the effects of flow rate and column dimensions that contribute to capacity when
the ion-exchanger is used in a column chromatography format, which is known
as dynamic capacity. The dynamic capacity of an ion-exchanger is normally
less than the available capacity under the same experimental conditions (4).

In practice, the available or dynamic capacities of ion-exchangers (see
Table 3) will be of most use in deciding how much of the support is needed for
a particular experiment. Where possible, consult the product literature and use
the reported capacity as determined with a protein of similar molecular weight
to that being purified, and under similar conditions of pH and ionic strength. It
is generally recommended not to exceed ~10–20% of the stated capacity if max-
imum resolution is to be maintained (1). If column capacity is expected to be
an important parameter in the success of your purification scheme, (e.g., for
increased sample throughput, shorter overall purification times, and better
economy) consideration should be given to pilot experiments aimed at deter-
mining ion-exchange capacity with your target protein.

2.3. Choice of Appropriate Buffers

As the mechanism of ion-exchange chromatography involves binding of a
charged sample to the ion-exchange support, it is preferable that the buffering
ions not compete in this process (1,4). Therefore, the buffering ions should be
of the same charge as the ion-exchanger, meaning that anionic buffers (e.g.,
phosphate, acetate, citrate) should be used for cation-exchange, and cationic
buffers (e.g., piperazine, Tris, bis-Tris) for anion-exchange. A list of commonly
used buffers and recommended concentrations is given in Table 4. For the
same reason, any buffer additives (e.g., detergents, protease inhibitors) should
also be either noncharged, or carry the same charge as the ion-exchanger. Keep
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Table 3
List of Some of the Commercially Available Ion-Exchangersa,b

Total ionic Available Dynamic
Product by Functional Matrix Particle Pore capacity capacityd capacityd pH
IEX typec group type size (µm) size (Å) (µmoles/mL gel) (mg/mL gel) (mg/mL gel) rangee Formf Companyg

SCX

Mono S Sulphonic acid Crosslinked PS/DVBi 10 – 140–180 – 75 (human IgG) 3–11 pp AB

Mini S Sulphonic acid Crosslinked PS/DVB 3 – 16–30 – 1.3j (ribonuclease) 3–11 pp AB

Source 15S Sulphonic acid Crosslinked PS/DVB 15 – na – 80 (lysozyme) 2–12 pp,b AB

Source 30S Sulphonic acid Crosslinked PS/DVB 30 – na – 80 (lysozyme) 2–12 pp,b AB

SP Sepharose HP Sulphopropyl Crosslinked 6% agarose 24–44 – 140–200 – 55 (RNase) 4–13 pp,b AB

SP Sepharose FF Sulphopropyl Crosslinked 6% agarose 45–165 – 180–250 – 50 (human IgG) 4–13 pp,b AB

SP Sephadex Sulphopropyl Crosslinked dextran 40–125 – 90–300 – 1.6–8.0 (human IgG) na b AB

TSK SP-5PW Sulphopropyl hydrophilic resin 10 1000 na 40 (hemoglobin) – 2–12h pp S, A

TSK SP-NPR Sulphopropyl Hydrophilic resin 2.5 – 5 (hemoglobin) 2–12h pp S, A

Macro-Prep 25S Sulphonic acid Hydrophilic resin 25 725 110±30 – – 1–14 b BR

Macro-Prep High S Sulphonic acid Hydrophilic resin 50 1000 160±40 – 60 (human IgG) 1–14 b BR

PL-SCX 1000 Å Sulphonic acid Macroporous PS/DVB 8,10 1000 na – – 1–14 pp P

PL-SCX 4000 Å Sulphonic acid Macroporous PS/DVB 8,10 4000 na – – 1–14 pp P

SynChropak SCX Sulphonic acid Silica 6 300 na – – 2–8 pp A

WCX

CM Sepharose FF Carboxymethyl Crosslinked 6% agarose 45–165 – 90–130 – 50 (RNase) 6–10 pp,b AB

CM Sephadex Carboxymethyl Crosslinked dextran 40–125 – 170–550 – 1.6–7.0 (human IgG) 6–10 b AB

TSK CM-5PW Carboxymethyl Hydrophilic resin 10 1000 na 45 (hemoglobin) – 2–12h pp S, A

TSK CM-2SW Carboxymethyl Silica 5 125 na na – 2–7.58 pp S, A

TSK CM-3SW Carboxymethyl Silica 10 250 na 110 (haemoglobin) – 2–7.58 pp S, A

Macro-Prep CM Carboxymethyl Hydrophilic resin 50 1000 210±40 – – 1–14h b BR

SynChropak WCX Carboxymethyl Silica 6 300 na – – 2-8 pp A
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SAX

Mono Q Quaternary amine Crosslinked PS/DVB 10 – 270–370 – 65 (BSA) 3–11 pp AB

Mini Q Quaternary amine Crosslinked PS/DVB 3 – 60–90 – 1.4 j (α-amylase) 3–11 pp AB

Source 15Q Quaternary amine Crosslinked PS/DVB 15 – na – 45 (BSA) 2–12 pp,b AB

Source 30Q Quaternary amine Crosslinked PS/DVB 30 – na – 45 (BSA) 2–12 pp,b AB

Q Sepharose HP Quaternary amine Crosslinked 6% agarose 24–44 – 140–200 – 70 (BSA) 2–12 pp,b AB
Q Sepharose FF Quaternary amine Crosslinked 6% agarose 45–165 – 180–250 – 120 (HSA) 2–12 pp,b AB
QAE Sephadex Diethyl-(2-hydroxy Crosslinked dextran 40–125 – 100–500 – 10–80 (HSA) na b AB

propyl)aminoethyl
Macro-Prep 25 Q Quaternary amine Hydrophilic resin 25 725 220±40 – 1–14 b BR
Macro-Prep High Q Quaternary amine Hydrophilic resin 50 1000 400±75 – 40 (BSA) 1–14 b BR
PL-SAX 1000 Å Quaternary amine Macroporous PS/DVB 8,10 1000 na – 1–14 pp P
PL-SAX 4000 Å Quaternary amine Macroporous PS/DVB 8,10 4000 na – 1–14 pp P
SynChropak SAX quaternary amine silica 6 300 na – 2–8 pp A

WAX
DEAE Sepharose FF Diethylaminoethyl Crosslinked 6% agarose 45–165 – 110–160 – 110 (HSA) 2–9 pp,b AB
DEAE Sephacel Diethylaminoethyl Bead-formed cellulose – – 100–140 – 160 (HSA) 2–9 b AB
DEAE Sephadex Diethylaminoethyl Crosslinked dextran 40–125 – 175–500 – 30–110 (HSA) 2–9 b AB
TSK DEAE-5PW Diethylaminoethyl Hydrophilic resin 10 1000 na 30 (BSA) – 2–12h pp S, A
TSK DEAE-NPR Diethylaminoethyl Hydrophilic resin 2.5 – na 5 (BSA) – 2–12h pp S, A
TSK DEAE-2SW Diethylaminoethyl Silica 5 125 na na – 2–7.5h pp S, A
TSK DEAE-3SW Diethylaminoethyl Silica 10 250 na 120 (BSA) – 2–7.5h pp S, A
Macro-Prep DEAE diethylaminoethyl hydrophilic resin 50 1000 175±75 – – 1–14h pp BR
SynChropak WAX polyethyleneimine silica 6 300 na – – 2–8 pp A

aDetails as provided by the manufacturer.
bFor a complete listing of commercially available ion-exchangers, see ref. 3 and 5.
cSCX, strong cation-exchange; WCX, weak cation-exchange; SAX, strong anion exchange; WAX, weak anion exchange.
dCapacity determined with the protein shown in parentheses.
eRefers to the pH range over which the ion-exchange groups remain charged, and a high sample capacity is maintained.
fAvailable as either pre-packed columns (pp), or bulk ion-exchanger (b).
gFurther information available at: Amersham Biosciences (AB) http://www.chromatography.amershambiosciences.com, Bio-Rad (BR) http://www.bio-

rad.com/, Sigma-Aldrich (SA) http://www.sigmaaldrich.com, Supelco (S) http://www.sigmaaldrich.com, Agilent (A) http://www.chem.agilent.com, Polymerlabs
(P) http://
polymerlabs.com.

hRefers to the stability of the matrix, as given by the manufacturer. For details of the working pH range of this support, see other exchangers with the same
functional group.

iPS/DVB: polystyrene/divinyl benzene.
jmg/column.
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in mind that buffer pKa’s vary with temperature, and that the pKa data listed in
Table 4 are for 25°C. The extent to which these pKa’s change with temperature
is given elsewhere (1,4).

In most cases, cation-exchangers are supplied with Na+ as the counter-ion,
whereas Cl– is commonly used as the counter-ion for anion-exchangers. If
required, the counter-ion can be changed by washing the IEX support in an
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Table 4
Buffers for Ion-Exchange Chromatographya

pKa Concentration
(25°C) pH range Buffer (mM) Counter-Ion

Cation exchange
2.00 1.5–2.5 Maleic acid 20 Na+

2.88 2.4–3.4 Malonic acid 20 Na+/Li+

3.13 2.6–3.6 Citric acid 20 Na+

3.81 3.6–4.3 Lactic acid 50 Na+

3.75 3.8–4.3 Formic acid 50 Na+/Li+

4.21 4.3–4.8 Butanedioic acid 50 Na+

4.76 4.8–5.2 Acetic acid 50 Na+/Li+

5.68 5.0–6.0 Malonic acid 50 Na+/Li+

7.20 6.7–7.6 Phosphate 50 Na+

7.55 7.6–8.2 HEPES 50 Na+/Li+

8.35 8.2–8.7 BICINE 50 Na+

Anion exchange
4.75 4.5–5.0 N-methylpiperazine 20 Cl–

5.68 5.0–6.0 Piperazine 20 Cl–/HCOO–

5.96 5.5–6.0 L-histidine 20 Cl–

6.46 5.8–6.4 bis-Tris 20 Cl–

6.80 6.4–7.3 bis-Tris propane 20 Cl–

7.76 7.3–7.7 Triethanolamine 20 Cl–/CH3COO–

8.06 7.6–8.5 Tris-Cl 20 Cl–

8.52 8.0–8.5 N-methyldiethanolamine 50 SO2
–/Cl–/CH3COO–

8.88 8.4–8.8 Diethanolamine 20 Cl–

8.64 8.5–9.0 1,3-Diaminopropane 20 Cl–

9.50 9.0–9.5 Ethanolamine 20 Cl–

9.73 9.5–9.8 Piperazine 20 Cl–

10.47 9.8–10.3 1,3-Diaminopropane 20 Cl–

11.12 10.6–11.6 Piperidine 20 Cl–

aAdapted from refs. 1 and 4.
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excess concentration (0.5–1.0 M) of a salt of the new counter-ion (see
Subheading 3.1.).

2.4. Preparation of Buffers

Buffers should be prepared using high quality deionized or distilled water,
and filtered and degassed as appropriate if HPLC columns are being used. In
order to ensure run-to-run reproducibility, it is essential that buffer pH be accu-
rately set using a quality pH electrode which is routinely calibrated using two
pH standards. Monitor and record the volume of acid or base used to set the pH
for any particular buffer, and as a quality control step make sure that a similar
volume is always added. In some cases, buffers may include a proportion of an
organic solvent (e.g., 10–20% (v/v) acetonitrile) to limit hydrophobic interac-
tions with the exchanger, and the solvent should be added after the pH of the
buffer has been set.

2.5. Batch vs Column Purification

IEX separations can be carried out using either a batch technique, or with
the exchanger packed into a chromatographic column (or with prepacked
columns supplied by the manufacturer). Each approach has its advantages.
Batch processing can readily be applied to selectively and rapidly separate pro-
teins into two groups, consisting of a group bound to the exchanger and sub-
sequently eluted with elution buffer, and the nonbound group. If the desired
protein is present exclusively in either group, a useful purification can be
achieved using a minimum of specialist equipment. In contrast, much greater
resolution between proteins can be gained using column chromatography,
hence, this is the recommended approach if IEX is to be used as part of a purifi-
cation strategy.

2.6. Mode of Elution

Elution of bound components from an ion-exchange support is normally
achieved by increasing the salt concentration of the eluent, although changing
the buffer pH can also be used. The salt concentration can be increased in either
a step-wise fashion (i.e., discontinuous elution) as normally used in batchwise
ion-exchange chromatography, or by the application of a linear gradient (con-
tinuous elution), which is the method of choice for column chromatography as
higher resolution can be more readily achieved.

The number of increments to include in a stepwise elution system must be
determined empirically, although a minimum of three steps is commonly
employed. These will include an initial step to remove all weakly bound mol-
ecules, followed by elution with a higher salt concentration to desorb the more
strongly bound molecule of interest, and a final wash with the maximum salt
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concentration to strip the column of remaining bound substances. Additional
steps can be included to suit the particular application.

Elution with linear gradients will require a suitable pumping system and a
gradient controller (see Subheading 2.7.). Nonlinear gradients can also be
employed if available, however, it is suggested that these be included into a sep-
aration only after initial experiments with linear gradients have indicated their
suitability. Use of a linear gradient will require a decision about the gradient
steepness parameter, which is a measure of the rate of change of counter ion
on the column during a separation. The steepness of the gradient is dictated by
the column volume, flow rate, the initial and final salt concentrations of salt in
the eluent, and the gradient time (3). Shallow gradients will result in optimal
resolution, but this occurs at the expense of separation time and increased band-
broadening (3). In contrast, fast gradients yield short separation times and min-
imal band-broadening, but at the expense of resolution. Where available, use
the manufacturers recommendations for the gradient steepness parameter as a
starting point, and vary this according to the desired resolution. For example,
a rate of change of 17.5 mM/mL of Cl– as the counter-ion is suggested to give
optimal resolution for analytical separations on the strong anion exchanger
Mono Q (5 cm length, 0.5 cm internal diameter) (1), but a slower rate (8.75 mM
Cl–/min) may give better results. If no data is available about the gradient steep-
ness for an ion-exchanger, set up an experiment with a gradient from 0.05 M
to 1 M of the counter-ion over 10–20 column volumes as a starting point (3),
and compare the resolution achieved with similar data obtained at faster and
slower rates of change.

The concentration of salt needed to elute all bound substances from an ion-
exchange column is dependent on the type of exchanger, the pH of the buffer,
and the pIs of the molecules loaded onto the gel. Hence, no general recom-
mendation can be given, although the normal maximum salt concentration
needed is in the range 0.5 M–1 M. This concentration can readily be adjusted
after the results of the first chromatographic experiment become available. A
series of empirical tests can also be undertaken to determine the maximum salt
concentration needed (see Subheading 3.2.).

As mentioned earlier (see Subheading 1. and Fig. 1), the charge on a pro-
tein is pH dependent. Hence, once bound to the IEX support, alteration of the
pH of the eluent can be used to change the charge on the protein and bring it
closer to its pI, causing elution of the protein from the ion-exchanger. However,
it is difficult to produce a linear pH gradient at a constant salt concentration,
and for this reason, pH gradients are not as common as salt gradients as a
means to elute proteins in ion-exchange chromatography (4). In contrast, steps
in pH are easier to control and reproduce, and for anion-exchangers this requires
a drop in eluent pH, while an increase in pH is needed for cation exchangers
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(see Fig. 1). An in-line pH electrode can be included in the flow path immedi-
ately postcolumn to monitor eluent pH, or alternatively this can be measured
in collected fractions manually. A combination of a change in pH with an
increase in salt concentration can also be considered as a means of elution in
ion-exchange chromatography (4).

2.7. Recommended Hardware Configuration

A typical system for low-pressure ion-exchange chromatography for protein
purification will require a pumping system capable of generating gradients, plus
an injector (or a mechanism to introduce the sample into the buffer flow), the
chromatographic column, an in-line UV (280 nm) detector and chart recorder,
and a fraction collector. Access to a stand-alone conductivity meter to monitor
the conductivity of the column eluent is also very useful. A  “bare-bones”
system without the UV detector and chart recorder can also be used, although
this has the disadvantage that UV measurements on eluted fractions must be
done separately. For low-pressure systems a peristaltic pump and a simple gra-
dient formerly made up of two interconnected vessels of identical shape can be
used to generate a linear gradient. If using this approach, make sure that the
gradient maker is level, and place the two buffers (the eluting buffer contain-
ing NaCl, and the initial equilibration buffer) into the two vessels, with the ini-
tial buffer vessel placed over a magnetic stirrer and connected by a second
stopcock to the pump. Start the mixer, and open the stopcock between the ves-
sels before starting the pump (see Note 2). Nonlinear gradients can also be gen-
erated by this approach by altering the shape of the nonmixing vessel.

IEX chromatography hardware for FPLC and HPLC should be matched to
the expected flow rates and back-pressures of the columns to be used. Several
systems for low-pressure and medium pressure ion-exchange chromatography
[e.g., ÄKTA-FPLC (Amersham BioSciences), BioLogic HR system (Bio-Rad)]
are available from the major manufacturers which are specifically designed for
use with halide-containing buffers (see Note 3).

If columns are to be packed with bulk ion-exchanger, this should be carried out
as specified by the manufacturer, and may require initial swelling of the gel in some
cases, or use of a preswollen support. In either case, the support has to be pre-
equilibrated before packing into the column (see Subheading 3.1.). Alternatively,
prepacked columns may be used (see Table 3). As IEX is an adsorptive technique,
columns are normally short, with a bed height of 5–15 cm (1). Scaling-up of IEX
columns is readily achieved by increasing the column diameter (1).

3. Method
The following procedures describe ion-exchange chromatography on an

anion-exchange support, using as an example the strong anion-exchanger
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Mono Q (HR5/5) prepacked column. Details specific for this column will be
added to the method in italics. A linear gradient will be used to elute bound pro-
teins, although conditions for the use of a step-elution system can readily be
substituted for the gradient as will be indicated. An example chromatogram for
this application is shown in Fig. 3.

3.1. Prepare the Gel/Column

1. Most IEX supports are available as preswollen gels or prepacked columns, but if
working with one of the dry powder supports, it must first be preswollen at the
pH to be used in the experiment according to the manufacturers instructions (nor-
mally 2–3 h at 90°C, or 48 h at room temperature) (see Note 4).

2. Preswollen gels are supplied in a ready-to-use form. Mix the gel to a slurry, and
remove the required amount into a vacuum flask and allow to settle. For both types
of gels, swirl-mix the gel approximately five times with an excess of the starting
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Fig. 3. Example of a typical ion-exchange column chromatogram. Initially, the ion-
exchange column is equilibrated in the starting buffer (low ionic strength) until a stable
baseline of UV absorbance at 280 nm (filled line) is achieved. The pH and conductiv-
ity of the column eluent at this point should be the same as the starting buffer, and con-
firms adequate equilibration. The sample is then injected (indicated by arrow), and the
column is washed with starting buffer until all nonbound proteins are eluted. A linear
gradient of elution buffer (high ionic strength) (dashed line) is then initiated to elute
bound proteins, after which the column is washed with 100% elution buffer to remove
strongly bound material. At the completion of the run, the column is stripped with strip-
ping solution (1–2 M NaCl) (not shown) before reequilibration in the starting buffer.
(See Subheading 3. for further details.)
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buffer (~5 volumes) at the correct pH, and after settling discard the supernatant.
To test whether the gel is fully equilibrated, monitor the pH and conductivity of
the buffer removed from the gel, which should be identical to the starting buffer.

3. If the counter-ion on the IEX support is to be changed from that which the gel was
supplied with (which is normally Cl– for anion exchangers, and Na+ for cation
exchangers), wash the gel first with a 0.5 M–1.0 M solution of the salt of the new
counter-ion, and then equilibrate into the starting buffer as above.

4. Pack the column according to the manufacturer’s instructions (see also
Subheadings 3.1.–3.3., Chapter 5 (Gel filtration) for notes regarding the packing
procedure).

5. If a prepacked column is being used, this should be placed in the liquid chro-
matography system, and the pressure limit of the pump set at the recommended value
(5 MPa for Mono Q). The column is then equilibrated with ~5 column volumes
(~5 mL, as the column volume of the Mono Q HR5/5 is 1 mL) of the starting buffer
(20 mM piperazine, pH 9.6) at the recommended flow rate (1 mL/min), and the pH
and conductivity checked (as detailed in Subheading 3.1.2.) (see Fig. 3).

6. It is good practice to pre-cycle the column with 5 column volumes each of 1) start-
ing buffer (20 mM piperazine, pH 9.6), 2) eluting buffer (20 mM piperazine,
300 mM NaCl, pH 9.6), and 3) column stripping buffer (1 M NaCl), before actual
use. Re-equilibrate the column with 5–10 column volumes of starting buffer and
ensure that both the pH and conductivity of the eluent are the same as the start-
ing buffer.

3.2. Pilot Study to Choose Optimal pH

1. A pilot test to determine the optimal pH to use for ion-exchange chromatography
relies on binding of the molecule(s) of interest to an aliquot of the ion-exchanger,
and its subsequent disappearance from solution (4). The basis of this approach is
to set up a series of aliquots (~1 mL) of the ion-exchanger in disposable tubes at
pH intervals from 0.5 to 1 pH unit. For an anion-exchanger, start at pH 5.0 using
buffers as described in Table 4, and prepare aliquots of gel at pH 5.5, 6.0, 6.5,
7.0, 7.5, 8.0, 8.5, and 9.0. Wash the gel aliquots in respective buffers five times to
ensure adequate preequilibration (see Subheading 3.1.5.).

2. Prepare aliquots of the sample molecule in the same buffers. It is important that
the buffer pH of the sample is the same as the aliquot of the ion-exchanger to which
it is to be added. Similarly, the sample should not contain any salts, as these will
interfere with binding. If excess salts are present, these should be removed by
either dialysis or gel filtration chromatography.

3. Add the sample aliquot to the ion-exchange gel of the same pH, mix gently on a
rotating wheel for 15 min, then allow the gel to settle. Remove the supernatant,
and assay it for the presence of the sample of interest. This can be done either as
a general test monitoring changes in absorbance, or with a specific assay. The dis-
appearance, or marked decrease of the sample in solution indicates the pH at which
the sample binds to the ion-exchanger, and this pH should be used for ion exchange
chromatography. Avoid choosing a pH which is more than ~0.5–1.0 pH unit higher
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than this optimal pH, as the sample will adsorb more strongly to the ion-exchange
column at higher pHs, and hence will require a higher salt concentration to elute
it (see Note 5).

4. This type of pilot test is more appropriate for setting up ion-exchange chro-
matography using preswollen gels. For prepacked FPLC or HPLC columns oper-
ated on chromatography systems with automatic valves controlling buffer selection
and sample injection, the effect of different pHs on sample retention can be rapidly
evaluated in an automated format.

5. Once the optimal pH for binding has been established, a similar strategy using
aliquots of ion-exchanger at this pH can be used to determine the maximum salt
concentration needed to cause elution of the sample from the gel. In this case, set
up buffers and gel with NaCl increasing in increments of 0.1 M from 0 to 1.0 M
NaCl (1,4). The salt concentration at which all the sample is present in the super-
natant indicates the concentration needed in the elution buffer.

3.3. Prepare the Sample for Loading

1. For successful ion-exchange chromatography, the sample should be at the same
pH as the starting buffer, and contain either the same (or less) salt. The options
for samples containing higher salt concentrations include buffer exchange by
dialysis or gel filtration chromatography, or in some cases simple dilution with
the starting buffer can be sufficient (see Note 6).

2. Remove any particulates from the sample by either filtration through a 0.22-µm
filter (see Note 7), or by high-speed centrifugation (15,000g, 10 min). Set aside
an aliquot of the sample as starting material, which should be assayed in con-
junction with the collected fractions in order to determine the yield of sample from
the column.

3.4. Prepare the Column for Loading and Injection

1. Establish a flat UV baseline at 280 nm by washing the column with starting buffer
(see Fig. 3). Check the flow rate (1 m /min), chart speed (typically, 0.25 cm/min),
and maximum absorbance setting on the detector (0.01–2.0 AUFS).

2. Calculate the gradient time required using the recommended rate of change of
counter-ion from the product guidelines. (For the Mono Q column operating at
1 mL/min, this value is 17.5 mM Cl–/min. Hence, with a starting buffer of 20 mM
piperazine, pH 9.6, and an elution buffer of 20 mM piperazine, 300 mM NaCl,
pH 9.6, the rate of change value to enter into the gradient controller will be 300/
17.5 = 17.1 min).

3. If a step elution system is to be used, choose the steps (e.g., increments of
20%, 40%, 60%, and 80% elution buffer), and program the gradient controller
accordingly.

4. Inject the protein sample, start the fraction collector (1 min fractions), and con-
tinue washing the column until the UV trace returns to baseline (see Fig. 3).

5. Start the gradient (see Note 8). At completion of the gradient, continue to wash
the column with five column volumes of the elution buffer (5 mL), then apply five
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column volumes of stripping buffer (1 M NaCl) to elute any strongly bound
material.

6. Reequilibrate the column with 5–10 column volumes of starting buffer.
7. Assay collected fractions (and the starting material aliquot) for the presence of

the sample of interest. Determine % yield of activity, and pool appropriate frac-
tions ready for the next purification step.

3.5. Column Cleaning and Storage

1. After the final chromatographic run, wash the column extensively and store it in
the recommended storage solvent (see Note 9).

2. If an increased column backpressure has occurred, or if visual fouling of the top
of the column is evident, clean the ion-exchanger according to the manufacturers
guidelines. A typical cleaning process involves treating the column with 1) ~2
column volumes of 0.1–0.2 M NaOH (not recommended for silica-based
columns, 2) extensive washing with water, 3) ~2 column volumes of 70% ethanol,
4) extensive washing with water. In some cases, it is possible to invert the column
prior to these washing steps to assist in removing particulate matter caught in the
top of the column, although for pre-packed columns this step should only be used
as a last resort.

3.6. Troubleshooting

3.6.1. Sample Elutes With the Starting Buffer

There are several potential reasons for this problem: 1) the pH of the start-
ing buffer is incorrect, 2) the starting buffer has too much salt in it, 3) the sample
is not at the correct pH or has too much salt present, 4) the column is not fully
equilibrated in the starting buffer. To fix these, firstly check your information
about the pI of the sample of interest (see Subheading 1. and Fig. 1). If no data
is available, do the pilot experiment outlined in Subheading 3.2. to choose
the optimal pH. To make an anion-exchange column bind more proteins,
increase the pH of the starting buffer. Similarly, for a cation exchange column
decrease the pH of the starting buffer. For both types of support, remove any
salt in the starting buffer.

Ensure that the sample is fully equilibrated in the start buffer before loading
(see Subheading 3.1.1.), and also that the column has been properly preequi-
librated (Subheading 3.1.6.).

3.6.2. Sample Does Not Elute From the Column

This problem indicates that 1) the salt concentration of the elution buffer is
too low, or 2) the pH of the eluent is wrong, 3) the sample has irreversibly bound
to the column, or 4) the sample precipitated or was lost prior to loading. To fix
these, increase the salt concentration of the elution buffer to a maximum of
1 M, and/or change the pH of the elution buffer (decrease the pH for an anion-
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exchanger, or increase the pH for a cation-exchanger). If the recovered amount
of protein is lower than expected after these steps, binding to the column by
mechanism(s) other than ion-exchange may be occurring. Hydrophobic inter-
actions can be limited by the addition of 10% ethylene glycol (1) or acetoni-
trile to the buffers, but be alert to the fact that some salts precipitate at high
organic solvent concentration. Addition of a nonionic detergent (e.g., 0.1%
Triton X-100) will limit nonspecific sticking to surfaces. Be sure that the sample
was actually loaded onto the column.

3.6.3. Elution of Peaks Requires a Very High Salt Concentration

The pH of the eluent is either too high (anion exchanger) or too low (cation
exchanger). Adjust the pH of the buffer system to be closer to the pI of the
sample of interest.

3.6.4. Sample Elution Pattern Is Not Reproducible

The most obvious cause is that the column has not been fully reequilibrated
into the starting buffer (see Subheading 3.1.1.). Also check that the stripping
buffer (normally 1–2 M NaCl) contains the same ionic species as the counter-
ion on the column (Na+ for cation exchangers, Cl– for anion exchangers). If the
reproducibility problem occurred between runs carried out with different
buffers, check the buffer preparation and calibration of the pH meter.

Ensure that the sample has not changed between the chromatographic runs,
by either inappropriate storage, proteolysis, or precipitation. If there is a pos-
sibility that the sample has precipitated on the column, clean and regenerate
the column (Subheading 3.5.) and repeat the chromatography.

3.6.5. Resolution of Sample Is Poor

There are several reasons why resolution can be poor. These are 1) the gra-
dient slope is too steep, 2) there are large precolumn dead volumes in the flow
path, 3) the column is poorly packed, 4) the sample has precipitated on the
column, 5) the column is contaminated, and 6) the column has been overloaded.

Test the effect of decreasing the gradient slope (by a factor of 2) on sample
resolution, or of inserting a step mid-way through the gradient. Make sure that
there are no dead volumes prior to or after the column, particularly if using a
Superloop. Check the packing of the column by loading a coloured marker pro-
tein (myoglobin, haemoglobin, cytochrome-c, see Table 1) and observing the
band during chromatography. If it is suspected that components of the sample
have precipitated, or that the column is contaminated, clean the column and
modify the eluents to prevent reoccurrence (Subheading 4.2.). Finally, check
the effect that loading less sample has on resolution.
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3.6.6. Recovery of Sample Activity Is Poor

If the recovery of sample activity is low compared to the activity present in
the starting material aliquot, which was set aside immediately before injection,
first check the amount of protein that has eluted from the column. If the peak
heights are generally lower than expected, indicating that the recovery of total
protein is also low, the problem could be loss of protein on the column (see
Note 2). If total protein recovery appears acceptable, but sample activity is low,
check the stability of the sample in the ion-exchange buffers, and make sure
that the added salt in the eluted sample is not interfering in the sample assay.
Alternatively, the sample may have been separated from an essential cofactor
or similar on the column, which can be checked by pooling all the recovered
fractions and reassaying for activity.

3.6.7. Backpressure of Column Has Increased

Increasing column backpressure is caused by the introduction of particulate
matter (either in the buffers, or in the sample), or precipitation of sample com-
ponents in the column inlet filter or on top of the column itself. Of these, the
main culprit is normally the sample. Ensure that the sample has been properly
filtered before loading. If the sample is turbid, either dilute it prior to filtering,
or try to improve sample solubility by changing the pH of the buffer, or through
the addition of a nonionic detergent or organic solvent (see Note 2). These addi-
tives should also be added to the column eluents.

For laboratory-packed columns, change the filter on top of the column, and
if possible make the buffer filtration more stringent. Apply column cleaning pro-
cedures as recommended by the manufacturer of the ion-exchanger (see
Subheading 3.5.).

3.6.8. Column Has Run Dry

For laboratory-packed columns this is a terminal problem, requiring unpack-
ing and repacking of the column. For prepacked columns, try introducing a
50�50 solvent/water mix (methanol, acetonitrile, or dimethyl sulfoxide
(DMSO), depending on the stability of the exchanger to solvents) at a very slow
flow rate overnight to exclude all the air bubbles from the column, after which
the column should be washed with 5–10 column volumes of water, and then
reequilibrated into the ion-exchange eluents. Test the resolution of the column
as per the manufacturers instructions to see whether column performance has
been altered.

3.6.9. Peaks Observed in the Blank Chromatogram

The presence of unexplained peaks in the chromatogram indicates 1) impu-
rities in the buffer components, or 2) incomplete elution of a previously loaded
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sample, which is “ghosting” in each subsequent elution profile. Ghosting can
be readily checked, as the peak height should decrease with each subsequent
blank run. Clean the column (see Subheading 3.5.), and then improve the
washing conditions at the end of each run to remove all bound material.
The presence of buffer impurities indicates that higher quality reagents should
be used, or if this is not possible, a guard or precolumn can be placed before
the main column.

4. Notes
1. The solubility of many proteins frequently is lowest at (or near) their isoelectric

points. Therefore, avoid use of pH conditions near the pI of the protein, which can
lead to isoelectric precipitation on the column, resulting in blockage of the column
and/or poor recoveries. Test the effects of particular pH and salt concentrations
on protein stability in solution prior to final selection of ion-exchange support.

2. Ensure that the level of the two buffers remains the same when the mixer is
switched on. If the mixer is rotating too quickly, the level of the buffer in the mixing
chamber will increase and cause backflow into the second vessel. A simple gra-
dient maker with an overhead stirrer which works very well is available from
Amersham-BioSciences.

3. Halide-containing buffers will attack and corrode stainless steel high-pressure
liquid chromatography (HPLC) systems, particularly frits, piston seals, and check
valves. Leaching of metal ions can also interfere with some metal-sensitive proteins.
Therefore, long-term use of these systems for ion-exchange chromatography is not
recommended. If a stainless steel HPLC is used for IEX, wash the system with dis-
tilled or deionized H2O as soon as possible after completion of the experiment.

4. Do not use a magnetic stirrer with any ion-exchange supports, as this can break
gel particles. Avoid direct application of heat via a hotplate, as this can melt the
gel media—use a waterbath instead.

5. The highest pH at which the least amount of sample is bound in this pilot test can
be used as the pH of the elution buffer if a pH step elution system is to be used.

6. As ion-exchange chromatography is an adsorption technique, it is possible to
load large volumes of dilute sample solution onto the column, and then elute the
sample with elution buffer. For pre-packed columns on FPLC or HPLC systems,
large sample volumes can be loaded using either a large loading loop (e.g.,
Superloop from Amersham Biosciences), or pumped directly onto the column
using a third sample-loading pump.

7. A 0.22-µm filter is suitable for prepacked columns and ion exchangers with par-
ticle sizes up to 25 µm. For preparative ion-exchangers with particle sizes >25 µm,
filters 0.45–1 µm can be substituted.

8. If a large-volume sample loading loop (Superloop) has been used, it is essential
to isolate this from the flow-path before the gradient is initiated. If this is not done,
the volume of starting buffer in the loop will significantly delay and dilute the gra-
dient onto the column.
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9. Storage solvents can include 20% ethanol, 0.01 M NaOH (not for silica columns)
or equilibration buffer containing recommended bacteriostats (anion exchangers:
0.002% chlorhexidine or 0.001% phenyl mercuric salts, cation exchangers:
0.005% merthiolate) (1,4). Consult the manufacturers recommendations for each
type of ion exchanger.
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High-Performance Hydrophobic
Interaction Chromatography

Kálmán Benedek

1. Introduction
Hydrophobic interaction chromatography (HIC) is a column chromato-

graphic separation technique frequently used for the purification of macro-
molecules such as proteins and polynucleotides. Purification schemes often are
improved by incorporating HIC along with ion exchange, size exclusion, and
affinity chromatography. HIC has found wide use for the purification of mem-
brane proteins (1), serum proteins (2–4) nuclear proteins, polynucleotides (5),
receptors (6,7), cells (8,9) and recombinant proteins (10–12).

HIC combines the nondenaturing characteristics of salt precipitation and the
precision of chromatography to yield excellent resolution and activity recov-
eries. HIC is based on the adsorption of biomolecules to a weakly hydropho-
bic surface at high salt concentrations, followed by elution with a descending
salt gradient. HIC was originally developed for protein separations using soft
gel-based separation media. During the advance of modern high-performance
liquid chromatography (HPLC), the technique was implemented into the new
silica format and high-performance mode. 

Conditions used in HIC are familiar to biochemists and similar to tradition-
ally used salting out/in protein purification methods. Like in every type of
interactive chromatography, the retention mechanism is based on adsorption–
desorption equilibrium and preferred solubility conditions. The theoretical
foundation of HIC is an extension of the solvophobic theory developed by Imre
Molnár, Wayne Melander, and Csaba Horváth (13,14).

From: Methods in Molecular Biology, vol. 251, HPLC of Peptides and Proteins: Methods and Protocols
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2. Materials
2.1. Chemicals

1. Ammonium sulfate (NH4)2SO4

2. Milli-Q water. 
3. 0.1 M potassium phosphate buffer, pH 7.0.

2.2. Equipment and Supplies
1. HPLC solvent delivery system with binary gradient capability and ultraviolet

(UV) detector. 
2. Hydrophobic Interaction Column (See Note 1) 4.6 mm ID × 250 mm length,

5 µm particle size, 300Å pore size (See Note 2).
3. Controlled temperature column jacket is recommended.
4. Guard column made of the same packing material as the analytical column is

recommended.
5. Solvent filtration apparatus equipped with a 0.45-µm filter.
6. Sample filters, 0.22 µm porosity.
7. Mobile Phase A: 2 M (NH4)2SO4 in 50 mM buffer (See Note 3).
8. Mobile Phase B: 50 mM buffer (See Note 3).

3. Method
3.1 Sample Preparation

Dissolve 1 mg of sample in 1 mL of mobile phase B (not in mobile phase
A!) and filter the sample through a 0.22-µm filter. 

3.2. Solvent Preparation

Prepare all solvents and filter through a 0.45-µm filter before use. This
removes any particles remained in the mobile phases after dissolution of the
buffer salts. Particles can block solvent lines, inline filters, column and detec-
tors. It is recommended to degas the mobile phases by vacuum or helium purg-
ing. (NH4)2SO4 is usually dirty at this high concentration. The filtration of the
high salt content mobile phase A is very important to extend the instrument and
column lifetime. 

3.3. Preparations for Chromatography 

3.3.1. System Assembly

Connect the guard and the column to the solvent delivery system according
to the HPLC system requirements and equilibrate under the following initial
conditions:

Solvent: 100% Mobile phase A.
Flow rate: 1.0 mL/min (see Note 3).
Detection wavelength: 280 nm (see Note 4).
Temperature: Ambient (see Note 5).
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3.3.2. System Check

Start the pumps to wash the flow system and equilibrate the column. Once
a stable baseline is obtained, inject 10 µL of water or buffer and run a blank
gradient. It is recommended to repeat this a couple of times to establish the gra-
dient profile (see Note 6).

3.4. Separation Optimization 

Inject 10 µL of the sample and use a linear gradient from 0 to 100% mobile
phase B over 30 min to elute the sample (see Note 6). Most of the components
of a protein mixture will elute from the column under these general conditions.
The resolution can be manipulated by the variable separation parameters. The
most important parameters are the mobile phase pH, salt type, concentration,
and the hydrophobic ligand of the stationary phase. Varying the mobile phase
temperature could also lead to changes in the separation. The most critical
column parameter is the nature of the immobilized ligand of the stationary
phase. 

3.5. Sample Analysis

Once the chromatographic conditions are optimized according to the objec-
tive of the project, the analysis of the individual samples can be performed.
Reproducibility assessment of separation is recommended. 

4. Notes
1. Modern HIC can be viewed as an extension of RPLC. The stationary phases suit-

able for hydrophobic interaction chromatography are much more hydrophilic than
the alkyl phases used for RPLC. The stationary phases were developed based on
earlier work with soft organic gels, and experience with reversed phase station-
ary phase syntheses. Varieties of silica-based mildly hydrophobic stationary have
been developed and are routinely used for protein separations. The stationary
phase could be also highly crosslinked polymer-based bead, which can be modi-
fied with appropriate surface chemistry. Ideal HIC stationary phases are nonionic
and hydrophilic. The ligand density, charge characteristics and hydrophobicity are
variable parameters of the stationary phase. HIC stationary phases usually con-
tain alkyl chains attached to hydrophilic nonionic foundation. The length and den-
sity of the alkyl chain has a significant effect on retention and selectivity as was
shown with soft gel chromatography (15). A similar result has been shown using
silica-based stationary phases prepared by the same bonding chemistry, and attach-
ing different-alkyl homologues to the same base material (16).

Fig. 1 shows the effect of different ligands on the separation of standard
proteins. Table 1 lists some of the generally used HIC columns.

2. Column geometry has a similar role in HIC as in RPLC and ion exchange chro-
matography (IEX). Longer columns are recommended for isocratic separations,
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Fig. 1. HIC separations of standard proteins using different stationary phases.
Stationary phases applied were PolyPROPYL and PolyETHYL Aspartamide and a
PROPYL HIC column from other vendor. The elution condition consists of,
mobile phase A: 1.8 M ammonium sulfate + 0.1 M potassium phosphate, pH 7.0 and
mobile phase B: 0.1 M potassium phosphate, pH 7.0. A 40-min linear gradient was
used from 0 to 100% B at 1 mL/min flow rate. The elution was followed at 220 nm.
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wider columns for preparative work and precolumns for column protection. More
details regarding the role of the column parameters are described in Chapter 2.
The pore size of the stationary phase basic material should be at least 300Å to allow
the migration of proteins to the pore internal surface. For analytical separation
3–8 µm particles and for preparative purification the larger particles are
suggested.

3. Hydrophobic interaction chromatography is fundamentally very close to the gen-
erally used salting-out and salting-in purifications method. The fundamental dif-
ference is the presence of an adsorptive surface and a flow system. Solvents play
a critical role in hydrophobic interaction chromatography (HIC), because the sep-
aration of proteins by HIC is based on the hydrophobicity of the proteins presented
to the solvents. The high salt content of the starting mobile phase increases the
surface tension of the mobile phase, and the solvent-stationary phase interfacial
tension. The free energy of adsorption of the protein to the stationary phase is neg-
ative. Decreasing the salt concentration thus decreases the interfacial tension and
permits the proteins to elute. Various cosolvents have been tested as facilitating
binding or elution of the proteins and solvent manipulation can affect retention,
resolution, selectivity and peak shape. 

In mobile phase B, which is the elution buffer no sample retention should be
observed. The sample adsorption generated by the high salt concentration where
the solubility of the protein samples is at minimum. The most frequently used salt
is (NH4)2SO4, for the preparation of mobile phase A. Other chaotropic salts can
also be applied. Table 2 displays the chaotropic salt series. Strong chaotropic salts
disrupt the structure of water and thus tend to decrease the strength of hydropho-
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Fig. 1. (continued) Peaks: a = cytochrome-c, b = ribonuclease A, c = myoglobin,
d = conalbumin, e = neochymotrypsin, f = α-chymotrypsin, g = α-chymotrypsinogen
A. Reprinted from ref. 16 with permission from Elsevier Science, copyright 1986.

Table 1
Stationary Phasesa

Manufacturer Product Name Stationary Phase

Tosoh TSK HIC Ether-5PW, Butyl-5PW, Phenyl-5PW, Polymer
Butyl-NPR Non-porous

PolyLC PolyPROPYL Aspartamide, PolyETHYL Silica
Aspartamide, PolyMETHYL Aspartamide

Pharmacia Butyl-, Phenyl-, Octyl-Sepharose Polymer
BioChrom Labs HYDROCELL C3-, C4-, Phenyl C3-NP10, Polymer

C4-NP10, Phenyl-NP10 Non-porous

a The listed columns are only examples without attempting to be complete.
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bic interactions; the antichaotropic salts tend to favor them. Organic solvents are
also commonly used to alter the polarity of water. Any of those salts can be used
for the preparation of the solvophobic agent. The samples elute in the order of their
solubility as a function of the salt concentration and their adsorption–desorption
equilibrium (17).

Mobile phase A: The adsorption generating solvent is usually (NH4)2SO4, dis-
solved in the mobile phase B buffer. 

Mobile phase B: All sample components should be soluble in mobile phase B.
The pH and ionic strength of B solvent should be selected accordingly.

Elution mode: During separation condition search, gradient elution mode is rec-
ommended. However, ones the elution conditions established than step gradient
or isocratic elution can be applied. The elution mode primarily depends on the
complexity of the samples.

Flow rate: The usually applied starting flow rate is 1 mL/min. However, higher
flow rate can be used in isocratic separation mode. 

4. UV or fluorescence detection is usually applied during HIC separations. Because
of the high salt concentration, significant background noise can be observed with-
out filtration and use of pure salts. 

5. Temperature usually set at a comfortable laboratory temperature (25°C). However,
the temperature can have significant effect on the retention, peak shape (18), and
activity and mass recovery of proteins. Figure 2 shows the retention time changes
as a function of surface hydrophobicity. Nonlinear changes in retention as a func-
tion of temperature are an indication of conformational changes of the sample pro-
teins. Some of the chromatographic changes can be originated from altering the
conformational equilibrium of proteins. For sensitive samples, a study of tem-
perature effect is recommended, in order to understand the phenomena involved
(19). As an example, Fig. 3 shows the chromatograms of α-lactalbumin as a func-
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Table 2
Anionic and Cationic Ions Used in HIC

Anions Cations

(PO4)
3– NH4

+

(SO4)
2– Rb+

CH3COO– K+

Cl– Na+

Br– Cs+

NO– Li+

ClO4
– Mg2+

I– Ca2+

SCN– Ba2+
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tion of temperature. The displayed series of chromatograms clearly illustrate that
the retention time and peak width significantly alters with increasing temperature.
Normalized retention time-temperature curves are sigmoidal in those cases where
denaturation occurs under the given chromatographic conditions. These denatu-
ration curves are very similar to the classical transition curves of protein denatu-
ration and have been analyzed by the same approach. Temperature studies also
represent an example, that chromatography is a versatile experimental tool for not
only the analysis and separation but physico-chemical studies of protein confor-
mational changes as well (19).

6. The use of high salt could create erosions and plugging, which are usually not
observed with other chromatographic systems. After separations the system should
be thoroughly cleaned with the B solvent and water. The high salt mobile phase
can precipitate at different part of the chromatographic system. Washing is criti-
cally important prior mobile phase and/or chromatographic mode changes. It is
important to establish standard conditions to evaluate the separation system with
protein standards. Standard conditions can provide information about system
reproducibility, separation and system conditions, and column lifetime.
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Fig. 2. Effect of surface hydrophobicity and temperature on the retention of
α-lactalbumin on the PolyALKYL Aspartamide columns at pH 6.0 using ammonium
acetate based mobile phase. Reprinted from ref. 19 with permission from Elsevier
Science, copyright 1988.
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Gel Filtration Chromatography

Peter Stanton

1. Introduction
Gel filtration chromatography (sometimes referred to as size exclusion chro-

matography) separates biomolecules based on differences in their molecular
size. The process employs a gel media suspended in an aqueous buffer solution
which is commonly packed into a chromatographic column. These columns can
vary in size from very small (for example, spin columns of <1 mL bed volume
for analytical separations) to very large (for preparative scale applications). The
gel media consists of spherical porous particles of carefully controlled pore size
through which biomolecules diffuse to different extents based on differences
in their molecular sizes. Small molecules diffuse freely into the pores and their
movement through the column is retarded, whereas large molecules are unable
to enter the pores and are therefore eluted earlier. Hence, molecules are sepa-
rated in order of decreasing molecular weight, with the largest molecules elut-
ing from the column first.

Applications for gel filtration chromatography typically fall into one of two
categories, either: (i) fractionation, or (ii) group separation. In fractionation
applications, molecules are separated according to small differences in size, as
would be required in a purification or characterization protocol. A group sep-
aration separates all high-molecular-weight molecules from all low-molecular-
weight molecules effectively yielding two groups, as would be required when
exchanging buffer components or salts, or removing low-molecular-weight
contaminants from valuable higher molecular-weight samples (proteins,
oligonucleotides, plasmids, or polysaccharides). Operating procedures and gel
selection criteria vary upon the category of separation chosen, as will become
evident later. 

From: Methods in Molecular Biology, vol. 251, HPLC of Peptides and Proteins: Methods and Protocols
Edited by: M.-I. Aguilar © Humana Press Inc., Totowa, NJ
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Several other methods are available to separate or characterize biomolecules
based on differences in size, including sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis (1) and ultracentrifugation (2). The main
advantage for gel filtration chromatography over these techniques is the abil-
ity to separate analytical to preparative amounts of material under native, non-
denaturing conditions with samples recovered in a form suitable for direct
downstream processing (such as other chromatographic steps, or analysis in
biological assay systems). The instrumentation required for gel filtration chro-
matography is also relatively inexpensive and readily obtainable. The main dis-
advantages of gel filtration chromatography are a relative lack of resolution, an
inability to analyze more than one sample at any one time (unless multiple
columns are utilized), and samples are recovered in a more dilute form than the
starting material (frequently ≥ 2–3-fold dilution). 

The resolution that can be obtained by gel filtration chromatography is
dependent on a number of variables. However, for a fully optimized gel filtra-
tion analysis, baseline–baseline resolution can be achieved for proteins that
differ in molecular mass by as little as a factor of approx 1.7 fold, although a
common rule of thumb is for a two-fold difference in molecular size for sepa-
ration to occur (see Fig. 1A). Clearly, if baseline resolution is not critical, then
much-lower-fold differences between solutes can be recognized as shoulders
on chromatographic profiles. In addition, superior resolution and sensitivity can
be achieved with high-performance pre-packed columns (3–5). High-
performance gel filtration can also be used for desalting samples through buffer
exchange and has also found application in the analysis of peptides (6). High-
performance systems can also be used to provide insight into protein folding
mechanisms by monitoring changes in protein size as a function of changes in
the concentration of chemical denaturants (7,8).

56 Stanton

Fig. 1. (see facing page) (A) Gel filtration chromatography of a series of protein mol-
ecular mass standards on a pre-packed Superdex 200 HR 10/30 column (Amersham
Biosciences). Standards were 1. thyroglobulin (Mr 669,000), 2. ferritin (Mr 440,000),
3. human IgG (Mr 150,000), 4. human transferrin (Mr 81,000), 5. ovalbumin (Mr 43,000),
6. myoglobin (Mr 17,600), 7. vitamin B12 (Mr 1,355). Conditions were: 50 mM sodium
phosphate, 150 mM NaCl, pH 7.0, flow rate = 0.25 mL/min (19 mL/cm2/h). Figure
reproduced with the kind permission of Amersham Biosciences. (B) Diagrammatic rep-
resentation of the measurement of the void volume (V0), elution volume (Ve) and total
volume (Vt) for a gel filtration column. V0 is the elution volume of molecules too large
to enter the pores of the gel media, whereas Vt is the total volume of the column deter-
mined with a small molecule. Ve represents the elution volume of a molecule of inter-
mediate molecular mass. Determination of these parameters is best done with standard  
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Fig. 1. (continued) proteins (see panel A) under optimal conditions for flow rate and
sample size. From these measurements the coefficient Kav can be derived, Kav =
(Ve–V0)/(Vt–V0). (C) The selectivity curve for a particular gel filtration media is a plot
of Kav vs log molecular weight, and the data shown here has been derived from panel
A. Selectivity curves as provided by the manufacturer are used to choose the gel fil-
tration media that best suits the application, whereas in the laboratory they are useful
for estimation of the molecular mass of an unknown protein.
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2. Materials
2.1. Gel Media and Selection Criteria

A variety of gel media are available for gel filtration chromatography, based
on either dextrans (Sephadex series, Table 1), agaroses (Sepharose, Sepharose-
CL, Superose, BioGel A, and Ultrogel A, Table 1), polyacrylamide (BioGel P),
or mixtures of these components (Sephacryl, Superdex, Ultrogel AcA), all of
which are suitable for low- to medium- pressure chromatographic applications.
In addition, porous silica-based media (TSK, SynChropak, Bio-Sil, Zorbax)
suitable for higher pressure applications are available. A number of these media
are prepacked in columns direct from the manufacturer (see Table 1) whereas
others are supplied in bulk as either dry powders requiring swelling in buffer
before use, or are supplied preswollen. 

Selection of the appropriate media for gel filtration chromatography is heav-
ily dependent on the particular application, hence, some prior knowledge about
solute molecular weight(s) is advantageous. Ideally, the solute(s) of interest will
elute in the first part of the chromatogram (9), but should not be eluted in the
void volume (V0), which is the elution volume of molecules too large to enter
any of the pores in the gel (see Fig. 1B). Similarly, solute elution at the total
volume of the column (Vt) (see Fig. 1) yields little information. Most manu-
facturers provide selectivity curves (molecular weight v Kav, see Note 1 and
Fig. 1C) derived from the separation of a mixture of protein standards of vary-
ing molecular weight as a guide in media selection. Factors that influence res-
olution for any particular gel filtration media include column length and width,
particle size, and flow rate (see later). If multiple gel filtration media are avail-
able in the size range of interest, choose the media with the steepest selectiv-
ity curve. In the absence of any corroborating information about the solute of
interest, selection of the appropriate media will require an empirical approach.

Although there may appear a large number of media available for gel filtra-
tion chromatography (see Table 1), in reality, the choices can be rapidly min-
imised based on key variables including molecular-weight range, scale
(analytical or preparative), time-scale of the separation (which is influenced by
particle size, flow rate, pressure, and expected resolution) and finally, cost and
availability. 

2.2. Column Length/Width Selection

The ability of a gel filtration column to resolve two components increases
in direct proportion to the square root of the column length (10). Hence, column
bed heights tend to be greater in applications requiring maximal resolution

58 Stanton

Text continues on page 64
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Table 1
Physical Properties of Commonly Used Gel Filtration Mediaa

Mol wt
range

Approx
Peptides, Matrix Particle bed volume
globular proteins Dextrans Product type size (µm) (mL/gm) Comments Companya

Up to 700 Up to 700 Sephadex G-10 Crosslinked dextran 40–120 2–3 Dry powder AB
Up to 1,500 Up to1500 Sephadex G-15 Crosslinked dextran 40–120 2.5–3.5 Dry powder AB
1000–5000 1000–5000 Sephadex G-25 Crosslinked dextran Coarse 100–300 4–6 Dry powder AB

Medium 50–150 '' ''
Fine 20–80 '' ''
Superfine 10–40 '' ''

1500–30,000 500–10,000 Sephadex G-50 Crosslinked dextran Coarse 100–300 9–11 Dry powder AB
Medium 50–150 '' ''
Fine 20–80 '' ''
Superfine 10–40 '' ''

3000–80,000 1000–50,000 Sephadex G-75 Crosslinked dextran medium 40–120 12–15 Dry powder AB
3000–70,000 '' Superfine 10–40 '' ''
4000–150,000 1000–100,000 Sephadex G-100 Crosslinked dextran Medium 40–120 15–20 Dry powder AB
4000–100,000 '' Superfine 10–40 '' ''
5000–300,000 1000–150,000 Sephadex G-150 Crosslinked dextran Medium 40–120 20–30 Dry powder AB
5000–150,000 '' Superfine 10–40 '' ''
5000–600,000 1000–200,000 Sephadex G-200 Crosslinked dextran Medium 40–120 30–40 Dry powder AB
5000–250,000 1000–150,000 Superfine 10–40 20–25
10,000– 10,000– Sepharose 6B 6% Agarose 45–165 — Preswollen AB

4,000,000 1,000,000 '' CL-6Bb

(Continued)
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Table 1 (continued)

Mol wt
range

Approx
Peptides, Matrix Particle bed volume
globular proteins Dextrans Product type size (µm) (mL/gm) Comments Companya

60,000– 30,000– Sepharose 4B 4% Agarose 45–165 — Preswollen AB
20,000,000 5,000,000 '' CL-4Bb

70,000– 100,000– Sepharose 2B 2% Agarose 60–200 — Preswollen AB
40,000,000 20,000,000 '' CL-2Bb

1000– NA Superose 12 Crosslinked 8–12 — Preswollen AB
300,000 agarose prep grade   20–40

5000– NA Superose 6 Crosslinked 11–15 — Preswollen AB
5,000,000 agarose prep grade   20–40

DNA exclusion
limit (bp)

1000– NA — Sephacryl Dextran crosslinked 25–75 — Preswollen AB
100,000 S-100 HR with acrylamide

5000– 1000– 118 Sephacryl Dextran crosslinked 25–75 — Preswollen AB
250,000 80,000 S-200 HR with acrylamide

10,000– 2,000– 118 Sephacryl Dextran crosslinked 25–75 — Preswollen AB
1,500,000 400,000 S-300 HR with acrylamide

20,000– 10,000– 271 Sephacryl Dextran crosslinked 25–75 — Preswollen AB
8,000,000 2,000,000 S-400 HR with acrylamide

NA 40,000– 1078 Sephacryl Dextran crosslinked 25–75 — Preswollen AB
20,000,000 S-500 HR with acrylamide

NA 500,000– 20,000 Sephacryl Dextran crosslinked NA — Preswollen AB
1 × 108 S-1000SF with acrylamide
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100–7000 NA Superdex Dextran + crosslinked 11–15 — Preswollen, AB
peptide agarose and  

pre-packed
column

up to 10,000 NA Superdex 30 Dextran + crosslinked prep grade 24–44 — Preswollen AB
agarose

3000–70,000 500–30,000 Superdex 75 Dextran + crosslinked 11–15 — Preswollen, AB
agarose prep grade 24–44 and  

prepacked
column

10,000–600,000 1000–100,000 Superdex 20 Dextran + crosslinked 11–15 — Preswollen, AB
agarose prep grade 24–44 and  

prepacked
column

100–1800 NA Bio-Gel P-2 Polyacrylamide Extra-fine <45 3 Dry powder Bio-Rad
Fine 45–90

800–4000 NA Bio-Gel P-4 Polyacrylamide Extra-fine <45 4 Dry powder Bio-Rad
Fine 45–90
Medium 90–180

1000–6000 NA Bio-Gel P-6 Polyacrylamide Extra-fine <45 6.5 Dry powder Bio-Rad
Fine 45–90
Medium 90–180

1500–20,000 NA Bio-Gel P-10 Polyacrylamide Fine 45–90 7.5 Dry powder Bio-Rad
Medium 90–180

2500–40,000 NA Bio-Gel P-30 Polyacrylamide Fine 45–90 9.0 Dry powder Bio-Rad
Medium 90–180

3000–60,000 NA Bio-Gel P-60 Polyacrylamide Fine 45–90 11.0 Dry powder Bio-Rad
Medium 90–180

5000–100,000 NA Bio-Gel P-100 Polyacrylamide Fine 45–90 12.0 Dry powder Bio-Rad

(Continued)
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Table 1 (continued)

Mol wt
range

Approx
Peptides, Matrix Particle bed volume
globular proteins Dextrans Product type size (µm) (mL/gm) Comments Companya

DNA exclusion
limit (bp) Medium 90–180

<10,000– NA — BioGel A 0.5 M Agarose Fine 38–75 — Preswollen Bio-Rad
500,000 Medium 75–150

Coarse 150–300
<10,000– NA — BioGel A 1.5 M Agarose Fine 38–75 — Preswollen Bio-Rad

1.5 × 106 Medium 75–150
Coarse 150–300

10,000– NA — BioGel A 5 M Agarose Fine 38–75 — Preswollen Bio-Rad
5 × 106 Medium 75–150

Coarse 150–300
40,000– NA — BioGel A 5 M Agarose Fine 38–75 — Preswollen Bio-Rad

15 × 106 Medium 75–150
Coarse 1 50–300

100,000– NA 350 BioGel A 50 M Agarose Medium 75–150 — Preswollen Bio-Rad
50 × 106 Coarse 150–300

25,000– NA Ultrogel A6 Crosslinked 60–140 — Preswollen Sigma
2.4 × 106 agarose

55,000– NA Ultrogel A4 Crosslinked 60–140 — Preswollen Sigma
9.0 × 106 agarose

120,000– NA Ultrogel A2 Crosslinked 60–140 — Preswollen Sigma
25 × 106 agarose
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5,000– NA Ultrogel AcA 54 Agarose and 60–140 — Preswollen Sigma
70,000 polyacrylamide

10,000– NA Ultrogel AcA 44 Agarose and 60–140 — Preswollen Sigma
130,000 polyacrylamide

20,000– NA Ultrogel AcA 34 Agarose and 60–140 — Preswollen Sigma
350,000 polyacrylamide

100,000– NA Ultrogel AcA 22 Agarose and 60–140 — Preswollen Sigma
1.2 × 106 polyacrylamide

5000–100,000 TSK G2000SW XL Bonded silica 5 — Prepacked Supelco,
HPLC Agilent
column 

5000–150,000 TSK G2000SW Bonded silica 10,13 — '' Supelco,
Agilent

10,000–500,000 TSK G3000SW XL Bonded silica 5 — '' Supelco,
Agilent

TSK G3000SW Bonded silica 10
20,000–10 × 106 TSK G4000SW Bonded silica 13,17 — '' Supelco,

Agilent
5000–100,000 Bio-Sil SEC 125 Bonded silica NA — '' Bio-Rad
10,000–300,000 Bio-Sil SEC 250 Bonded silica NA — '' Bio-Rad
20,000–1 × 106 Bio-Sil SEC 400 Bonded silica NA — '' Bio-Rad
4000–400,000 Zorbax GF-250 Zirconia-stabilised 4 — '' Agilent

silica
10,000–900,000 Zorbax GF-450 Zirconia-stabilised 6 — '' Agilent

silica

aInformation as provided by the manufacturer. Further details available at: Amersham Biosciences (AB) http://www.chromatography.amer-
shambiosciences.com, Bio-Rad http://www.bio-rad.com/, Sigma-Aldrich http://www.sigmaaldrich.com, Supelco http://www.sigmaaldrich.com,
Agilent http://www.chem.agilent.com

bCL = cross-linked, which imparts a greater stability (chemical, thermal, physical) on the gel. Noncrosslinked Sepharose supports are also listed.
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(for example, for protein purification), with a practical limit in most laboratory
situations of approx 1 m. For particularly difficult separations requiring long
columns, practical alternatives are to either: (i) link two columns in series, or
(ii) recycle selected regions. In contrast, gel bed heights in group separation
(desalting) applications are normally shorter (10–30 cm) and wider, to allow
for faster flow rates and larger sample volumes. 

A key factor in deciding on column dimensions for protein purification pur-
poses is the volume of the sample to be loaded, which should be between
0.5–5% of the bed volume of the column (10). Amersham Biosciences market
a range of columns with internal diameters of 0.9, 1.6, 2.6, and 5.0 cm, with
lengths of 15–100 cm, which cover most applications, and comparable hard-
ware is available from the other companies. For desalting purposes, sample
volumes may be up to 30% of the column bed volume.

2.3. Eluent

Under native conditions, the composition of the eluent does not contribute
directly to the separation, hence, eluent components can be chosen which best
suit the particular sample and experiment. For uncharged (electrically neutral)
solutes, distilled water is sufficient as an eluent. For charged solutes (proteins,
oligonucleotides, and so on), a buffer (for example, 20 mM sodium phosphate,
20 mM Tris-HCl, 20 mM sodium acetate) should be used to control pH, which
can be between pH 3–10 for most supports, although the product literature for
the gel type chosen should be consulted first (see Note 2). Buffers should also
include up to 100 mM NaCl to prevent ionic interactions between the charged
solute and the gel media, which can otherwise produce spurious gel filtration
behavior (see Subheading 4.3.). For applications in which limited amounts of
sample are available (for example, sub- to low-microgram amounts of proteins,
or for trace-labeled proteins) and losses by nonspecific adsorption become
important, additives such as nonionic detergents (Tween-20, Brij-35, Triton
X-100, at approx 0.01–0.05% v/v) or a protein carrier (bovine serum albumin
[BSA], 0.1% w/v) may be included at low concentration (see Note 3). 

Frequently, samples obtained following gel filtration chromatography must
be concentrated prior to further processing. If concentration is to be by freeze-
drying, buffers containing nonvolatile components can become a problem.
Volatile buffers (for example, ammonium bicarbonate, ammonium acetate, or
acetic acid) (50–100 mM) are a useful alternative. Finally, if the gel filtration
experiment is to be carried out under denaturing conditions, the eluent should
include 6 M guanidine hydrochloride, or 8 M urea (see Note 4). The use of
acidic conditions (up to 4 M acetic acid) will also dissociate many noncovalent
protein–protein complexes.
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All buffers for gel filtration chromatography should be prepared using freshly
degassed water, to prevent the formation of air bubbles within the tubing lines
and column. Buffers should be redegassed (or prepared again) after a 2-d inter-
val for high-resolution applications (longer columns), however, this is not nec-
essary for group separations.

2.4. Flow Rate

Flow rates should be set in conjunction with the manufacturers instructions
for the particular gel type and column dimensions, recognising that maximal
flow rate for any particular gel type will be dependent on its particle size. In
general, improved resolution is obtained with slower flow rates, and an opti-
mum flow rate for protein fractionation of approx 5 mL/cm2/h is recommended
for most soft gels (10), although acceptable resolution may be achieved with
flow rates up to five-fold greater (10). If maximal resolution is not required,
then tradeoffs between flow rate and increased particle size for any particular
gel type (see Table 1) can be considered to shorten the analysis time of the gel
filtration experiment. 

2.5. Sample 

Optimal sample volumes have been mentioned earlier (refer to Subheading
2.2.). Samples should be clarified (filtration through 0.22 µm filter, or cen-
trifugation at 10,000g) prior to loading to prevent contamination of the support
net or the top of the column. High sample viscosities in relation to the eluent
should be avoided, as these can lead to skewed peak shapes and apparent lack
of resolution (see Note 5). 

In practice, samples are diluted during desalting/buffer exchange by a factor
of ≥1.25 fold, whereas dilution factors may be greater during protein fraction-
ation experiments (1.4–3-fold). 

2.6. Recommended Hardware Configuration

Simple group separations using prepacked commercially available mini-
columns require no more equipment than the column itself, and maybe access
to a spectrophotometer to monitor the optical density of eluted fractions. In con-
trast, fractionation of proteins on larger laboratory-based columns requires the
following: (i) a column, flow adaptor, and packing funnel; (ii) a pump (normally
peristaltic) to accurately control eluent flow; (iii) an in-line UV detector coupled
to a chart recorder, and (iv) a fraction collector. In some cases, the pump and UV
detector can be omitted, with flow controlled by gravity and UV monitored on
selected fractions on a spectro. Prepacked HPLC gel filtration columns clearly
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require access to an HPLC preferably with a nonmetallic (glass, teflon, ceramic)
flow path to limit potential salt-induced corrosion of metallic components. 

A few simple rules should be followed in setting up equipment for gel fil-
tration chromatography. If the column is to be operated at 4°C, choose either a
cold-jacketed design that can be hooked up to a recirculating refrigerated cooler
in the laboratory, or place the column in the 4°C coldroom. In the latter case,
sensitive electronic equipment (control unit for the UV detector, chart recorder)
is best located outside the coldroom to avoid condensation problems. If the
column eluent is to contain solvents or acids, choose a solvent-resistant column
design. 

A peristaltic pump can be placed either at the top of the column (to “push”
the eluent) or at the base (to “suck” eluent), however, note that placement at
the top will prevent potential bubble formation in the lines (see Subheading
4.8.). In either case, it is essential that the pump tubing be regularly inspected
and the flow rate calibrated, as with long use, the tubing cross section can be
permanently flattened by the peristaltic action, leading to changes in flow and
ultimately to tube failure. 

UV detection of proteins in gel filtration chromatography is typically car-
ried out at 280 nm with the detector placed as close to the bottom of the column
as possible, and the fraction collector immediately downstream. It is essential
to minimize the dead volume of the tubing between column, detector, and col-
lector to avoid post-column mixing of separated components, and also to
limit the offset between the UV trace and the collected fraction. Ensure that
pathlength of the UV detector cell is compatible with the expected protein load
(2–3 mm pathlength for high protein concentrations, 10 mm pathlength for
greater sensitivity).

3. Method
The following general instructions apply to both group separations (e.g.,

desalting, buffer exchange) and fractionation of proteins, although the latter
application will require a greater attention to optimisation. For situations in
which prepacked columns or spin columns are employed, the manufacturers
instructions should be consulted.

3.1. Prepare the Gel

1. If the gel is supplied as a dry powder, calculate the weight of gel needed for the
approximate bed volume of the column, and preswell the gel (between 3–72 h at
20°C in separation buffer) according to the manufacturers’ recommendation (see
Table 1). Alternatively, dry gels can be preswollen in a water bath at 90°C for
1–5 h (see Note 6). Swollen gels can be stored indefinitely at 4°C in the
presence of a suitable bacteriostat (e.g., 0.02–0.1% w/v NaN3, 0.005% thimerosal,
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0.002% w/v chlorhexidine) (see Note 7). Avoid the use of a magnetic stirrer with
gel filtration media, as this can break beads and generate fine particles.

Preswollen gels are ready for use. Mix the gel to a slurry, remove the required
amount into a vacuum flask, and allow to settle. 

2. For both gel types, remove the aqueous layer and replace with a volume of the
separation buffer to make a final slurry of approx 50–70% gel. Repeat this wash-
ing process at least once, or until the gel settles as a defined layer without any sus-
pended ‘fines’ in the aqueous layer (see Note 8).

3. Prior to column packing, media and buffers must be degassed on a house vacuum
to remove dissolved gas (gels preswollen at 90°C do not need to be degassed).
Efficient degassing and packing of gels will not occur if the slurry is too thick. 

4. Ensure that the temperature of the gel and buffer is the same as the environment
the column is to be packed in, as gel transferred from 4°C to room temperature
will absorb gas, potentially resulting in a poorly packed column.

3.2. Prepare the Column

1. Clamp the column in a vertical position, in a position away from drafts or direct
sunlight. 

2. Ensure that end-filters, nets, and frits are clean and do not have holes.
3. Connect the base of the column to the peristaltic pump (if used), and flush tubing

with degassed buffer, removing any bubbles that may be trapped under the net. 
4. Set the flow rate of the pump as recommended by the manufacturer of the

particular gel media, or to a rate approx 30%–50% higher than will be used for
the separation. 

5. If the volume of the slurry is greater than the column volume, fit a packing funnel
or column extender to the top of the column, to allow all the gel to be added at the
one time.

3.3. Pack the Column

1. Reslurry the degassed gel media, and decant it all into the column using a glass
rod. Alternatively, the column can be momentarily tipped on its side and the gel
poured directly in, after which the column should immediately be placed upright.
In both cases, avoid introducing excess bubbles into the gel media. 

2. Start the pump, and allow the gel to pack under constant flow until the gel bed
height becomes constant. 

3. At this stage, stop the pump, remove the packing funnel, and adjust bed height by
carefully removing excess gel, leaving the top of the gel bed level and flat. It is
important not to disturb the rest of the gel bed at this point. If the column is too
short, avoid “topping-up” with extra gel as this can lead to poor chromatography.
It is better to unpack the column, add extra gel, and then repack (see Note 9).

4. At this point, the column should be sealed by adding the top flow adaptor. This is
best done in the following steps: (i) gently top the column up with buffer to the
top; (ii) use a 10-mL syringe to purge the adaptor and tubing with buffer, making
sure that there are no bubbles under the net; (iii) place the buffer vessel above the
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top of the column; (iv) connect the adaptor to the buffer vessel and establish
buffer flow by syphon; (v) slide the adaptor across the meniscus of the liquid on
top of the column, then allow it to sink to the top of the gel bed.

5. Seal the adaptor level with the gel bed, switch the pump on, and equilibrate the
column with one column volume of buffer at the packing flow rate. If a small gap
appears between the adaptor and the gel top this must be removed prior to sample
addition (see Note 10).

3.4. Test the Packed Column

1. Set the appropriate flow rate for separation, and apply a test sample to the column,
comprised of colored molecular-weight markers. These can be blue dextran 2000,
cytochrome-c (mol. wt. 12,000), myoglobin (mol. wt. 17,300) or other colored
reagents of appropriate molecular weights. 

2. While loading, visually inspect the colored band which should remain horizon-
tal, and watch for uneven loading caused by “craters” or a gel surface that is not
level. 

3. The presence of air bubbles or poorly packed gel can also be checked by inspec-
tion via transmitted light. 

4. Skewing of the colored band(s) during chromatography indicates problems in the
packing procedure, and can only be fixed by repacking the column. 

3.5. Sample Application

1. Columns with flow adaptor. A number of alternatives are available to load the
column, ranging from application directly through the buffer line, or via a syringe
and valve (3,4), or via a dedicated Superloop (10). In the simplest case, buffer flow
is stopped and the column inlet transferred to the sample container, after which
the pump is restarted and the sample pumped onto the column (see Note 11). 

2. Columns without flow adaptor. Samples are loaded onto the column by removing
the stopper and running the buffer level down to the gel surface, after which the
flow is stopped and the sample is carefully pipeted onto the gel. The buffer flow
is restarted and when the sample has entered the column, an equivalent volume
of buffer is pipeted onto the gel and run in, after which the column is gently refilled
and plugged while the flow is running (see Notes 5,11, and 12). Alternatively, sam-
ples can be layered onto the gel surface under the running buffer (while the column
is running) after increasing sample density by the addition of sucrose or glycerol
(10% final) (see Note 5).

3.6. Calibration With Molecular Mass Standards

1. For applications in which the molecular size of an unknown sample is required,
the column must first be calibrated with standards of known apparent molecular
mass (Mr), which can be done in conjunction with column testing (above).
Molecular size standards (see Note 13) are commercially available from Sigma
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Chemical Co., and can also be purchased as kits from Amersham Biosciences and
BioRad. These proteins are typically globular in shape, from which linear selec-
tivity curves can be derived (see Fig. 1). An assumption made in assigning the mol-
ecular size of an unknown is that it shares a similar molecular shape with the
standard, although obviously this need not be the case (for example, with fibrous
proteins). If this is suspected, chromatography of both the standards and the
unknown sample can be repeated with eluents containing denaturants (urea, guani-
dine hydrochloride) to break noncovalent bonds, and/or reducing agents
(β-mercaptoethanol, dithiothreitol) to break disulphide bridges. 

2. There are several methods by which gel filtration calibration data can be expressed
(3,4), of which the most convenient is the determination of Kav (Fig. 1B). A plot
of Kav vs log molecular mass typically yields a straight line (Fig. 1C) from which
the molecular mass of an unknown can be calculated. It can be seen that Kav

values should fall between 0 and 1 if true gel filtration behaviour is occurring.
Values of Kav>1 indicate some level of interaction between the sample and the
column (for example, some supports show limited ion-exchange characteristics
if the ionic strength of the eluent is too low), which can normally be prevented by
modification of the eluent characteristics. Kav values <0 indicate formation of chan-
nels in the column, and the column must be repacked. 

3.7. Trouble-Shooting

3.7.1. Column Runs Dry

The single most common problem with gel filtration columns is running out
of eluent, which causes the column to run dry and form cracks and voids. There
is no easy fix when this happens, and the column must be repacked. Fortunately,
the remedy is simple, which is to always have sufficient eluent prepared for the
duration of the chromatographic experiment. It is much easier to prepare more
buffer than to repack and restandardize a new column! An electric timer attached
a cut-off valve or the peristaltic pump will also suffice. For gravity-fed columns,
an alternative solution is to install a loop of tubing alongside the column on the
inlet side and place the column outlet above the lowest part of this loop (10). 

3.7.2. Sample Precipitation

Precipitation of the sample on top of the column, or during chromatography,
indicates incompatibility between the eluent (in terms of ionic strength, pH, or
additives) and the sample. Conditions must be found in which the sample
remains soluble, and which are also suitable for gel filtration chromatography.
Once formed, a precipitate can significantly interfere with chromatography by
either blocking the column, or causing smearing of protein peaks as partial dis-
solution occurs. Alternatively, precipitates can indicate incomplete clarification
of the sample prior to loading on the column (see Subheading 2.5.). 
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3.7.3. Sample Elutes After the Included Volume,
or Prior to the Void Volume

Peaks that elute after the included volume indicate a departure from ideal gel
filtration chromatography to an adsorptive behavior between the sample and the
gel media. Frequently this is ionic in character, and can be prevented by increas-
ing the ionic strength of the eluent—typically 50–100 mM NaCl is used.
Alternatively, hydrophobic interactions between sample and gel media may occur,
which can be limited by either decreasing ionic strength, or adding an organic
modifier (5–10% methanol, acetonitrile, or isopropanol). If adsorptive behavior
continues despite making these changes, choose another type of gel media.

Peaks that elute prior to the void volume generally indicate the formation of
channels or voids in the column, and the column must be repacked. 

3.7.4. Poor Resolution

Poor resolution can arise through a number of causes. Check that the sample
volume is not too large (see Subheading 2.2.), too viscous (see Subheading
2.5.), or that the sample has precipitated (see Subheading 4.2.). Check that the
resolution of the column has been maintained using molecular-weight standards.
If the resolution of the standards is poor, the problem is more basic and indi-
cates either incorrect choice of gel filtration media (consult selectivity curves
provided by the manufacturer) or chromatographic conditions (check column
dimensions, flow rate), faulty column packing (repack the column), or a cont-
aminated column (clean and/or repack the column). 

3.7.5. Elution Position Not Consistent

A decrease in the column bed volume brought about by increased flow rate
or partial column blocking will result in altered elution volumes. Also check
the bottom filter or frit of the column and make sure that gel particles are not
leaking through. Sample volumes and concentrations should be held constant
between runs for good reproducibility.

3.7.6. Poor Recovery of Protein, or Activity

Make sure that an aliquot of the sample was taken for assay directly prior to
column load, and assayed under the same conditions as the collected fractions.
The mathematical sum of activities of the collected fractions following chro-
matography should also equal the activity of a combined pool prepared from
aliquots of each collected fraction. If these conditions are met and recovery of
activity is still low, look for losses occurring through inactivation of the sample
via contact with the eluent, or separation of proteins from essential components
(for example, enzyme and cofactor), or nonspecific adsorption to the gel media
(see Subheading 2.3.). 
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3.7.7. Column Blocked/No Flow

If column blockage/slow flow occurs after packing but before samples have
been applied, the problem is because of incorrect packing procedure (either flow
rate too high, or presence of fines in the gel media), and the column must be
repacked. If blockage has occurred due to protein precipitation in the top filter
or on the surface of the gel bed, replace both the filter and the top 1–2 cm of
contaminated gel.

3.7.8. Air Bubbles in Column, or in Eluent

Air bubbles in the gel bed commonly occur if eluents are not fully degassed,
or if the column is moved from the coldroom to the bench. Washing the column
extensively with fully degassed buffers of the correct temperature will normally
solve these problems, although maximal resolution may require repacking.
Large air bubbles under the top filter can be removed by carefully removing
the top plunger, and reinstalling it (see Subheading 3.3.4.).

In situations where a peristaltic pump is installed at the base of the column,
air bubbles caused by solvent outgassing can appear in the tubing between the
column and the pump. These normally occur due to either partial column block-
age (see Subheading 4.7.), compaction of the gel bed, or use of eluents which
have not been fully degassed. Wash the column extensively (as above) in the
reverse direction, but if the problem persists consider repacking the column and
place the pump in front of the column (see Subheading 2.6.).

4. Notes

1. Kav is a partition coefficient, and is equivalent to (Ve–V0)/(Vt–V0). See legend to
Fig. 1 for details.

2. In general, HPLC columns with silica-based supports should not be exposed to
pHs greater than approx 7.4, otherwise hydrolysis of the silica support can occur.
Consult product literature before proceeding.

3. Detergent concentrations should be below their critical micellar concentrations,
which is the point at which protein-detergent micelles form. Protein-detergent
micelles will chromatograph with larger apparent molecular masses than the pro-
tein itself.

4. 6 M guanidine hydrochloride and 8 M urea readily crystallize on contact with air.
Care must be taken that these components do not crystallise inside the pump, detec-
tor, or fraction collector, and these items should be washed with water as soon after
the experiment is completed as practicable.

5. Do not make the sample too viscous (see Subheading 2.5.) as peak skewing may
result. Sample viscosity should be < two-fold the viscosity of the eluent, corre-
sponding to a maximum protein concentration of approx 70 mg/mL (4).

6. Avoid heating gel directly on a hot plate, as this can melt the gel media. 
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7. NaN3 will form explosive salts in lead-based drainage systems, and should be dis-
posed of by appropriate means. NaN3 also inhibits certain enzymes (for example,
peroxidases) and should not be used if gel filtration products are to be subsequently
used with live cells or for enzymaticaly catalysed reactions (for example, iodina-
tion). Exposure to NaN3 as a dry powder should also be limited; consult MSDS
prior to use.

8. Gel filtration media can stick to glass. Ensure that all glassware is adequately
cleaned after use to avoid contamination with other chromatographic media.

9. This description is for larger laboratory-scale columns using reuseable hardware.
Where applications require single use or disposable columns (e.g., for radioac-
tive samples) glass tubing, Pasteur pipets, or plastic syringes can be substituted,
with a plug prepared from silanized glass wool. 

10. For columns without a flow adaptor, carefully fill the space above the gel with
buffer, and seal the column with an rubber stopper (or similar) through which the
buffer line passes. 

11. Make sure that the column inlet tubing is as short as possible with minimal dead
volume, and is not looped. In a worst-case scenario, dense protein solutions can
sit in the bottom of a tubing loop allowing buffer to flow over the top, increasing
the sample application volume and, hence, decreasing resolution. Allowing a very
small air bubble (approx 1mm) to enter the line between the sample and the eluent
will prevent this problem without any major effects on chromatography.

12. Do not allow the column to run column dry, and avoid any disturbance to the
column bed while adding buffer.

13. Commonly used molecular mass standards are bovine thyroglobulin (669,000),
horse spleen ferritin (440,000), bovine liver catalase (232,000), γ-globulin
(165,000), rabbit muscle aldolase (158,000), phosphorylase b (97,000), BSA
(68,000), hen egg ovalbumin (43,000), bovine carbonic anhydrase (29,000), bovine
chymotrypsinogen A (25,000), equine myoglobin (17,500), bovine ribonuclease A
(13,700), hen egg-white lysozyme (14,300), bovine cytochrome-c (12,000), vit-
amin B12 (1,350). Markers for the void volume (V0) can either be one of the higher
molecular-weight proteins, or blue dextran 2000. Markers for the included volume
(Vt) can be NaN3, cytidine, or a low number of counts of a radioactive marker such
as 3H2O or Na125I. 
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Hydrophilic Interaction Chromatography

Herbert Lindner and Wilfried Helliger

1. Introduction
In the past, reverse-phase high-performance liquid chromatography (RP-

HPLC), which separates solutes based on hydrophobic interactions, has been
established as the most commonly used method for separating peptides and pro-
teins. Its advantages include excellent efficiency and resolving power along with
reasonable elution times, and the availability of volatile mobile phases that elim-
inate the need for a desalting step. The application of this method, however, is
limited when a low selectivity or the presence of complex protein mixtures does
not permit satisfactory separation of individual components. In such cases,
methods are successfully applied that are based on separation mechanisms
other than hydrophobic interactions, like electrostatic (see Chapter 3) or
hydrophilic interactions or different molecular size (Chapter 5).

The mode of chromatography utilizing hydrophilic interactions to separate
solutes is referred to as normal-phase chromatography. It is characterized by its
use of polar stationary phases including bare silica in combination with apolar
eluents. In many cases, the selectivity obtained complements that of RP-HPLC
in an ideal manner. To emphasize the polar nature of intermolecular forces gov-
erning retention with such stationary phases, the term hydrophilic interaction
chromatography with the acronym HILIC was suggested by Alpert (1). 

Under typical HILIC conditions, retention of solutes increases with increas-
ing solute hydrophilicity and decreasing mobile phase polarity, a behavior,
which is obviously the precise opposite of that observed in RP-HPLC.

To illustrate the specific interactions of a hydrophilic solute with a
hydrophilic stationary phase which are responsible for this particular chro-
matographic behavior, Fig. 1 shows the retention of a basic peptide (expressed

From: Methods in Molecular Biology, vol. 251, HPLC of Peptides and Proteins: Methods and Protocols
Edited by: M.-I. Aguilar © Humana Press Inc., Totowa, NJ

CH06,75-88,14pgs  10/30/03  7:03 PM  Page 75



as k′) as a function of acetonitrile content, whereby an increase in the acetoni-
trile concentration corresponds to a decrease in solvent polarity. The polar
packing material is a commonly used weak cation exchanger having car-
boxymethyl groups, and the solute is eluted by an increasing linear salt gradi-
ent. It should be noted that the initial conditions with 0% acetonitrile entirely
correspond to typical ion-exchange chromatography. However, when acetoni-
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Fig. 1. Effect of organic solvent concentration on protein retention. Columns,
SynChropak CM300 (250 × 4.6 mm, 6.5 µm beads, 30 nm) and PolyCAT A
(250 × 4.6 mm, 5 µm beads, 30 nm); flow rate, 0.5 mL/min; temperature, 20°C; a linear
gradient of sodium perchlorate (0–1 M, 40 min); solvent A, 0.010 M MPA/TEA
(pH 3.0), solvent B 0.010 M MPA/TEA (pH 3.0) and 1 M NaClO4; solvents A and B
with varying acetonitrile concentrations ranging from 0–70% as shown in Fig. 1;
pIprotein=11; detection at 210 nm.
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trile is added to the eluent in concentrations of up to about 40%, retention
decreases because of a decrease in ionic interactions caused by the presence of
an organic solvent in the aqueous phase. Moreover, when present, hydropho-
bic interactions between solutes and stationary phase are also reduced to a
large extent by addition of the organic solvent. A further increase in the ace-
tonitrile level up to 70% produces a significant increase in retention as a result
of an increase in hydrophilic interactions, which is promoted by high concen-
trations of acetonitrile. As can be further seen from Fig. 1, the hydrophilic inter-
actions occurring under these special conditions can be even stronger (k′70%

>k′0%) than ionic interactions present in pure aqueous solutions. Therefore,
HILIC typically requires the application of polar stationary phases (e.g., weak
or strong ion exchangers, uncharged polar stationary phases like diol phases,
and so on) and high levels of organic solvents (e.g., 70% acetonitrile, 80%
methanol, and so on). Solutes are eluted by increasing salt gradients and/or
decreasing organic solvent concentration. 

The different interactions occurring in IEC and HILIC are best illustrated by
the characteristic elution order of phosphorylated proteins. Under cation-
exchange conditions, phosphorylated forms of proteins are retained to a lesser
degree because of their decreased positive charge in comparison to the unmod-
ified protein. Under HILIC conditions and despite the higher positive charge,
the unmodified protein is first eluted followed by the lower positively charged
mono-, di-, tri-, and so on phosphorylated forms (2). It is obvious that this elu-
tion order is the opposite of that obtained by CEX and corresponds to the order
of increasing hydrophilicity caused by the binding of hydrophilic phosphate
groups. 

When column materials with entirely dissociated functional groups, like
strong cation-exchangers, are used in the presence of higher levels of organic
solvents, hydrophilic interactions are superimposed by ionic interactions. This
is thus referred to as mixed-mode hydrophilic/ion-exchange chromatography
(HILIC/IEC) (3,4). The possibility to fine-tune the extent of hydrophilic and
ionic interactions between solute and column packing by selecting or adjusting
stationary phase polarity, on the one hand, and solvent concentration, on the
other, often provides a superior resolution of peptide (3–8) and protein mixtures
(2,9–11). Hydrophilic interaction chromatography, however, is not limited to the
separation of proteins and peptides. On the contrary, this chromatographic
method is suitable for fractionation of many other polar compounds such as
amino acids (1), oligonucleotides (1), and carbohydrates (12–15). In addition,
HILIC is excellently suited for separating posttranslationally modified pro-
teins, e.g., differently acetylated (9), phosphorylated (2), glycosylated (16), as
well as deamidated proteins (10) can be successfully resolved. 
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2. Materials

2.1. Stationary Phases

Separation of peptide and protein mixtures by means of hydrophilic inter-
action chromatography is usually performed with packing materials having
average particle diameters of 5–10 µm and a pore size between 30 and 150 nm.
Thus, the use of HILIC as high-resolution separation technique reasonably
requires an HPLC system with columns, whose lengths and diameters are typ-
ical for HPLC. The stationary phases employed are by definition polar and usu-
ally include silica modified by chemical bonding of suitable functional groups.
These silica-based phases exhibit good mechanical, as well as chemical stability.
To achieve a maximum of plate numbers, spherical particles are used, because
they provide more homogenous column packings than do the irregularly shaped
particles and thus permit highly efficient separation of peptides and proteins.
Silica-based packings are supplied by many manufacturers and include weak
and strong cation and anion exchangers, amino-, diol-, polyol-, amide- and
amino-cyano-phases. They are successfully employed in the pH region between
2.0 and 8.0. Silica materials are normally not suited for use at a pH higher than
8.0, however, because soluble silicate anions are formed under alkaline condi-
tions. It should be noted that the chemical stability of silica is also limited under
strong acidic conditions (pH < 2). Thus, despite their relatively low mechani-
cal strength, polymer-based polar sorbents are used in cases requiring such
extreme pH values. Moreover, zirconia-based stationary phases have proved
especially advantageous for analysing carbohydrates (13). Compared to the
silica-based hydrophilic sorbents, however, all other packing materials play a
minor role.

A special kind of silica-based stationary phase having a poly(peptide) coat-
ing is particularly promising as a column material for HILIC. Poly (aspartic
acid)-silica (PolyCAT A, manufactured by PolyLC, Columbia, MD), for exam-
ple, is a silica packing with a bonded coating of a hydrophilic aspartic acid
anionic polymer. It was originally developed and described as WCX by Alpert
in the early 1980s (17). In addition to its notable cation exchange properties, it
shows great potential as a stationary phase for HILIC of peptides and proteins.
Peptides and proteins interact with the stationary phase via the β-carboxy group
of aspartic acid, which is also responsible for the cation exchange capacity
observed in aqueous systems, as well as via the amino and carbonyl groups of
peptide bonds of the stationary phase. These functional groups can act as
donor/acceptor groups for hydrogen bonds between solutes and stationary
phase, which might be one of the factors why these poly(peptide)-coated
stationary phases are particularly useful for separating peptides and proteins
in the HILIC mode. An alternative to poly(aspartic acid)-silica is the use of
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poly(2-hydroxyethylaspartamide)-silica known as PolyHydroxyethyl A
(PolyLC), which is produced by incorporating of ethanolamine into a coating
of poly(succinimide), covalently bonded to silica (1). This material should be
neutral, although minor cation exchange properties are observed. Despite this
behavior, solutes are retained mainly through hydrophilic interactions and this
would permit HILIC to operate at lower levels of organic solvent and/or pro-
teins to elute at lower salt concentrations.

Another silica material with a poly(peptide) coating is the strong cation
exchanger poly(2-sulfoethylaspartamide) (PolySulfoethyl A, PolyLC), which
is synthesized by the reaction of taurine with poly(succinimide) covalently
bonded to silica (18). This column material displays mixed-mode effects, i.e.,
hydrophilic interactions are superimposed by electrostatic effects. The selec-
tivity can be manipulated by varying the organic solvent concentration of the
mobile phase. Lower organic solvent levels favor electrostatic interactions,
whereas higher levels promote hydrophilic ones. These effects, for example,
permit peptides with identical charges (at a certain pH) to be separated using
differences in their hydrophilicity caused by different primary sequences or
amino acid composition.

2.2. Mobile Phases

Elution of peptides and proteins in HILIC is accomplished by increasing the
polarity of the mobile phase. This can usually be done in two ways, namely by
increasing the amount of water in the eluent, i.e., using a decreasing organic
solvent gradient, or by running an increasing salt gradient. Solvents commonly
used in HILIC are acetonitrile, methanol, and 2-propanol at concentrations of
up to 85%. Whenever possible, acetonitrile should be used, because of its excel-
lent UV transparency for detecting solutes at wavelengths slightly above
200 nm and because of its lower viscosity. Moreover, as compared to alcohols,
solvents containing acetonitrile yield greater retention of solutes than do mobile
phases with equivalent amounts of methanol or 2-propanol. It should be noted
that these differences in elution behavior can also be utilized in method devel-
opment. At levels of acetonitrile above 70%, every 1% increase leads to an
increase of about 10% in the (isocratic) k´ values for small molecules (1). 

To adjust solvent pH and to minimize peak broadening low amounts of
buffer salts (5–15 mM ) should be added to the eluent. In this context, it is impor-
tant to pay special attention to their UV transparency and solubility in organic
solvents. Sodium, ammonium, or triethylammonium (TEA) salts of phosphoric,
methylphosphonic acid (MPA), TFA, formic, and propionic acid are suitable.
In certain cases, the gradient elution of strong basic peptides or proteins requires
high salt concentrations of up to 1 M and more. However, the required proper-
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ties such as good solubility of salts in organic solvents and their UV trans-
parency considerably restrict the number of suitable compounds. Since sodium
perchlorate remarkably combines these two properties, this salt has proved to
be particularly well suited.

In addition to the nature of the solvent (acetonitrile, alcohols, and so on), the
retention of peptides and proteins is substantially influenced by the eluent pH
and, to a minor extent, by the temperature, which affect the polarity of both the
stationary phase and the solutes. Figure 2, for example, illustrates the influ-
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Fig.2. Protein retention on three different HILIC columns as a function of pH.
Columns, PolyCAT A (250 × 4.6 mm, 5 µm beads, 30 nm and 100 nm), and SynChropak
CM300 (250 × 4.6 mm, 6.5 µm beads, 30 nm); flow rate, 0.5 mL/min; temperature,
20°C; a linear gradient of sodium perchlorate (0–2 M, 40 min); solvent A, 70%
acetonitrile, 0.010 M MPA/TEA, solvent B, 70% acetonitrile, 0.010 M MPA/TEA, and
2 M NaClO4; in solvents A and B the pH value varies in the range of 2.0–6.0 as shown
in Fig. 2; pIprotein=11; detection at 210 nm.
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ence of pH on retention of highly basic protein (pI about 11), using two dif-
ferent, weak cation exchangers, a CM, and a PolyCAT A column (latter with a
pore size of 30 and 100 nm). As can be seen, retention increases considerably
(up to a factor of five) when pH is raised from 2.0 to 6.0. This is mainly caused
by an increase in the polarity of the stationary phase. Particularizing, however,
the retention behavior of the three stationary phases investigated is quite dif-
ferent, even when they vary in pore size only.

Thus, the type of mobile phase and buffer ions, the pH, and even more
importantly, the type of stationary phase are powerful tools for high-resolution
separations particularly of proteins. In addition, minor effects can be achieved
by altering the temperature, because retention and in most cases resolution gen-
erally increase with increasing temperature.

2.2.1. Starting Procedure

1. 20% Nitric acid. 
2. Wash buffer containing 0.2 M NaH2PO4 and 0.3 M CH3COONa. 

2.2.2. Sample Application

1. Solvent A: 70% acetonitrile in the presence of 15 mM TEA/MPA, pH 3.0.

2.2.3. Sample Elution and Method Development

1. Solvent A: 70% acetonitrile in the presence of 15 mM TEA/MPA, pH 3.0.
2. Solvent B: 70% acetonitrile with 15 mM TEA/MPA, pH 3.0, containing 1.5 M

sodium perchlorate. 
3. Solvent C: 80% acetonitrile, 15 mM TEAP, pH 3.0.
4. Solvent D: 80% acetonitrile, 15 mM TEAP, pH 3.0, 0.4 M sodium perchlorate.

2.2.4. Column Regeneration and Storage

1. Solvent A: water.
2. Solvent B: filtered salt solution consisting of 0.25 M Na2HPO4, 0.25 M NaH2PO4,

0.5 M sodium acetate, 0.01 M ethylene diamine tetraacetic acid (EDTA), pH 6.5. 

3. Methods
3.1. Starting Procedure

1. Especially when cation exchange columns are utilized, the amount of soluble iron
(Fe3+) present in the chromatographic system should be minimized, because Fe3+

binds very strongly to the stationary phase and decreases column efficiency. The
first step, therefore, should be to passivate the HPLC system by treating it with
20% nitric acid (see Note 1). 

2. Most columns are shipped in alcohol (methanol or propanol). To condition a new
column, it must be washed thoroughly with at least ten column volumes of HPLC-
grade water (20 mL to 40 mL, related to 4.6 mm × 200 mm columns). Extensive
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washing with water is important to completely remove the alcohol component.
Otherwise, salts that are insoluble in the organic solvent will be precipitated and
damage the column. 

3. This initial washing is followed by rinsing the column with 50–60 mL of a wash
buffer (see Note 2).

4. The buffer is removed by flushing again with 20–30 mL water and, finally, the
column is equilibrated with at least 30 mL of the mobile phase (solvent A) (see
Note 3). Flow rates for 4.6 mm × 200 mm columns typically range from 0.5 to
1.5 mL/min.

3.2. Sample Application

1. To achieve optimum binding of the sample components to the stationary phase,
the sample must be dissolved in buffers having a content of organic solvent sim-
ilar to that of the eluent. When using gradient elution, which in most cases affords
a superior resolution, peptide and protein samples, therefore, should be dissolved
in eluent A (starting conditions) (see Note 4). Furthermore, the presence of larger
amounts of salt should be avoided. This is especially important when non-charged
stationary materials like diol or hydroxyethyl aspartic acid silica phases are
employed.

2. Because salts like KCl, NaCl, or MgCl2, and so on, which might be present
because of sample preparation, are insoluble in mobile phases containing high
levels of organic solvents (typical HILIC conditions), it is important to filtrate the
sample before injection in order to prevent clogging of the column. A filter pore
size of 0.45 µm is recommended. Moreover, care must be taken to ensure that filter
and filter housing are solvent resistant.

3.3. Sample Elution and Method Development

1. For method development the following factors influencing retention of peptides
and proteins should be considered:
a. Retention is proportional to the hydrophilicity of peptides and proteins.

Hydrophilic groups are basic amino acids (His, Lys, Arg) and other polar amino
acids (Asn, Gln, Asp, Glu, Ser) as well as phosphate residues.

b. Retention is influenced by the primary structure. Peptide retention is usually
proportional to the number of basic amino acids. Retention behavior is, how-
ever, influenced also by neighboring acidic amino acids and, moreover, super-
imposed by the hydrophilicity/hydrophobicity of other residues present in the
molecule.

c. Retention is influenced by the secondary/tertiary structure.
d. Solvent pH: Influences the charge (polarity) of peptides and proteins. At

pH 2.5–2.8, basic amino acids and phosphate groups, but not acidic amino acids
are ionized. At pH values higher than 3.5–4.0 (for Asp) and 4.0–4.5 (Glu),
however, these acidic residues will also be charged.

e. Temperature: Retention increases (!) with increasing temperature (see Note 4).
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2. The following procedure is recommended as a good starting point for developing
or optimizing a HILIC method to separate an unknown peptide or protein sample:
The use of a weak cation exchanger (CM phase or poly(aspartic acid) silica) and
an eluent system consisting of 70% acetonitrile in the presence of 15 mM
TEA/MPA, pH 3.0 (solvent A) and 70% acetonitrile with 15 mM TEA/MPA,
pH 3.0 containing 1.5 M sodium perchlorate (solvent B). A proper solvent prepa-
ration is very important and described in detail in Note 6. 

3. After equilibrating the column with solvent A (see Subheading 2.2.1., Starting
Procedure), the sample is loaded onto the column and solutes are eluted with a
linear gradient increasing from 100% A/0% B to 0% A/100% B in approx 45 min.
It should be remembered that salt concentrations higher than 1 M are necessary
only when eluting highly basic peptides and proteins. Nevertheless, these condi-
tions (salt gradient ranging from 0–1.5 M sodium perchlorate) normally ensure
the elution of virtually all components in the sample (see Note 7).

4. Depending on the elution profile obtained, resolution is further optimized by
appropriately adjusting the slope of the gradient (and, when necessary, by lower-
ing the salt concentration of solvent B). A shallower gradient will, of course,
enhance resolution, but also analysis time. Elution times should preferably be
between 10 and 60 min. If higher salt concentrations are required for elution, a
two-step gradient may be of some advantage as compared to a one-step linear gra-
dient. Peaks are often sharper and resolution increases when in a first steep step
(within only a few minutes) the salt concentration is increased to just below the
point where the weakest bound component begins to elute, followed by a longer
shallow gradient to complete elution. As usual, optimum gradient elution para-
meters must be defined in the course of several experiments. Finally, the eluted
peptide or protein fractions are desalted most simply by using RP-HPLC, which
would even permit further separation of the fractions by using this additional
orthogonal chromatographic step. 

5. A good alternative to triethylammonium methanephosphonate is triethylammo-
nium phosphate (see Note 8). In this case, the concentration of sodium perchlo-
rate is limited to approx 0.68 M, and solvent preparation is trickier (see Note 9).
Care must be taken, because, if more than 0.68 M sodium perchlorate is present,
sodium phosphate will precipitate and, consequently, the pump and column inlet
frits will clog. 

6. As already stated, HILIC separations are influenced by many parameters which
can be utilized as powerful tools to modify or optimise a method. 

If solute retention is too strong, for example, the acetonitrile concentration can
be decreased or, alternatively, methanol or isopropanol can be used instead of ace-
tonitrile. At comparable concentrations solvents containing methanol or iso-
propanol retain solutes to a lesser extent than does acetonitrile, however, solvents
are more viscous. Also, a decreasing organic solvent gradient and an increasing
salt gradient, simultaneously applied, can be used to elute strongly bound solutes.

7. If larger amounts of salt have to be avoided, e.g., certain proteins tend to precip-
itate in presence of perchlorate, the use of a poly(2-hydroxyethylaspartic
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acid)silica column is recommended. Elution is performed with either a decreas-
ing organic solvent gradient (85 to 20% acetonitrile, in the presence of 10 mM
TEA/MPA, pH 3.0) or an increasing sodium perchlorate gradient, using the same
eluents as already described in Subheading 2.2.3. Much lower salt concentrations
are, however, required for elution with this column material.

8. On the other hand, if peptide or protein retention is too weak, acetonitrile con-
centration may be increased to up to 85% or even 90%. In addition, changing the
buffer pH can emphasize the polarity of solutes prompting a more intensive inter-
action with the stationary phase. Finally, if retention is inadequate, separation can
be performed in a HILIC/CEX mode using strong cation exchangers. A good
choice, for example, is poly(2-sulfoethylaspartamide) silica and eluents consist-
ing of 80% acetonitrile, 15 mM triethylammonium phosphate (TEAP), pH 3.0 (sol-
vent C), and 80% acetonitrile, 15 mM TEAP, pH 3.0, 0.4 M sodium perchlorate
(solvent D).

9. HILIC coupled with mass spectrometry requires low salt concentrations combined
with a completely volatile mobile phase. This can be achieved with poly(2-hydrox-
yethylaspartic acid) silica and a descending gradient of acetonitrile in the pres-
ence of ammonium formate instead of TEAP. Owing to the high absorbance and
baseline artefacts in gradient elution at low wavelengths, however, the use of
254 nm or a higher wavelength is recommended. 

3.4. Column Regeneration and Storage
1. If peak broadening/loss of resolution or an increasing pressure is observed the

column should be cleaned to remove any remaining contaminants. Increased pres-
sure after prolonged use indicate a plugged column inlet frit which should be
removed and cleaned with ultrasonication or, even better, replaced with a new one.
To restore column efficiency the organic solvent is carefully replaced by exten-
sive washing with at least 10 column volumes of water, followed by a shallow gra-
dient from solvent A to a filtered (!) salt solution consisting of 0.25 M Na2HPO4,
0.25 M NaH2PO4, 0.5 M sodium acetate, 0.01 M EDTA, pH 6.5 (solvent B) (see
Note 10). Washing should proceed for several hours (overnight) at 100% B and
at reduced flow rate (0.25 mL/min for 4.6 mm columns). The entire procedure is
best performed in reversed flow direction since most of the contaminants are
deposited at the top of the column. The column is then thoroughly flushed with
water to remove the salts and subsequently equilibrated with HILIC solutions.

2. The columns should be stored at cool temperature and in a solution of 50% ace-
tonitrile in water. To prevent drying the column should be sealed tightly. If column
efficiency is inadequate after storage, it must be reconditioned with a salt solu-
tion as described in Subheading 3.1. (Starting procedure).

4. Notes
1. To passivate the stainless steel components of an HPLC system, which are in con-

tact with the eluent, the column must be removed (to prevent damaging any hard-
ware components the manufacturer’s instruction manual should be consulted) and
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20% nitric acid pumped through at a flow rate of 1 mL/min for about 1 h. If the
solvent present in the pump is not water, it must be removed and replaced with
water before the passivating procedure is commenced. Afterward, the nitric acid
is thoroughly flushed out with water (flow rate 1 mL/min, 1 h). 

2. Buffer solution is prepared by dissolving appropriate amounts of sodium acetate
and sodium dihydrogen phosphate in HPLC grade water and filtered (0.45 µm filter
pore size). The pH of the buffer solution is not adjusted; it ranges from 5.7 to 5.9
and is used as is. To prevent microbial growth the buffer solution should be freshly
prepared and not stored.

3. Ion-exchange columns conditioned in this way and run under HILIC conditions
may exhibit a diminished resolution in the ion-exchange mode. For this reason, it
is recommended that separate columns be used for each mode to guarantee opti-
mum resolution.

4. Occasionally, however, sharper peaks can be obtained when samples loaded onto
the column are dissolved in very small amounts of pure water or in water with
lower concentrations of organic solvent.

5. Column temperatures should generally not exceed 50°C, because otherwise the
lifetime of the column will be dramatically shortened. Some column materials,
however, are even more sensitive to elevated temperatures. Poly(peptide)-coated
silica columns (PolyCAT A, and so on), for example, do not tolerate temperatures
higher than 30°C for longer periods.

6. The eluents (solvent A: 70% acetonitrile, 15 mM TEA/MPA, pH 3.0; solvent B:
70% acetonitrile, 15 mM TEA/MPA, pH 3.0, 1.5 M sodium perchlorate) are pre-
pared as follows (1000 mL each):

Solvent A is prepared by mixing 15 mL TEA/MPA stock solution (1 M) and
285 mL of water. pH is measured and, if it is too low adjusted to pH 3.0 with TEA.
Acetonitrile is then added to give a total volume of 1000 mL. Solvent B is pre-
pared in a slightly different way, namely by mixing 15 mL TEA/MPA stock solu-
tion (1 M) and 200 mL of water in a graduated cylinder. 212 g Sodium perchlorate
monohydrate (NaClO4 · H2O; FW 140.46) is added to the solution and dissolved
by using a magnetic stirrer. The addition of perchlorate causes the pH to drop to
about 2.0 or even lower and consequently it must be readjusted by adding TEA
(about 100–300 µl) until pH 3.0 is reached. The resulting solution is filtered, water
is added to a total volume of 300 mL, and acetonitrile is added until the
1000 mL mark is reached. Finally, solvents A and B are sonicated for 5–10 min
to degas the eluents. Water and acetonitrile used for eluent preparation are of HPLC
grade quality.

The TEA/MPA stock solution (100 mL; 1 M) is prepared by adding TEA (about
10 mL is needed) to 16 mL methylphosphonic acid (from Merck, a 50% solution
in water, which is an inexpensive alternative to the higher concentrated acid from
other suppliers) dissolved in about 60 mL of water until pH 2.9 is attained. The
solution is filtered and water is added to give a total volume of 100 mL. The pH
is measured again and, if necessary, adjusted to 3.0 by adding drop wise several
mL of TEA. The stock solution must be refrigerated until use. It should be pre-
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pared new after 2 mo except it is frozen and stored under argon. The purity of TEA
is critical and, therefore the best quality available should be used for the buffer
solution (e.g., from Aldrich, 99.5%). The amine must be absolutely colorless.
Otherwise, it must be distilled prior to use to avoid baseline artefacts during gra-
dient elution at low wavelengths. 

7. When a column is used for the first time, irreversible binding of sample to both
the stationary phase and the column hardware (e.g., sintered metal frits) may
occur to a certain extent. This can be a problem if only small sample amounts are
available or expensive samples are to be purified. To avoid sample loss, therefore,
an inexpensive protein with good binding properties such as protamine sulphate
(for neutral and weak cation exchange phases) or BSA (for strong cation exchang-
ers) should be initially injected and eluted from the column.

Furthermore, (1) reports from that recovery of phosphorylated peptides from
HPLC columns improves significantly when titanium frits are used in place of
stainless steel. It is thus recommended that nonferrous frits be used for HPLC of
phosphorylated species.

8. The fact that ion-pair reagents influence selectivity is a well-known effect in
RP-HPLC. By varying the type of reagent (more or less hydrophobic) and/or its
concentration, separations can be affected to a large extent. It should be noted that
also in HILIC both cations and anions present in the eluent may influence reten-
tion and, even more importantly, resolution, sometimes in a dramatic fashion.
Therefore, if resolution is not satisfying it is strongly recommended that differ-
ent buffer systems and concentrations be tried, although, problems can be caused
by the poor solubility of many salts in organic solvents. As a rule of thumb, buffer
concentration should be varied from 5–20 mM. Ammonium, sodium, or potassium
salts can be used instead of TEA salts and formate, acetate, trifluoro acetate, or
propionate can be substituted for methane phosphonate, for example. In particu-
lar, phosphate is recommended because its notably hydrophilic nature, pronounces
the hydrophilic properties of peptides and proteins most strongly. 

9. A TEAP stock solution (250 mL; 1 M) is prepared according to TEA/MPA, except
that 50 mL diluted phosphoric acid (5 M) dissolved in about 150 mL water is used
instead of methylphosphonic acid. The pH is adjusted with TEA (requiring about
30–31 mL), as already described in detail. Solvent A is prepared by mixing
15 mL TEAP stock solution (1 M) and 285 mL of water. The pH is measured and,
if it is too low, adjusted to pH 3.0 with TEA. Acetonitrile is then added to give a
total volume of 1000 mL. Solvent B is prepared by mixing 15 mL TEAP stock
solution (1 M) and 200 mL of water in a graduated cylinder. Sodium perchlorate
monohydrate (NaClO4.H2O; FW 140.46) in an amount of 96 g is added to the solu-
tion and dissolved by using a magnetic stirrer. Owing to the addition of perchlo-
rate the pH drops to about 2.0 or even less and must be readjusted by adding TEA
(about 100–300 µL) until pH 3.0 is reached. The resulting solution is filtered, water
is added to give a total volume of 300 mL, and acetonitrile is added until the
1000 mL mark. The resulting solution is not clear because sodium phosphate pre-
cipitates. To achieve complete solution of all salts present, water is added slowly
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under steady mixing with a magnetic stirrer until the solution becomes clear
(about 45 mL of water is required). This produces a saturated sodium perchlorate
solution in acetonitrile. Because of the last dilution step, however, the acetonitrile
concentration is somewhat below 70%, the precise value being 67%.

10. Generally, the presence of chloride in the regeneration buffer or during storage
should be avoided because chloride corrodes steel and Fe3+ cations are released.

Alternatively, the column can be regenerated using a linear gradient starting
from 70% acetonitrile (e.g., solvent A, as described), whereby acetonitrile is suc-
cessively replaced with 50 mM formic acid in water. The column is washed for
an additional hour with 50 mM formic acid and finally flushed with water over a
period of 2 h. Before use, it is recommended that the column be reconditioned with
the buffer solution described in Subheading 3.1.
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Immobilized Metal Ion Affinity
Chromatography of Proteins

Michael Zachariou

1. Introduction
Immobilized metal ion affinity chromatography (IMAC) of proteins is a

high-performance liquid chromatography (HPLC) technique. It has the ability
to differentiate a single histidine residue on the surface of a protein (1), it can
bind proteins with dissociation constants of 10–5 to 10–7 (2), and has had wide
application in the field of molecular biology for the rapid purification of recom-
binant proteins.

Since the first set of work was published describing the immobilization of
metal ions using a chelating agent covalently attached to a stationary support,
to purify proteins (3,4), there have been several modifications and adaptations
of this technique over the years. The traditional approach describes the use of
immobilized metal ions and in particular borderline Lewis metal ions such as
Cu2+, Ni2+, and Zn2+, to purify proteins on the basis of their histidine content
(3). This application was further extended to incorporating a hexa-histidine tail
onto the protein and using the tail as a purification handle in combination
with a highly selective stereochemistry in the form of a Ni-nitrilotriacetic acid
(Ni-NTA) complex for binding the purification handle (5,6). In 1985, there were
indications that electrostatic interactions were also occurring between proteins
and immobilized Fe3+-iminodiacetic acid stationary phases (7) and in 1996 it
was demonstrated that IMAC adsorbents in general could also be used in
pseudocation exchange mode, independently of histidine interaction (8). Yet
another mode of interaction involved in the IMAC of proteins was the mixed
mode interactions involving aspartate and/or glutamate surface residues on
proteins along with electrostatic interactions, again independent of histidine
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interactions (9). It is the purpose of this work to describe the methodologies
involved in the traditional histidine-based IMAC interactions (including purifi-
cation of his-tagged proteins), the mixed-mode interactions involving aspartate,
glutamate, and electrostatic interactions and then the purely electrostatic inter-
actions. The reader is referred to recent reviews of IMAC of proteins for a more
detailed perspective (10,11,12,13).

The traditional use of IMAC for proteins has been to select proteins on the
basis of their histidine content. The approach uses a chelating agent immobi-
lized on a stationary surface to capture a metal ion and form an immobilized
metal chelate complex (IMCC) (see Fig. 1). The chelating agent has usually
been the tridentate iminodiacetic acid (IDA), despite a plethora of chelating sta-
tionary supports available for such work (14). Generally, Cu2+, Ni2+, and Zn2+,
have been used in this mode but other metal ions such as Co2+, Cd2+, Fe2+, and
Mn2+ have also been examined as the metal ions of choice. Histidine selection
by the IMCC exploits the preference of borderline Lewis metals (see ref. 15
for a review of the concept of hard and soft acids and bases and their preferred
interactions) to accept electrons from borderline Lewis bases such as histidine.
With a pKa of 6.0, histidine will be able to donate electrons effectively at
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Fig. 1. Histidine residues binding to an immobilized metal ion affinity adsorbent.
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>pH 6.5 and thus bind to the IMCC, although this may vary depending on the
microenvironment the histidine finds itself in. Once the protein has bound, a
specific elution can be deployed by using imidazole, which is the functional
moiety of histidine. Alternatively, the pH may be decreased to <pH 6.5 to pre-
vent histidine from donating electrons thereby inducing elution of the bound
protein.

The use of IMAC to purify his-tagged proteins employs the same strategy
as described for the traditional mode. The difference is that harsher binding,
washing, and elution conditions (e.g., higher concentration of imidazole) in
combination with a more selective IMCC (Ni-NTA) can be used to obtain a puri-
fied protein. This is possible because the target protein has six histidines in
sequence to bind to the IMCC. One step purifications that achieve >95% purity
of the target protein with >90% yields are routinely achieved from a variety of
sources including bacterial and mammalian cells. Other IMCC have also been
used for the isolation of his-tagged proteins including Ni-IDA (ProBond™)
from Invitrogen and Co-carboxy-aspartate (TALON™) from Clontech.

An alternative use of IMAC can be to exploit the interaction between aspar-
tate and glutamic acid residues on the surface of proteins with IMCCs. This was
first demonstrated in 1992 when a protein with no surface accessible histidines
bound to a group of hard Lewis metal ions immobilized on 8-hydroxyquinoline
(9,16). In this context, at greater than pH 4.0 the carboxyl groups of aspartate
and glutamate are fully deprotonated and able to donate electrons. By includ-
ing imidazole and ≥ 0.5 M NaCl in the binding buffer, any histidine or electro-
static interactions will be quenched leaving aspartate and glutamate as the only
amino acids able to donate electrons and interact with the IMCC. This type of
interaction can be further enhanced by using hard Lewis metal ions as part
of the IMCC so as to exploit the preference of hard Lewis metal ions for hard
bases such as those found in oxygen rich compounds like the carboxyl groups
of aspartate and glutamate. This type of interaction has been observed to occur
predominantly in the pH region of 5.5 to 6.5 and may involve some electrosta-
tic component. Above this pH range, electrostatic influence becomes more pro-
nounced and the IMCCs exhibit pseudocation exchange behaviour.

The traditional use of IMAC has involved the inclusion of 0.5–1.0 M NaCl
in the binding buffer to prevent the protein from interacting with the IMCC on
the basis of nonspecific electrostatic interactions. The contribution of such
interactions comes from charges presented to the protein by unoccupied chelate
sites, a variety of hydrolytic species that exist on the IMCC, as well as the metal
ion itself (8,17). The overall contribution results in a net negative charge on the
IMCC, which becomes increasingly negative as the pH becomes more alkaline.
This phenomenon occurs with any IMCC and will vary depending on the metal
ion and immobilized chelator involved. By encouraging this phenomenon
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instead of quenching it, IMAC can be used in cation exchange mode. In this
mode, the binding buffers are of low ionic strength (<0.1 M) and a pH of
between 5.0 and 6.5 and elution can be afforded either by increasing the ionic
strength and/or increasing pH. Furthermore, by including imidazole in the
binding buffer, histidine interactions can be minimized if desired. The use of
IMCCs in cation exchange mode has been demonstrated previously using model
proteins as well as crude mixtures (8,18). With the large number of possible
combination of metal ion and chelators, use of IMAC in pseudocation exchange
mode provides a number of options during purification beyond the traditional
use of IMAC or the use of traditional cation exchangers.

2. Materials
2.1. Purification of His-Tagged Proteins Using Ni-NTA

1. Stationary support: Ni-NTA-superflow (Qiagen, GmBH, Germany).
2. Charge solution: 0.1 M NiNO3.
3. Metal rinsing solution: 0.2 M acetic acid.
4. Preequilibration buffer: 0.2 M imidazole, 0.5 M NaCl, pH 7.0.
5. Equilibration buffer: 0.02 M imidazole, 0.05 M NaCl, pH 7.0.
6. Elution buffer: 0.2 M imidazole, 0.5 M NaCl, pH 7.0.
7. Regeneration buffer: 0.2 M ethylene diaminetetraacetic acid (EDTA), 0.5 M NaCl,

pH 8.0.

2.2. Purification of Proteins Using IMAC Based
on Histidine But Not His-Tagged Selection

1. Stationary Support: chelating-Sepharose FF (Amersham-Pharmacia Biotech, UK).
2. Charge solution: 0.1 M CuNO3.
3. Metal rinsing solution: 0.2 M acetic acid, pH 4.0.
4. Preequilibration buffer: 0.2 M K2HPO4/KH2PO4, 0.5 M NaCl, pH 7.4.
5. Equilibration buffer: 0.02 M K2HPO4/KH2PO4, 0.5 M NaCl, pH 7.4.
6. Elution buffer: 0.05 M imidazole, 0.5 M NaCl, pH 7.0.
7. Regeneration buffer: 0.2 M EDTA, 0.5 M NaCl, pH 8.0.

2.3. Purification of Proteins Using IMAC Based on Aspartate
and Glutamic Acid Selection and High Ionic Strength (see Note 11)

1. Stationary support: Chelating-Sepharose FF (Amersham-Pharmacia Bio-
tech, UK).

2. Charge solution: 0.05 M metal salts.
3. Metal rinsing solution: 0.05 M acetic acid, 0.1 M KNO3.
4. Preequilibration buffer: None.
5. Equilibration buffer: 0.03 M morpholinoethane sulphonic acid (MES), 0.03 M

imidazole, 0.5 M NaCl, pH 5.5/pH 6.0.
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6. Elution buffer: 0.03 M MES, 0.03 M imidazole, 0.1 M K2HPO4, 0.14 M NaCl,
pH 5.5/pH 6.0.

7. Regeneration buffer: 0.2 M EDTA, 0.5 M NaCl, pH 8.0.

2.4. Purification of Proteins Using IMAC in Pseudocation
Exchange Mode (see Note 15)

1. Stationary support: chelating-Sepharose FF (Amersham-Pharmacia Biotech, UK).
2. Charge solution: 0.05 M metal salts.
3. Metal rinsing solution: 0.05 M acetic acid, 0.1 M KNO3.
4. Preequilibration buffer: None.
5. Equilibration buffer: 0.03 M MES, 0.03 M imidazole, 0.05 M NaCl, pH 5.5/

pH 6.0.
6. Elution buffer: 0.03 M HEPES, 0.03 M imidazole, 0.5 M NaCl, pH 8.0.
7. Regeneration buffer: 0.2 M EDTA, 0.5M NaCl, pH 8.0.

3. Methods
3.1 Purification of His-Tagged Proteins Using Ni-NTA

1. Wash packed Ni-NTA column with two column volumes (CVs) of metal rinsing
solution, 0.2 M acetic acid (see Note 1).

2. Wash column with 5 CV of Milli-Q water.
3. Prewash packed Ni-NTA column with 10 CVs of 0.2 M imidazole + 0.5 M NaCl,

pH 7.0 (see Note 2).
4. Equilibrate the column with 10 CVs of 20 mM Imidazole and 50 mM NaCl

pH 7.0 (see Note 3). Confirm equilibration by measuring pH and conductivity.
Continue equilibration until pH and conductivity of effluent matches equilibra-
tion buffer.

5. Load sample containing target protein ensuring pH is between pH 7.0 and 7.2. As
a general rule, loading linear velocities should be between 10 and 33% the max-
imum operating linear velocity allowed by the stationary support (see Note 4).
Assume a loading of no more than 1 mg target protein per ml of stationary
support (see Note 5). Target proteins in ratio volumes of 300�1 cell culture per
Ni-NTA have been successfully loaded by the author (see Note 6).

6. Wash stationary support with 10 CVs of equilibration buffer at the loading linear
velocity or until the A280nm reading is at baseline (see Note 7).

7. Subsequent wash steps can be carried out if deemed necessary (see Note 8). If a
wash step is required follow step 6 with the appropriate wash buffer.

8. Elute protein with up to 5 CVs of 0.2 M imidazole, 0.5 M NaCl pH 7.0 at 33% of
the recommended maximum linear velocity of the stationary support. If this is
insufficient, imidazole should be taken up to 0.5 M. If the target protein is
still bound then elution with 0.5 M imidazole, 0.5 M NaCl at pH 5.5 should be
tried (see Note 9). Samples should be examined on sodium dodecylsulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) for purity (19).
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9. After elution of the target protein the column should be regenerated using 3 CVs
of 0.2 M EDTA, 0.5 M NaCl, pH 8.0. Washing linear velocity is not critical as long
as it does not exceed the maximum linear velocity of the stationary support (see
Note 10).

10. Wash with 10 CVs of Milli-Q water.
11. Load column with 2 CVs of 0.1 M NiNO3 (see Note 11). Silica based supports

should be stored free of metal ion and only charged when required.
12. Wash with 10 CVs of Milli-Q water.
13. Store column at 4°C.

3.2. Purification of Proteins Using IMAC Based on Histidine 
But Not His-Tagged Selection

1. Wash packed Cu-IDA column with 2 CVs of metal rinsing solution, 0.2 M acetic
acid, pH 4.0 (see Note 1).

2. Wash column with 5 CV of Milli-Q water.
3. Prewash packed Cu-IDA column with 10 CVs of 0.2 M K2HPO4/KH2PO4, 0.5 M

NaCl, pH 7.4.
4. Equilibrate the column with 10 CVs of 20 mM K2HPO4/KH2PO4, 0.5 M NaCl,

pH 7.4.
5. Confirm equilibration by measuring pH and conductivity. Continue equilibration

until pH and conductivity of effluent matches equilibration buffer.
6. Load sample containing target protein ensuring the sample pH is between pH 7.0

and 7.2. As a general rule, loading linear velocities should be between 10 and 33%
the maximum operating linear velocity allowed by the stationary support (see
Note 4). Assume a loading of no more than 1 mg target protein per mL of stationary
support (see Note 5). Target proteins in ratio volumes of 300�1 cell culture per
Ni-NTA have been successfully loaded by the author (see Note 6).

7. Wash stationary support with 10 CVs of equilibration buffer at the loading linear
velocity or until the A280nm reading is at baseline (see Note 7).

8. Subsequent wash steps can be carried out if deemed necessary (see Note 8). If a
wash step is required follow step 7 with the appropriate wash buffer.

9. Elute protein with up to 5 CVs of 50 mM imidazole, 0.5 M NaCl pH 7.0 at 33%
of the recommended maximum linear velocity of the stationary support. If this is
insufficient, imidazole should be taken up to 0.5 M. If the target protein is still
bound then elution with 0.5 M Imidazole, 0.5 M NaCl at pH 5.5 should be tried
(see Note 9). Samples should be examined on SDS-PAGE for purity (19).

10. After elution of the target protein the column should be regenerated using 3 CVs
of 0.2 M EDTA, 0.5 M NaCl, pH 8.0. Washing linear velocity is not critical as long
as it does not exceed the maximum linear velocity of the stationary support (see
Note 10).

11. Wash with 10 CVs of Milli-Q water.
12. Load column with 2 CVs of 0.1 M CuNO3 (see Note 11). Silica-based supports

should be stored free of metal ion and only charged when required.
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13. Wash with 10 CVs of Milli-Q water.
14. Store column at 4°C.

3.3. Purification of Proteins Using IMAC Based on Aspartate and
Glutamic Acid Selection and High Ionic Strength (see Note 11)

1. Load column with 2 CVs of 50 mM metal salt (see Note 12).
2. Wash packed Mn+-IDA column with 2 CVs of metal rinsing solution 50 mM

Acetic acid + 0.1 M NaCl pH 4.0 (see Note 1).
3. Wash column with 5 CV of Milli-Q water.
4. Equilibrate packed Mn+-IDA column with 10 CVs of 30 mM MES + 30 mM

Imidazole + 0.5 M NaCl pH 5.5 or pH 6.0 (see Note 13). Confirm equilibration
by measuring pH and conductivity. Continue equilibration until pH and conduc-
tivity of effluent matches equilibration buffer.

5. Load sample containing target protein that has been preequilibrated in equilibra-
tion buffer. As a general rule, loading linear velocities should be between 10 and
33% the maximum operating linear velocity allowed by the stationary support (see
Note 4). Assume a loading of no more than 1 mg target protein per ml of station-
ary support (see Note 5). Target proteins in ratio volumes of 300�1 cell culture
per Mn+-IDA have been successfully loaded by the author (see Note 6).

6. Wash stationary support with 10 CVs of equilibration buffer at the loading linear
velocity or until the A280nm reading is at baseline (see Note 7).

7. Subsequent wash steps can be carried out if deemed necessary (see Note 14). If
a wash step is required follow step 6 with the appropriate wash buffer.

8. Elute protein with up to 5 CVs of 30 MES, 30 mM imidazole, 0.1 M K2HPO4,
0.14 M NaCl pH 5.5 or 6.0 at 33% of the recommended maximum linear veloc-
ity of the stationary support. If this is insufficient, phosphate should be taken up
to 0.2 M. If the target protein still remains bound then elute with 30 nM HEPES,
30 mM imidazole, 0.1 M K2HPO4, 0.14 M NaCl pH 8.0. Samples should be exam-
ined on SDS-PAGE for purity (19).

9. After elution of the target protein the column should be regenerated using 3 CVs
of 0.2 M EDTA, 0.5 M NaCl pH 8.0. Washing linear velocity is not critical as long
as it does not exceed the maximum linear velocity of the stationary support (see
Note 10).

10. Wash with 10 CVs of Milli-Q water.
11. Store column at 4°C.

3.4. Purification of Proteins Using IMAC in Pseudocation
Exchange Mode (see Note 15)

1. Carry out steps 1, 2, and 3 of Subheading 3.2.
2. Equilibrate packed Mn+-IDA column with 10 CVs of 30 mM MES, 30 mM

Imidazole, 0.05 M NaCl, pH 5.5 or pH 6.0 (see Note 13). Confirm equilibration
by measuring pH and conductivity. Continue equilibration until pH and conduc-
tivity of effluent matches equilibration buffer.
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3. Carry out steps 5, 6, and 7 of Subheading 3.2.
4. Subsequent wash steps can be carried out if deemed necessary (see Note 16). If

a wash step is required follow step 7 of Subheading 3.2. with the appropriate wash
buffer.

5. Elute protein with up to 5 CVs of 30 MES, 30 mM imidazole, 0.5 M NaCl, pH 5.5
or 6.0 at 33% of the recommended maximum linear velocity of the stationary sup-
port. If this is insufficient, NaCl should be taken up to 1.0 M. If the target protein
still remains bound then elute with 30 mM HEPES, 30 mM imidazole, 1 M NaCl,
pH 8.0. Samples should be examined on SDS-PAGE for purity (19).

6. Follow steps 10 and 11 of Subheading 3.2.

4. Notes
1. All columns precharged with metal should be washed with acid to release any

loosely bound metal ions.
2. This step serves to totally quench the immobilized metal ion with imidazole,

improving selectivity of the IMCC for proteins. Furthermore, it creates a uniform
surface by eluting weakly bound hydroxide species bound to the IMCC surface.
Such species have been observed previously and if not controlled can significantly
contribute to nonspecific electrostatic interactions during IMAC (8). Lower imi-
dazole concentrations are not as effective. In addition, the precharge buffer approx-
imates the elution buffer and so can reduce metal ion leakage attributable to such
a high imidazole concentration even before elution occurs.

3. The pH of equilibration is varied throughout the literature and can range from
7.0 to 8.0. By operating closer to pH 7.0 than to pH 8.0 during protein binding,
a greater selectivity may be achieved which would ultimately yield greater
purity of the final product. Improved capacity may also result because less non-
specific interactions will occur. Most his-tagged proteins will bind within pH 7.0
to 8.0 range and should be determined empirically. Other buffers such as 100 mM
phosphate are commonly used at pH 7.0 to 7.5. In these instances, the Ni-NTA
becomes less selective and proteins containing histidine regions are more likely
to bind, than if imidazole was used, leading to potential problems downstream of
the process.

4. A slow loading velocity improves the diffusion of proteins (particularly large pro-
teins) through pores and onto the IMCC and hence improves yields. The stated
linear velocities have been derived from the author’s personal experience and will
vary depending on the stationary support. For example, Poros and Hyper D sup-
ports can have linear dynamic capacities, in some cases up to 7000 cm/h, before
decreases in capacities are observed. Care must also be taken to ensure that if pro-
longed loading times are chosen, the target protein is not subject to destabilizing
factors such as proteolysis or any intrinsic instability such as deamidation or oxi-
dation and should be monitored during the process. In these instances, the mole-
cules stability needs to take precedence over slow loading velocities.
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5. This amount is conservative relative to the manufacturer’s claims of 5–10 mg of
protein per mL Ni-NTA resin (20). However, capacities of <5 mg/mL have been
observed often particularly when cell culture is used where proteins with a higher
his-content are present as well as the presence of a large amount of free amino
acids used as media components which can bind through their α-amino groups
(21). Hence, allowing for excess stationary support will reduce the possibility of
your target protein not binding because of capacity issues. Furthermore, any non-
specific interactions that may occur because of excess stationary support not inter-
acting with the target protein is addressed through the proposed stringent
preequilibration, equilibration and washing regimens.

6. In these instances, significant metal leaching may occur during loading,
reducing the capacity of the Ni-NTA but not below 1 mg of protein per mL of
Ni-NTA.

7. If monitoring A280nm note that imidazole absorbs at this wavelength and so achiev-
ing baseline should only be relative to the absorbance of the equilibration buffer
at A280nm.

8. Washing options that can be used when IMAC is used in the amine (histidine) bind-
ing mode to maximize purity are indicated in Table 1.

9. If this does not elute your protein then it is highly probable that harsher specific
elution conditions are required or that it is nonspecifically bound to the backbone
matrix. In the former case, elution with regeneration buffer can be tried so as to
strip the metal of the chelator. In the nonspecific case, chaotropes (e.g., 4 M Urea)
or detergents (e.g., 1% Triton X-100) can be tried.

10. This step should also be considered as a last resort for eluting the target protein
in the event that all other elution conditions failed.

11. Metal ions that could be used for this work are preferably the hard-Lewis metal
ions such as Fe3+ and any of the lanthanides. Hard-Lewis metal ions such as Ca2+

could also be used however, a good chelating stationary phase to use this metal
ion in IMAC for the purification of proteins does not exist commercially. Al3+ is
also another example however, the commercially available 8-hydroxyquinoline
support would be more useful over IDA stationary phases for this metal ion.
Borderline Lewis metal ions like Cu2+ can also be used in this mode (9,18).

12. This section is not applicable to purification of his-tagged proteins.
13. Under these conditions, histidine interaction with the IMCC should be quenched

(9). Furthermore, the use of oxygen rich buffers such as phosphate, acetate, car-
bonate, and so on should be avoided whilst equilibrating hard Lewis IMCCs.
Sulphonic acid-based buffers such as MES and other Good’s buffers used at
≤ 20 mM have minimal interference and can be used.

14. Washing options that can be used when IMAC is used in the aspartate/glutamate
binding mode to maximize purity are indicated in Table 2.

15. Any metal ion that can be hydrolysed can be employed with any commercially
available chelating stationary support for this section of work.
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Table 1
Washing Options on IMAC During Amine(Histidine) Binding Mode

Wash type Effect Comment

Glycine, Arginine, NH4Cl, Mild eluents that compete These are mild eluents
approx 0.5 M and pH 7.0 for Ni with histidine that will not elute the

His-tag protein but may
displace weaker bound
proteins

Nonamine salts, e.g., Will disrupt any nonspecific Such interactions are
NaCl; approx 0.5–1.0 M electrostatic interactions common in IMAC
in 20 mM imidazole particularly if the
+ 50 mM NaCl, pH 7.0 equilibration and wash

steps had <0.2 M salt
present

Non-ionic detergents, e.g., Disrupts hydrophobic In particular, will disrupt 
Triton, Tween-20. interactions any interactions
Not more than 1% v/v between the spacer

arm and proteins as
Chaotropic agents, e.g., well as any protein-

4 M urea or 4 M GuHCl protein hydrophobic
interactions that may be
occurring with the
target protein. This is
more effective when
applied as part of the
equilibration conditions
so as to prevent such
interactions from taking
place. Inclusion of
detergent will also
assist in removing
lipids or DNA (20).

Decreasing pH (<7.0) and/or Disrupts the histidine bond This step can also be used
increasing imidazole to the IMCC to elute the target 
concentration (>20 mM) protein so care must be

taken to select a
condition that ensures
good differentiation
between contaminants
and target protein.
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Table 2
Washing Options on IMAC During Aspartate and Glutamate Binding Mode

Wash type Effect Comment

Oxygen-rich buffers such as Eluents competing with  This step can also be used
phosphate, glutamate, metal ion for aspartate  to elute the target 
aspartate, acetate; at and glutamate surface protein so care must
0.1 M strength residues be taken to select a

condition that ensures
good differentiation
between contaminants
and target protein.
Acetate is the mildest
and phosphate the
strongest eluent from
this set.

Non-ionic detergents, Disrupts hydrophobic In particular, will disrupt 
e.g., Triton, Tween-20. interactions any interactions between
Not more than 1% v/v the spacer arm and

proteins as well as
Chaotropic agents, e.g., protein–protein

4 M urea or 4 M GuHCl hydrophobic
interactions that may be
occurring with the
target protein. This is
more effective when
applied as part of the
equilibration conditions
so as to prevent such
interactions from taking
place. Inclusion of
detergent will also
assist in removing
lipids or DNA (20).

Increasing pH (>6.0) and/or Disrupts the aspartate This step can also be used
increasing phosphate and glutamate bonds to elute the target
concentration (>0.1 M) to the IMCC as well as protein so care must be

disrupting electrostatic taken to select a
interactions if protein condition that ensures
has bound in mixed mode. good differentiation

between contaminants
and target protein.
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16. Washing options that can be used when IMAC is used in the pseudocation
exchange binding mode to maximize purity are indicated in Table 3.
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Table 3
Washing Options on IMAC During Pseudocation Exchange Mode

Wash type Effect Comment
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Triton, Tween-20. Not interactions any interactions between
more than 1% v/v the spacer arm and

proteins as well as
protein–protein
hydrophobic
interactions that may be
occurring with the
target protein. This is
more effective when
applied as part of the
equilibration conditions
so as to prevent such
interactions from taking
place. Inclusion of
detergent will also
assist in removing
lipids or DNA (20).

Increasing pH (>6.0) Adjusting the pH to This step can also be used
beyond the isoelectric to elute the target
point of the protein protein so care must
will make it more be taken to select a
negative and interefere condition that ensures
with the interactions on good differentiation
the adsorbent. between contaminants

and target protein.
Increasing ionic strength to Disrupts electrostatic NaCl is used traditionally

between 0.5–1.0 M interactions as an eluent however,
other similar salts could
also be used.
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Immunoaffinity Chromatography of Proteins

Stuart R. Gallant

1. Introduction
Immunoaffinity chromatography offers to the chromatographer the exquis-

ite specificity of the antibody’s complementarity determining regions (CDRs),
or hypervariable regions (1,2). These highly selective loops on the antibody sur-
face capture an antigen with high affinity, while having little interaction with
impurities that may also be present. When appropriately immobilized, an anti-
body retains its affinity for its antigen while being held covalently on the chro-
matographic support. With appropriate wash conditions, 1000-fold or higher
impurity clearances are common. With appropriate elution conditions, 90% or
more of the activity present in the chromatographic injection may be recovered
in the elution peak. And, quite frequently, it is possible to regenerate the
immunoaffinity column to allow its use for 100 or more cycles depending on
the impurity levels in the injection.

Choice of the activated matrix has a significant effect on the ultimate purity
of the product because nonspecific adsorption to the support is one of the
important ways that trace impurities are retained during the wash step. For-
tunately, there is a wide variety of activated supports available. A number of
manufacturers (e.g., Perceptive Biosystems and JT Baker) now offer rigid sup-
ports for conducting immunoaffinity chromatography at relatively high flow
rates and pressures. For high-performance liquid chromatograpyhy (HPLC) pur-
poses, rigid supports are clearly superior, although soft gels may be used for
low-pressure chromatography applications.

The surface of activated affinity resins is coated with reactive groups capable
of forming covalent bonds with ligands such as antibodies. A wide variety of reac-
tion chemistries are available (3–11). Aldehyde groups represent one particularly
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useful chemistry which is widely available, typically results in high coupling effi-
ciencies, and utilizes relatively mild reaction conditions. Aldehyde supports
couple through the amine groups of the lysine side-chains of the antibody.

During immobilization, key variables to be monitored are the coupling effi-
ciency, surface concentration, and activity of the antibody. Couple efficiency can
be calculated by collecting the solution used to wash the resin after coupling:

A280 of wash solution × volume of wash solution
Efficiency = 100% ———————————————————————

A280 of antibody solution × volume of antibody solution

A high coupling efficiency is desirable so as not to waste antibody. Information
from the support manufacturer regarding surface area can be utilized to calcu-
late the surface concentration (moles of antibody per unit surface area) and the
surface area occupied on average by a single antibody. Care should be exercised
in such calculations because micropores may contribute a significant propor-
tion of the total surface area, but may not be available to the antibody. A rep-
resentative length for an antibody is 250 angstrom; pore size should be chosen
to allow diffusion of the antibody into the pores during coupling and diffusion
of the antigen into the pores of the resulting immunoaffinity column. The activ-
ity of the immobilized antibody can be calculated based on the static binding
capacity of the support for its antigen. Coupling efficiency and antibody activ-
ity can be increased by appropriate selection of the immobilization conditions
(see Table 1).

In this chapter, a protocol for immobilization of an antibody on an aldehyde
coated support is provided. Often the protocol provided by the manufacturer
of the support works quite well. If acceptable results are not found quickly,
selection of a different activation chemistry is advised (rather than spending
time to optimize what may be an inferior chemistry for the application at hand).

Two chromatography protocols are given. The first protocol elutes the anti-
gen in a single step (see Fig. 1). This method is suitable for quantitation of the
antigen and could be substituted for an enzyme-linked immunosorbent assay
(ELISA). (This method would be particularly useful if an HPLC system was
available, but the number of assays required did not justify the investment in an
ELISA plate reader.) The second chromatography method utilizes gradient elu-
tion. Further consideration to the method of elution is given in the notes section.

2. Materials
2.1. Immobilization

1. 20% Ethanol.
2. PBS: 0.14 M NaCl, 2.7 mM KCl, 1.5 mM KH2PO4, 8.1 mM Na2HPO4.
3. 1 M Ethanolamine, titrated to pH 8.0 with HCl.
4. Storage buffer: 0.2 M Imidazole, 0.5 M NaCl, titrated to pH 7.0 with HCl.
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5. Corning 50-mL tube top filters (430320) or similar filtration device
6. Centrifuge tubes.

2.2. Immunoaffinity Chromatography (see Note 1)

1. Equilibration buffer: 10 mM HEPES, 700 mM NaCl, 0.01% Tween, pH 7.0.
2. Elution buffer: 10 mM HEPES, 500 mM NaCl, 1.0 M CaCl2, 0.01% Tween-20,

pH 7.0.

Immunoaffinity Chromatography 105

Table 1
Antibody Immobilization Conditions

Condition Recommendation

pH Coupling efficiency increases at higher pH for many
immobilization chemistries; pH 8.0 is typically
acceptable; pH 9.0 and above should be avoided if
possible.

Antibody concentration Higher antibody concentration increases coupling
efficiency; the liquid volume should not be
substantially larger than required make a loose slurry
of the resin for batch coupling. The antibody stock
solution may be concentrated using an ultrafiltration
membrane, but precipitation due to overconcentration
should be avoided.

Coupling mode Batch coupling is typically employed, but it is possible
to immobilize the antibody in-column with
recirculation through the pump. To maximize coupling
efficiency, reaction volume should be just large
enough to permit recirculation.

Time and temperature Higher reaction time and temperature increase coupling
efficiency, but may adversely impact antibody activity.

Salt addition If a stationary phase with a somewhat hydrophobic
surface is employed, sodium chloride addition to the
reaction solution may increase the hydrophobic
interaction between the stationary phase and the
antibody; this interaction may increase coupling
efficiency by temporarily holding the antibody on the
stationary phase until a covalent bond forms. Quite
high NaCl concentrations are typically required.

Blocking protocol Blocking with a reagent (such as ethanolamine for
aldehyde activated supports) will decrease nonspecific
interactions during use of the resulting immunoaffinity
resin.
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3. Buffer A: 10 mM HEPES, 100 mM NaCl, 0.01% Tween, pH 7.0.
4. Buffer B: 10 mM HEPES, 500 mM NaCl, 1.5 M CaCl2, 0.01% Tween, pH 7.0.
5. Cleaning: 24% ethanol/2% acetic acid, pH 2.5–3.0.
6. Storage buffer: 0.2 M Imidazole, 0.5 M NaCl, titrated to pH 7.0 with HCl.

3. Method
3.1. Immobilization on Aldehyde Support

1. Wash aldehyde support (using a tube top filter) with 5 volumes 20% ethanol; wash
support with 10 volumes of PBS. Vacuum dry to remove excess PBS; residual PBS
will dilute the reaction solution.

2. Place support in a centrifuge tube and add antibody in PBS (approx 5 mg antibody
per mL of support). If support is not wet enough to flow during gentle rotation, add
a small amount of PBS. Add 0.05 mL of 22 mg/ml Na-cyanoborohydride per ml of
support. Rotate overnight at 5°C. (Increase temperature if efficiency is not adequate.)

3. Wash with PBS; save wash for coupling efficiency calculation.
4. Place support in a centrifuge tube and add 1 M ethanolamine, pH 8.0, enough to

allow the support to flow under gentle rotation. Add 0.05 mL of 22 mg/mL
Na-cyanoborohydride per ml of support. Rotate overnight at 5°C.

5. Wash with storage buffer. Place in test tube with storage buffer.

3.2. Step Elution of Antigen (see Note 2)

1. Prior to a column’s first use pass 3 column volumes of cleaning solution to remove
any antibody which is not covalently bound.

2. Pass 3 column volumes of storage buffer.
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3. Pass 6 column volumes of equilibration buffer.
4. Load the solution containing the antigen. If the antigen solution contains phos-

phate or other components which precipitate in the presence of calcium; a dialy-
sis membrane or a desalting column should be used to remove these components
prior to immunoaffinity chromatography.

5. Pass 6–8 column volumes of equilibration buffer to remove unbound impurities.
6. Pass 6 column volumes of elution buffer. During elution, a single elution peak

should be observed although shoulders are not uncommon, owing to the mobile
phase disturbance of the elution buffer. The peak may be collected; integration of
the peak may be used to quantify the amount of the antigen in the original sample.
If this technique is employed, care should be taken to maximize the loading
volume (to increase the signal) without saturating the column (to insure that no
antigen flow through the column during the loading/washing).

7. Pass 3 column volumes of cleaning solution and 3 column volumes of storage solu-
tion. Storage solution should be passed regardless of whether the assay is to be
repeated in order to bring the column back to the correct pH.

3.3. Gradient Elution of Antigen (see Note 3)

1. Prior to a column’s first use pass 3 column volumes of cleaning solution to remove
any antibody which is not covalently bound.

2. Pass 3 column volumes of storage buffer.
3. Pass 6 column volumes of Buffer A.
4. Load the solution containing the antigen. If the antigen solution contains phos-

phate or other components which precipitate in the presence of calcium; a dialy-
sis membrane or a desalting column should be used to remove these components
prior to immunoaffinity chromatography.

5. Pass 3 column volumes of Buffer A to remove unbound impurities.
6. Run a linear gradient from 100% Buffer A to 100% Buffer B in 10–30 column vol-

umes. Collect fractions and analyze for activity. The elution peak will be sharper
with a steeper gradient; however, it may not be possible to observe a single peak.

7. Pass 3 column volumes of cleaning solution and 3 column volumes of storage solu-
tion. Storage solution should be passed regardless of whether the assay is to be
repeated in order to bring the column back to the correct pH.

4. Notes
1. The elution strategy of these methods involves increasing the ionic strength of the

mobile phase. It is possible that higher affinity antibody antigen interactions will
not be disrupted by this change in the mobile phase composition. Stronger elu-
tion protocols may be employed; however, some of these strategies may denature
the antibody. In such a case, the column will not be able to be reused. See alter-
nate elution strategies listed in Table 2.

2. The wash volume maybe significantly decreased for cleaner samples. The wash
volume need only be large enough that the UV signal returns to baseline prior to
the emergence of the elution peak from the column.
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3. Gradient elution offers the advantage of providing separation of the antigen based
on differences in interaction energy with the antibody. A homogeneous antigen
may elute in a small volume while a heterogeneous antigen (such as a protein with
significant variation in its folding or glycosylation) may elute over a larger gra-
dient volume. Collection of fractions during the gradient for subsequent analysis
of activity and electrophoretic mobility can provide useful information even if a
more compact step gradient separation is adopted for routine analytical use.
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Table 2
Alternate Elution Strategies

Property Example

Organic content Without additional of other mobile phase modifiers,
ethylene glycol typically cannot elute an antigen
alone; however ethylene glycol can significantly
increase the elution efficiency of sodium chloride and
other salts. In many cases, up to 50% by volume may
be used without denaturing the antibody.

Salts Water disordering salts may be substantially more
effective than sodium chloride. Urea, guanidine HCl,
and thiocyanate may all be used up to 2 M
concentration with little danger to the antibody;
higher concentrations carry some risk.

Detergents SLS, SDS (CMC = 8 mM), and other detergents can
significantly improve the elution efficiency of salts
(12); however, detergents cannot typically elute an
antigen alone. Use the detergent at a concentration
higher than its critical micelle concentration for
greatest effectiveness.

pH Antibodies may be exposed to pH values as low as 2.5
and as high as 9.0 without significant denaturation.
Utilized formic and acetic acid to buffer near pH 2.0
ethanolamine buffers near pH 9.0 (13).
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9

Liquid Chromatography–Mass Spectrometry
and Tandem Mass Spectrometry
of Peptides and Proteins

Tun-Li Shen and Kathleen R. Noon

1. Introduction
Mass spectrometry has become one of the preferred methods of detection for

high-performance liquid chromatography (HPLC) analyses of biopolymers for
a broad range of applications. The primary reason for its widespread use is the
value of the information obtained from these types of measurements. When
liquid chromatography is interfaced directly to mass spectrometry (LC–MS),
molecular weight information can be retrieved from the mass spectra acquired
continuously as various components elute from the chromatographic column.
In some cases, the identity of the protein or peptide can be assigned immedi-
ately if the mass measurements are determined with sufficient accuracy.
However, it is more likely that additional information regarding molecular
structure is required for identification. In tandem mass spectrometry experi-
ments (LC–MS/MS), structural data are readily generated by fragmentation of
peptides (or protein-derived peptides) in the mass spectrometer using the tech-
nique of collision-induced dissociation (CID). The fragments generated with
CID all originate from the precursor; thus, supplementary information relating
to the primary sequence and post-translational modifications of the protein or
peptide is obtained.

Over the last two decades, improvements in the direct coupling of HPLC with
mass spectrometry has advanced this technique from the level of a challenging
problem in analytical instrumentation to a routine laboratory tool. One of the
key advancements in successfully interfacing HPLC with mass spectrometry
was the development of ionization methods that are compatible with non-
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volatile, thermally labile biomolecules. Several different approaches to ion-
ization were introduced to address these issues. They include thermospray (1),
particle beam (2), continuous-flow FAB (3), and atmospheric pressure ioniza-
tion (API) (4,5). The more recent advent of API techniques, primarily electro-
spray (ESI) and atmospheric pressure chemical ionization (APCI), combined
sensitivity and robustness with relatively mild ionization conditions which
made them universal interfaces between HPLC and mass spectrometry. Both
techniques can be performed directly on HPLC effluent without modification,
and can be coupled directly to most common mass analyzers. Other technical
issues that must be considered are the compatibility of the flow rate from the
LC with the vacuum system of the mass spectrometer, the compatibility of the
mobile phase of the LC system and the operation of the mass spectrometer, and
interferences with ionization of analyte molecules. Much of the progress made
in source designs for atmospheric pressure ionization focused on optimizing
the nebulization process. Figure 1 illustrates the essential features of three
common electrospray ionization sources (curtain gas, orthogonal heated cap-
illary, and “Z-spray”) that have been successfully adapted by commercial mass
spectrometer manufacturers. The curtain gas in the API/MS interface was first
introduced by SCIEX (Toronto, Canada). It generates a counter gas flow toward
the electrospray that helps sweep away large, undesolvated droplets.
Perpendicular and other off-axis source designs such as heated capillary/orthog-
onal spray and “Z-spray” (Micromass) are different from on-axis configurations
in that they offer the advantage of minimizing contamination and enhancing
signal-to-noise (see Fig. 1).

The most common types of mass analyzers combined with HPLC systems
are time-of-flight, quadrupoles, ion traps, and various combinations of the three.
In recent years, there have been significant improvements in several areas of
mass spectrometric instrumentation, most notably in sensitivity, resolution,
automation of data collection, and postacquisition processing. As a result, it is
now possible to analyze large numbers of samples with very little operator
intervention, but it is important to understand how the data are collected.

The time-of-flight mass spectrometer is the simplest mass analyzer in theory.
Mass-to-charge (m/z) ratios are determined from the flight times of analyte ions
traveling through a field free region or a flight tube. At a constant accelerating
voltage, the flight time for an ion is proportional to the square of the m/z ratio.
The lighter ions (with lower m/z values) have a higher velocity and are recorded
on a detector earlier than the heavier ones (higher m/z values), thus producing
the TOF spectrum as a function of time. In a quadrupole instrument, mass sep-
aration is achieved by creating an electric field in which ions of certain m/z value
will travel without interference. The quadrupole mass filter consists of four rods
to which a DC voltage and an AC voltage with RF frequencies are applied. By
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Fig. 1. The interface of liquid chromatography and mass spectrometry. (A) Introduction of ions into vacuum by passing through a
gas curtain. (B) passing though a heated capillary tube. (C) a two stage orthogonal “Z” sampling technique.
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scanning the amplitudes of the DC and RF voltages while keeping the DC to RF
ratio constant, stable trajectories are created for ions of different m/z to pass
through the quadrupole and exit to the detector. Both single and triple quadru-
pole mass spectrometers are used in LC–MS systems. Figure 2A shows a typ-
ical triple quadrupole mass spectrometer consisting of three regions. The first
quadrupole is mass analyzer 1, the middle quadrupole is operated with only RF
voltage and acts as an ion guide or a collision cell, and the third quadrupole is
used to analyze product ions (mass analyzer 2). The triple quadrupole can be
operated in different scan modes (see Fig. 2A) enabling a variety of tandem
mass spectrometry experiments. With the introduction of the hybrid quadrupole
time-of-flight instrument (Q-TOF) (see Fig. 2B), the third quadrupole is
replaced by a time-of-flight analyzer. Tandem mass spectrometry is performed
in a manner similar to the triple quadrupole, but it provides much greater mass
accuracy and sensitivity (6). The quadrupole ion trap mass spectrometer (see
Fig. 2C) is based on a device that trap ions in a three-dimensional electric field.
Externally generated ions are injected into the ion trap where their energies are
stabilized by collisions with a buffer gas. The trapped ions are then subjected
to changes in the electric fields, which results in ejection of one ion after
another from the trap. A detector records the ejected ions as a function of time.
MS/MS experiments performed with an ion trap are “tandem-in-time” as
opposed to the “tandem-in-space” experiments performed using a triple quad
or a Q-TOF mass spectrometer. All ions except those with the selected m/z
value are first ejected. The ions remaining in the trap are fragmented by vigor-
ous collisions with the buffer gas and the product ions are analyzed as described
earlier.

Fragmentation of peptides by collision-induced processes in tandem mass
spectrometry has become one of the most useful applications of LC–MS in pep-
tide analyses. Under conditions where ions undergo multiple collisions with an
inert gas, peptide fragmentation takes place mainly at the amide bonds along
the backbone, producing various ions series that are helpful for structural deter-
mination (7) (see Subheading 3.4.). Although single mass analyzers (e.g.,
single quadrupole mass spectrometer) have been used to induce fragmentation
(see Note 1), most conventional tandem mass spectrometry employed in pro-
tein and peptide studies involves two separate stages of mass analysis. Figure
2 illustrates the implementation of tandem mass spectrometry in (A) triple
quadrupole, (B) quadrupole time-of-flight, and (C) ion trap instruments.

One of the most important advancements in the application of LC–MS and
LC–MS/MS to biological problems that require protein identification, partic-
ularly proteomics, is the development software tools to identify proteins by
matching mass spectrometric data to protein sequence databases (8,9). This
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Fig. 2. Schematic diagram of the common mass analyzers used to perform tandem
mass spectrometry. (A) Triple quadrupole mass analyzer and the types of experi-
ments performed. (B) Quadrupole time-of-flight mass analyzer. (Inset) A cross-
section view of the quadrupole. (C) Quadrupole ion trap mass analyzer. In the
MS/MS experiment, the precursor ion is isolated by ejecting all other ions then increased
its motions causing CID. The resulting product ions are scanned and spectrum recorded.
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computational approach involves performing a proteolytic digest on the pro-
tein of interest, analyzing the peptides with mass spectrometry or tandem mass
spectrometry, and submitting the mass spectral data to a computer program that
searches a database and predicts the identity of the protein. Some searches are
based simply on the accurate mass values of proteolytic peptides (peptide mass
fingerprinting). Although LC–MS can provide high quality data for peptide
mass fingerprinting searches, it is far more efficient to obtain such information
with a technique called matrix-assisted laser desorption ionization (MALDI)
mass spectrometry. Alternatively, a second approach utilizes the masses of
individual proteolytic peptides and their fragment ions (peptide sequence tag)
to generate a series of amino acid sequences that are matched to theoretical
MS/MS spectra from proteins in the database. Identification is assigned from
the consensus sequence.

2. Materials

2.1. Chemicals and Reagents

1. Calibration standards: Poly(propylene glycol) (PPG) and cesium iodide were pur-
chased from Aldrich (Milwaukee, WI). The octapeptide ALILTLVS was provided
by BACHEM (King of Prussia, PA).

2. Cytochrome-c, Gly-Tyr, Val-Tyr-Val, methionine-enkephalin, angiotensin II, and
leucine-enkephalin were purchased from Sigma (St. Louis, MO) and used with-
out purification.

3. Ammonium bicarbonate and formic acid were obtained from either Aldrich
(Milwaukee, WI) or Sigma (St. Louis, MO). High-purity buffer salts and acids are
readily available from a number of laboratory chemical suppliers.

4. Proteolytic digests were performed with sequencing grade modified trypsin from
Promega (Madison, WI).

5. Acetonitrile and water were HPLC grade obtained from Burdick and Jackson
(Muskegon, MI), J.T. Baker (Phillipsburg, NJ), or Fisher Scientific (Optima grade;
Pittsburgh, PA). Water was also purified in house with a Milli-Q system (Millipore,
Bedford, MA).

2.2. Analytical Liquid Chromatography

1. Shimadzu (Columbia, MD) HPLC system consisting of LC-10AD liquid chro-
matography pumps, SPD-10A UV detector, SIL-10AXL autosampler, and
SCL-10A system controller.

2. HPLC Column: Supelco reversed phase C18 column (Bellefonte, PA) with dimen-
sions 2.1 mm id x 10cm length or 4.6 mm id × 10 cm length, 5-µm particles, and
300 Å pores.

3. Solvents: mobile phase A: 0.1% formic acid in water; mobile phase B: 0.1%
formic acid in ACN.
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2.3. Nanoflow Liquid Chromatography

1. Pumps: MicroTech Ultra Plus II (Sunnyvale, CA) with binary gradient capabil-
ity, set to deliver 50 µL/min.

2. Autosampler: LC Packings FAMOS (San Francisco, CA) configured with a 5-µL
sample loop.

3. HPLC Column: LC Packings PepMap C18 column (San Francisco, CA) with
dimensions 100 µm id × 15 cm length, 3 µm particles, and 100 Å pores.

4. Solvents: mobile phase A: 2% acetonitrile, 98% water, 0.3% formic acid; mobile
phase B: 90% acetonitrile, 10% water, 0.3% formic acid.

2.4. Mass Spectrometry

1. Q-TOF: The hybrid mass spectrometer used for this study is a PE-Sciex QSTAR
(Concord, ON, Canada) with Analyst QS software for instrument control and data
analysis. Ionization is accomplished with a pneumatically assisted electrospray
source. The pre-TOF ion path consists of three quadrupoles—Q0, Q1, and Q2. Q1
is the mass filtering device, whereas Q0 and Q2 are operated in the RF-only mode
and function as ion transport devices with essentially no mass-discriminating
capability. Ions are transferred from the source through Q0 into the high vacuum
region of the first mass analyzer (Q1). Q2 is housed inside the collision cell and
transmits ions from Q1 into the TOF region. In tandem mass spectrometry, Q1 can
be operated with a transmission window of either 1 or 3 Daltons. Generally, the
collision energy is kept under 10 eV (laboratory frame) in full scan mode, and typ-
ically set to 25–35 eV (laboratory frame) for product ion scans. Collision gas is
present in both MS and MS/MS modes but it is increased for MS/MS experiments.
The gas is required for collisional cooling of the ions to minimize their kinetic
and spatial energy distributions, thus improving ion transmission and resolution.
The TOF mass analyzer has an effective flight path of 2.5 m, a four anode detec-
tor with a time-to-digital converter (TDC) (625 ps resolution) that extends the
dynamic range of the detector to 40,000 counts/s/peak (the range of a single anode
detector is 10,000 counts/s/peak). The time-of-flight analyzer was operated with
a pulsing frequency of 10 kHz and the resolution was measured to be 8000 full-
width-half-maximum at m/z 829. The quadrupole mass analyzer was set to unit
resolution.

2. Quadrupole Ion Trap: Ion trap experiments were performed on a ThermoFinnigan
LCQ DECA (San Jose, CA) with Xcalibur software for instrument control and data
analysis. Sequest, a computer program developed at the University of Washington
(10), was used for database searching. The ion trap is interfaced to a New Objective
PicoView nanospray ionization source (Cambridge, MA) configured with the
uncoated tip module and fitted with a New Objective fused silica PicoTip emitter
of dimensions 75 µm tubing id, 30 µm tip id, and 360 µm tubing od (FS360-75-
30-D-5). Ions formed in the source are drawn into a heated capillary where des-
olvation occurs, then pass through a tube lens which focuses them into the
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skimmer. The tube lens also functions as a gate to halt the injection of ions into
the mass analyzer during the detection phase. The skimmer physically reduces the
number of ions passing into the ion optics region containing a quadrupole, an octa-
pole, and an interoctapole lens. Both the quadrupole and the octapole are oper-
ated in RF-only mode; hence, they function as ion transport devices. The
interoctapole lens focuses the ion beam and acts in concert with the tube lens to
deflect the beam away from the mass analyzer during ion detection. Mass analy-
sis occurs in four stages: ion injection, storage, ejection, and detection. Helium is
used as a buffer gas inside the trap to reduce the energy spread of the trapped ions
and to improve resolution. Upon ejection from the trap, ions strike a conversion
dynode, and the secondary particles emitted enter the electron multiplier where
the signal is amplified by a factor of approximately 105. In MS/MS mode, pre-
cursor ions are isolated in the trap then subjected to collision induced dissocia-
tion using helium as the collision gas. The normalized collision energy is generally
set to 35% of the RF amplitude required to isolate the ion of interest. Although
the resolution of the ion trap is fairly low (unit resolution up to 2000 Daltons),
higher resolution can be achieved over a narrow mass range using the zoom scan
function.

3. Methods
3.1. Instrument Preparation

QSTAR: The mass analyzer must be calibrated before beginning experi-
ments. The mass accuracy of the quadrupole (Q1) is ensured by calibrating with
a standard mixture of PPGs that produce known mass peaks at m/z 59.0, 175.1,
906.0, and 2010.5. A 10– 4 M PPG solution is prepared by mixing volumes of
PPG 2000, PPG 1000, and PPG 425. Calibration of the TOF analyzer was car-
ried out with a standard solution containing 2 × 10–5 M cesium iodide (CsI, m/z
132.9054) and 2 × 10–6 M ALILTLVS, a synthetic peptide (m/z 829.5398). A
two point external quadratic calibration file was generated using the exact
masses of the calibrants to solve for the slope a and the offset t0 in the equation
(m/z)1/2 = a(t – t0).

LCQ: Calibration of the ThermoFinnigan LCQ DECA is extremely stable and
need only be performed once every 1–2 mo, unless drift is observed in mass
assignments. Complete tuning of all instrument voltages is usually required to
ensure successful calibration. This procedure can be accomplished manually or
using the auto tune function available through the Xcalibur software. Comparable
results are obtained with both methods. The same set of compounds is used for
tuning and calibration. It consists of caffeine, a small peptide (MRFA), and
Ultramark 1621. The mass spectrum of this mixture is well characterized and
produces abundant singly charged ions over the entire mass range of the instru-
ment. The calibration routine only accepts data input from these standard com-
pounds; therefore, it is not necessary to create different calibration files for
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different types of experiments (positive ion vs negative ion, MS vs MS/MS).
Unfortunately, Ultramark 1621 is not compatible with biological samples so the
mass spectrometer source and focusing elements up to the ion optics must be
washed extensively with solvents, particularly acetone, immediately after cali-
bration to prevent background contamination for long periods of time.

3.2. Optimizing Ion Source Parameters and Lens Voltages

QSTAR: All source and instrument parameters are optimized by direct infu-
sion of a standard solution at 5–10 µL/min. Critical ion source parameters are
the gas curtain, nebulizing gas, source position, and ion spray voltage. The cur-
tain gas should be set to a flow rate as high as possible without compromising
sensitivity. The nebulizing gas affects the stability of the spray (ion signal) and
the sensitivity. It should be adjusted until a stable ion signal and the best sen-
sitivity are obtained. The spray voltage and source position also affect the qual-
ity of the ion signal. Higher flow rates require the source position to be backed
away from the MS orifice. Again, it is best to use the lowest voltage possible
to achieve maximum sensitivity. Ion transmission is fine tuned by tweaking the
voltages that focus ions through the ion path chamber such as the orifice plate,
the focusing ring, the interquad lens, and the dual element exit lens.

LCQ: Several instrumental parameters should be optimized on a daily basis
to ensure consistent instrument performance. The spray voltage, capillary volt-
age, and tube lens offset voltage all affect the sensitivity and stability of the ion
beam. Because these parameters are interdependent, it is usually necessary to
arrive at a compromise tune to avoid frequent adjustments. Fine-tuning of the
nanospray source position often improves the quality of the signal, particularly
when the sample tip has been replaced. If the instrument is not equipped with
a nanospray source, then the source position is fixed. At higher flow rates, the
sheath and auxiliary gas pressures should also be optimized.

3.3. Coupling of HPLC Flow to the Mass Spectrometer

For LC–MS flow rates of 200 µL/min or less (column id < 1 mm), the entire
effluent can be directed into the electrospray source. At flow rate higher than
200 µL/min, postcolumn splitting is employed. The split ratio is obtained by
devising a flow restriction between the column outlet, the line going into the
source, and the fraction collector or waste line. The simplest flow splitter con-
sists of a tee and two pieces of fused silica or PEEK tubing. The dimensions of
the tubing are used to control the back pressure used create the proper split ratio.
The desired flow is set at the splitter by adjusting the lengths of the capillaries
between the splitter and the ion source, and between the splitter and the waste
line. Although the exact split is usually not critical, for these experiments it was
maintained at a ratio of 20�1 (see Note 2).
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The buffers or solvents used for chromatographic separation and electrospray
ionization must be compatible (see Note 3). We used a solvent system consisting
of 0.1% formic acid in water for Solvent A and 0.1% formic acid in acetoni-
trile for Solvent B or similar solutions. Ammonium acetate and ammonium
bicarbonate also work well because these buffers are volatile and do not inter-
fere with ionization. Compared to the more commonly employed TFA and
phosphate buffer systems, the solvents mentioned earlier will produce slightly
broader chromatographic peaks, but ion intensities in the mass spectra are
higher. In addition, the mass spectra are relatively free from background ions
originating from the solvents.

3.4. LC–MS of Peptide Mixtures

LC–MS experiments produce complex data sets that may contain several
hundred mass spectra. In a typical experiment, the total ion current chro-
matogram (TIC) consists of the summed intensities of all ions in each scan plot-
ted as a function of time. It is a convenient way to view an entire data set.
Simultaneously, the data can be presented in an extracted ion chromatogram
(XIC). These functions are available through the Analyst QS software. Like
most commercial software used for LC–MS analysis, Analyst QS enables the
user to display, manipulate, and process data. It also contains programs for per-
forming qualitative as well as quantitative analyses (see Fig. 3). In this exam-
ple, Analyst QS was used to focus on the chromatographic peaks of interest and
examine the underlying mass spectra. The XIC plots the intensity of a selected
mass as a function of time.

As shown in Fig. 3, the Analyst QS window is divided into separate panes,
each displaying a different view of the same data. Figure 3A is a chro-
matogram of the full scan TIC from an LC–MS analysis of a five-component
peptide mixture (1. GY; 2. VYV; 3. met-enkephalin YGGFM; 4. angiotensin II,
DRVYIHPF; and 5. leu-enkephalin, YGGFL) separated on a 4.6 mm id × 10
cm length C18 column. The conditions for separation were as follows: 5–65%
B in 8 min at a flow rate of 0.8 µL/min using the acetonitrile/water/formic acid
solvent system described in Subheading 3.3. This experiment can be used as
a benchmark to examine the performance of the HPLC, electrospray ionization
source, and the mass spectrometer. The quality of the chromatographic sepa-
ration and the stability of the ion current throughout the gradient can be eval-
uated by examining the TIC . It should be noted that a wide range of solvent
gradients may be used to fine tune the separation as long as there are no adverse
effects on the performance of the electrospray interface. The major advantage
to coupling HPLC with MS detection is the added dimension of information
gained, namely molecular mass data. Because electrospray is a “soft ionization”
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technique, the molecular weight of a compound is readily obtained from the
mass spectrum. Figure 3B shows the extracted ion current of the ion observed
at m/z 556. The complete mass spectrum corresponding to this component
is shown in Fig. 3C. The most abundant ion was observed at m/z 556.2723,
which correspond to the singly charged protonated molecular ion [M+H]+ of
leucine-enkephalin.
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Fig. 3. Screen capture of the LC–MS analysis of a peptide mixture processed by
Analyst QS. (A) The total-ion current chromatogram from the LC–MS experiment is
shown in the top pane. (B) The middle pane illustrated the extracted total ion chro-
matogram for m/z 556.2732. (C) The averaged full scan mass spectrum from (gray area
indicated the scans being averaged) the XIC of m/z 556.2732, the mass peak represent
[M+H]+ ion of leucine-enkaphalin.
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3.5. Tandem Mass Spectrometry of Peptides

In addition to molecular weight information, some structural information can
be obtained from CID of peptide molecular ions (11). Figure 4 depicts the
process of acquiring tandem mass spectra from peptides and the nomenclature
used to describe the products of dissociation. The an, bn, and cn ions are gener-
ated when peptide bonds break with the charge retained on the N-terminal por-
tion of the molecule. Conversely, when xn, yn, and zn ions are formed, the charge
remains on the C-terminal portion.

In MS/MS experiments, the exact mass of the precursor ion must first be
determined using optimized instrument parameters for full scan mode as pre-
viously described in Subheading 3.2. The CAD gas should initially be set to
a minimum value while optimizing the collision energy (RO2). Once the col-
lision energy is set, the collision gas pressure should be adjusted until a stable
signal is obtained. For some methods it may be necessary to lower the resolu-
tion of the first mass analyzer (Q1) in order to achieve a reasonable level of sen-
sitivity. Collision energy (CE) is a term used to describe the velocity of the ions
entering the collision cell. In the QSTAR, it is estimated by calculating the
potential difference between Q0 and RO2 (CE = Q0 – RO2). The value can range
from 0 to 90 V.

Figure 5 shows tandem mass spectra taken of the protonated molecular ion
[M+H]+ of Leu-enkephalin (Tyr-Gly-Gly-Phe-Leu) at three different collision
energies and a fixed collision gas pressure. The spectra were acquired with the
collision cell offset voltage held at 15, 26, and 34 V, respectively. The choice
of applied CE affects the abundances and types of ions observed in the MS/MS
spectra. The range of suitable CID energies is defined by conditions where
almost no fragmentation of the precursor ion occurs to those where the precursor
ions are too weak to be observed. The kinetic energy of ions (in the laboratory
frame) is Elab = zeVc, where z is the number of charges on the ion; e is the charge
of an electron, and Vc is the collision cell offset voltage. For the experiment
where Elab = 15 eV, only a few product ion peaks are observed. Spectra from
the other two collision energies (26 and 34 eV) exhibit the same fragmentation

122 Shen and Noon

Fig. 4. (see facing page) The principle of sequencing peptides by tandem mass spec-
trometry. The fragmentation of peptides is accomplished when a peptide is ionized to
form an [M+H]+ ion and selected in first mass analyzer (MS 1) so that only this ion is
passed through the collision cell to produce fragment peptide ions upon collision-
induced dissociation (CID). MS 2 is used to record the product ion spectrum. The
nomenclature of fragment ions produced by CID for a tetrapeptide ions by Roepstorff
and Biemann (10) is shown (middle of Fig. 3). Also shown is the schematic presenta-
tion of the mechanism of formation of y2, b2, and a2 fragment ions.
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Fig. 5. CID spectra of Leu-enkaphalin (Tyr-Gly-Gly-Phe-Leu) at three different
collision energies: CE = 15 V; CE = 26 V; CE = 34 V. Note the decrease of precursor
ion intensity and the concurrent increase in the smaller fragment ions at higher colli-
sion energies.
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pattern but the fragment ions have different intensities. Most members of the
y-ion series (y4, m/z 393.2114; y3, m/z 336.1992; y2, m/z 279.1680) and the
b-ion series (b4, m/z 425.1825; b3, m/z 278.1122; b2, m/z 221.0928) are present.
The inset in the spectrum collected with a CE = 26V shows details of the ions
at m/z 278.1122 and 279.1680, the b3 and y2 fragment ions, respectively. The
doublet can easily be resolved with the high resolution capability of a Q-TOF
instrument. It is also common to find ions that are not sequence specific, such
as internal fragment ions resulting from y- and b-type cleavages at two peptide
bonds, and immonium ions in the low mass region of the spectrum. Immonium
ions have the general structure +NH2=CH(R) so they provide diagnostic infor-
mation on the amino acid content of the peptide. The peaks representing ions
at m/z 86.0956, 120.0820, and 136.0763 are assigned to the immonium ions
from Leu (L), Phe (F), and Tyr (Y). Other immonium ions often present in all
types of MS/MS spectra are His (H), Trp (W), and Met (M).

3.6. Enzymatic Digestions

Standard procedures were followed for the tryptic digests performed prior
LC–MS analysis. Generally, nonionic denaturants should be avoided, and
volatile buffers are substituted for Tris-HCl. Typically, 400 pmole of
cytochrome-c in 50 µL of 50 mM ammonium bicarbonate buffer, pH 8.5, was
mixed with sequencing grade trypsin to give a final enzyme-to-substrate ratio
of 1�50 (w/w). The digestion was allowed to proceed at 37°C for 18 hours then
quenched by freezing.

3.7. LC–MS of Protein Digests

At present, online LC–MS analysis of protein digests has become one of the
most popular techniques for characterizing proteins. There are two basic types
of MS experiments that can be performed on digests: accurate mass measure-
ments of the peptides formed from the digest, and amino acid sequencing of
the peptides by tandem mass spectrometry. Most often the digestion mixture is
fractionated by reversed-phase HPLC before it is introduced into the mass
spectrometer. Electrospray ionization coupled with tandem mass spectrometry
is ideally suited to the analysis of tryptic peptides. Because there are two sites
for protonation located on every tryptic peptide (the basic N-terminus and the
C-terminus lysine or arginine), they generally form a doubly charged ions.
MS/MS of doubly charged tryptic peptide ions yields primarily singly charged
fragment ions, and the spectra are dominated by b- and y-series ions.

Guidelines for tuning the mass spectrometer in MS/MS mode are outlined
in Subheading 3.5. Most importantly, appropriate conditions for CID are deter-
mined by adjusting collision energy and/or collision gas while observing both
the precursor and the fragment ions. The intensity ratio of precursor to prod-
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uct is not critical as long as the fragment ion intensities are sufficiently high
for structural assignment. To produce a product ion scan, the second mass ana-
lyzer (TOF in quadrupole time-of-flight or quadrupole in a triple quadrupole
mass spectrometer) scans repetitively to cover the mass range of all possible
fragment peptide ions that could be produced (e.g., m/z 50–1800). It should be
noted that the presence of product ions at m/z values higher than the precursor
ion is a unique feature of the fragmentation of multiply charged ions.

With manual data acquisition, analysis of complex protein digests by
LC–MS/MS would require large amounts of sample (see Note 4). However,
when the data are collected in a fully automated manner, very small sample sizes
are consumed. Information dependent acquisition (IDA) is a term used by the
Analyst QS software to describe automatic collection of MS/MS data. In IDA,
peptide ions that meet preestablished selection criteria are isolated in real time
and subjected to tandem mass spectrometry analysis. Experimentally, the IDA
function will acquire a TOF-MS survey scan and search for the most intense
ions in the spectrum. Ions with intensities that exceed the threshold level are
selected by the first mass analyzer (Q1) and subjected to collision-induced dis-
sociation. A high-resolution mass spectrum of the fragment ions is collected
with the TOF analyzer. In Analyst QS, up to eight of the most intense ions can
be selected as precursors for MS/MS experiments and three different collision
energies can be used to collect product ion scans for each precursor ion.
Chromatographic peaks are usually 10–30 s wide with the LC system described
in Subheading 3.4.; consequently, for typical LC–MS/MS IDA experiments on
peptide mixtures, accumulation times of 0.5–1 s for TOF-MS survey scans and
2–3 s for product ion scans are suitable. It is important that the complete cycle
time (survey scan + product ion scan) is not too long so as to allow for the col-
lection of 3–10 cycles across the LC peak (see Note 4).

Figure 6A shows the TIC chromatogram from a tryptic digest of cytochrome-c
analyzed by LC–MS. The separation was achieved with a 2.1 mm × 10 cm long
C18 column by applying a linear solvent gradient from 5% B to 60% B in 18
min using a flow rate of 0.3 mL/min. Figure 6B shows the mass spectrum from
the chromatographic peak eluting at 12.8 min. The ion observed at m/z 748.3496
corresponds to the molecular mass of the component since electrospray ion-
ization rarely results in fragmentation. The charge state of the ion is determined
from the spacing of the isotopic peaks. A separation of 0.5 and 1.0 Da indicates
doubly and singly charge ions, respectively. Although molecular weights of the
separated peptides are easily determined by LC–MS, this information alone is
often insufficient for protein identification. Tandem mass spectrometry provides
the amino acid sequence data required for structural characterization. The
MS/MS spectrum of the doubly charged ion at m/z 748.3496 is shown in
Fig. 6C. Inspection of the product ion spectrum reveals an abundance of frag-
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Fig. 6. (A) The total-ion current chromatogram of the LC–MS analysis of a tryptic
digest of cytochrome-c. (B) Mass spectrum of the doubly charged peptide ion m/z
748.3496 at retention time 12.6 min. (C) The MS/MS spectrum of the doubly charged
ion [M+2H]+.
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ment ions including the clearly distinguishable y-series ions. The interpreta-
tion is straightforward because the spectrum displays a simple fragmentation
pattern that is typical of tryptic peptides (see Note 5). In the next section, pro-
tein identification using database searching with MS/MS data from tryptic pep-
tides will be demonstrated.

3.8. Manual Database Searching With Tandem Mass
Spectrometry Data

There are two approaches to searching protein sequence databases using mass
spectrometric data (12; see Table 1).

The first approach is called peptide mass mapping. This method uses accu-
rate mass measurements of proteolytic peptides and searches for a correspon-
dence between the theoretical peptide masses of each protein in the database
and the experimental data (see Note 7). As mentioned earlier, peptide frag-
mentation mass spectra obtained from tandem mass spectrometry can also be
used for sequencing and identification of proteins . The search can be performed
either by automated correlation of uninterpreted MS/MS spectra (see
Subheading 3.9.) or by using MS/MS spectra that have the peptide fragment
ions series assigned. In this example, data obtained from Fig. 6C on the frag-
mentation of m/z 748.3496 was used to conduct a protein sequence database
search with the MS-Tag tool from Protein Prospector, available free through
internet (http://prospector.ucsf.edu). Five y-type fragment ions (y6,
m/z 763.4005; y7, m/z 802.4408; y8, m/z 1023.4877; y9, m/z 1136.5580; y10,
m/z 1237.6165) characteristic of tryptic peptides were first identified. The data-
base was searched for a peptide with fragments that would match the masses
of these five product ions within a specified mass tolerance of 100 ppm. Other
information used in this search include the charge state (+2) and mass of the
precursor ion (m/z 748.3496), the mass range of protein (10–20 kDa), the
enzyme used for digestion (trypsin), and the database (SwissProt.9.30.2001).
The results of the search are summarized in Fig. 7. Identical scores are obtained
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Table 1
Mass Spectrometric Strategies for Protein Identification 
Based on Protein Sequence Database (see Note 6)

MS data MS/MS data

Peptide mass mapping 1. Uninterpreted peptide fragment mass data
2. Peptide sequence tag (13) or peptide fragment

ion masses
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for the cytochrome-c from equas (donkey) (accession # P0005) and horse
(accession # P0004), two closely related proteins. The number of top ranked
protein matches generally decreases and the reliability of the results increases
when the search is carried out with high resolution mass spectral data such as
that obtained from a Q-TOF instrument. For example, if the mass uncertainty
is 1–2 Da, then Ile/Leu (113.084) residues could not be differentiated from Asn
(14.043) and possibly Asp (115.027), Gln (128.059) and Lys (128.095), would
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Fig. 7. Database search result based on the Fig. 6C data, entering the masses of
y-series fragment ions (763.4000, 892.4400, 1023.4900, 1136.5600, 1237.6100), the
doubly charged peptide ion mass (748.3496), and other search constraints. Under the
results summary, all matched database entries and detailed resulted are listed, the pep-
tide sequence that matched the input information is underlined.
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be indistinguishable from Glu (129.042), and the difference between oxidized
Met (147.035) and Phe (147.068) could not be measured. In the present study,
five fragment ions correctly identify the peptide sequence EETLMEYLENPK
which matches the two cytochrome-c proteins including the correct species of
cytochrome-c from horse. Note that the mass accuracies of the fragment ions
were all less than a few ppm.

3.9. Automated Database Searching With Tandem 
Mass Spectrometry Data

An example of the fully automated approach to database searching with
MS/MS data is shown in Figs. 8 and 9. A small sample of a cytochrome-c tryp-
tic digest (90 femtomoles injected) was chromatographically separated on a cap-
illary column then analyzed in an LCQ ion trap using data dependent
acquisition. Full scan mass spectra were acquired every 0.15 s (see Fig. 8,
Step A) until the MS to MS/MS switching criteria were met (see Fig. 8, Step B).
Once the requirements for switching were satisfied, MS/MS spectra were
collected every 1.05 s (see Fig. 8, Step C) until the number of repeat cycles was
completed or the ion was placed on a dynamic exclusion list for a length of time
corresponding to the width of a typical chromatographic peak. By using a
dynamic exclusion process instead of permanent removal, peptides with simi-
lar or even identical masses that elute at later times in the chromatogram will
still trigger MS/MS scans. Fragmentation data were collected sequentially on
the three most intense ions in each full scan MS spectrum. Consecutive MS/MS
analyses of more than one ion offers the advantage of generating primary
sequence data on multiple co-eluting peaks so that very complex mixtures may
be analyzed without optimizing the chromatographic separation. Switching
criteria also include provisions for the precursor ion charge state and collision
energy profiles used in fragmentation. Tryptic peptides most often produce
doubly charged ions in electrospray; therefore, the default charge state was set
to 2, but exclusion of singly charged species was not enabled for MS/MS scans.
Because it was not necessary to determine charge state for each ion, the zoom
scan function was eliminated. Fragmentation can be carried out at multiple col-

Fig. 8. (see facing page) A data dependent experiment performed on a tryptic
digest of cytochrome-c. (Step A) The peptide mixture is separated on a capillary
column using a short solvent gradient. The results show incomplete separation of the
peptides. (Step B) Full scan mass spectra are collected until all switching criteria are
satisfied. At this point, the mass spectrometer shifts into MS/MS mode. (Step C)
MS/MS spectra of the most intense ion are collected until the switching criteria are no
longer met.
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lision energies by setting the repeat cycle to a value greater than one. In this
experiment, the normalized collision energy was held constant at 35% because
the majority of peptides fragment readily at this value. Known contaminants
such as peptides from keratin and trypsin autodigestion can be placed on a sep-
arate list of exclusion masses that are ignored throughout the duration of the
chromatographic run. The MS/MS spectrum of m/z 748.7 corresponding to the
doubly charged peptide EETLMEYLENPK from cytochrome-c shown in
Fig. 8 was collected under the conditions for data dependent acquisition listed
above. The spectrum displays a near complete series of y-ions and several
prominent b-ions; thus, the amino acid sequence can be deduced with a high
degree of certainty, even when manual interpretation is employed.

Once the LC–MS with data dependent MS/MS acquisition was completed,
the uninterpreted results were submitted for automatic identification of protein
components using SEQUEST to search the SwissProt 9.30.2001 database. A
portion of the results is shown in Fig. 9. Briefly, the program first calculates
theoretical tryptic peptides for every protein in the specified database and gen-
erates a predicted MS/MS spectrum for each peptide. The data are indexed on
the basis of peptide m/z values to enable rapid yet thorough searching of the
database. In the second step, all MS/MS scans are separated from the raw data
then sorted according to the mass value of the precursor ion. Spectra from the
same precursor are grouped together into one SEQUEST input data file to
avoid redundant searches. Each theoretically generated MS/MS spectrum in the
database within a specified mass tolerance is compared to the MS/MS
experiment input files in a reverse search using a formula that evaluates sev-
eral parameters such as number of ions matched and their intensities. The top
500 peptides from the database are then evaluated using a cross-correlation algo-
rithm that determines the consistency of the predicted MS/MS spectrum to the
observed fragmentation, and calculates a score (Xcorr value) representing
the goodness of fit. Peptides from the database with the highest Xcorr values
are placed on the list of top sequence candidates. In the last step, the database
is searched with the entire set of SEQUEST input data files and the identity of
the protein is determined based on the best match. A summary of the search is
saved in a results file (see Fig. 9).
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Fig. 9. (see facing page) A portion of the summary output from a SEQUEST search
against the SwissProt database for all the MS/MS spectra collected in a data dependent
experiment of the tryptic digest of horse cytochrome-c shown in Fig. 8. The SEQUEST
search parameters are listed in the header information. Results from the first 10 MS/MS
experiment input files and the top five candidate proteins are displayed.
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The protein in this experiment was correctly identified as cytochrome-c from
horse. In the top portion of the report, every MS/MS input data file is listed along
with the results of the reverse search. The summary at the bottom of the page
indicates that this protein has an overall score of 77.8 with data from eight
MS/MS experiment input files mapped to the cytochrome-c sequence. Out of
the eight input files, six were ranked the top candidate, one was ranked second,
and the last ranked third. The numbers corresponding to these MS/MS input
files are listed in parentheses at the end of the entry. The second most likely
protein has an overall score of only 54.0 because the number of peptides and
the quality of the matches is not as good as cytochrome-c. The differences
become even larger as the remaining candidates are considered. This is a good
indication that the top choice is the correct identification.

The complete amino acid sequence of a candidate protein can be accessed
by clicking on the accession number. In addition, information about the data-
base, protein accession number, molecular mass, a list of amino acid sequences
of the peptides mapped to the protein, and percent protein coverage are also
displayed. The entry for cytochrome-c shows the location of five out of the six
top-ranked peptide fragments. The sixth peptide could not be located in
cytochrome-c because the proposed sequence contains one isoleucine residue
while the corresponding amino acid in cytochrome-c is a leucine. The protein
coverage calculated from these five peptides is 34.6%; however, if you take into
account that leucine and isoleucine are isobaric, then the sixth peptide can be
mapped to positions 28–38 and the coverage would be 45.2%.

4. Notes
1. The “in-source fragmentation” technique has been used in single quadrupole mass

spectrometers to produce fragmentation similar to the CID process in a tandem
mass spectrometer. In-source fragmentation is based on the production of frag-
ment ions by increasing the energy of the ions formed in electrospray as they pass
through the atmospheric pressure/vacuum interface. The energy acquired by the
ions increases as the electric field in the sampling region increases. Depending on
the design of the interface, collisions occur between the capillary and the skim-
mer or sampling cone, and the degree of fragmentation can be controlled by vary-
ing the potential of the capillary and the counter electrode.

2. The following equation can be used to determine the proper tubing lengths and
inner diameters for a particular split ratio (S):

S = FW/FE = (lEdW
4)/(lWdE

4)

where FW is the flow rate exiting the waste line; FE is the flow rate entering the
ion source; lE is the length, and dE is the diameter of tubing used from the splitter
to the ion source; lW is the length, and dW is the diameter of tubing used for the
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waste line. To minimize dead volume and peak broadening, used 50 µm id tubing
for the ESI transfer line.

3. Commonly used solvents for reverse phase LC such as water, acetonitrile, and
methanol are ideal electrospray ionization; although it is sometime necessary to
increase desolvation temperature and gas flows when using a high percentage of
water. If the pH of the mobile phase must be reduced to enhance separation effi-
ciency, then acetic acid and formic acid can be used to adjust the pH in the 2.5–3.5
range. Normally the amount is kept below 1%. For separations that require a pH
in the range of 3.0–6.0, ammonium and triethlyamine salts of the above acids are
suitable. Ammonium acetate is a volatile buffer which can be used in the mobile
phase without interfering with the performance of the mass spectrometer provided
it is present in a concentration less than 100 mM. Ammonium bicarbonate and car-
bonate can be used as buffers for pH 6.0–8.0 and pH 9.0–11.0, respectively. Note
that trifluoroacetic acid (TFA) is widely used in the isolation and purification of
proteins and peptides. The role of TFA appears to be one of ion pairing with pos-
itively charged and polar groups on peptides and proteins. This effectively pre-
vents polar interaction between the analytes and active sites on the column
resulting in narrow chromatographic peaks. However, TFA should be avoided in
LC–MS analyses. Owing to the low pKa and abundant production of the trifluo-
roacetate ion, it can form very strong ion pairs with the analyte, thus decreasing
sensitivity. Nonvolatile buffers used in reversed-phase and ion exchange chro-
matography such as phosphate, citrate, Tris-HCl, and borate are also incompati-
ble with mass spectrometry because they can crystallize in the ion source block
sample introduction, although recent changes in source design (orthogonal ion
source geometry) have minimized this problem.

4. Automation of LC–MS/MS (data dependent experiment): Recent instrument
developments have greatly improved the efficiency of LC–MS/MS data acquisi-
tion (14,15). Many commercially available instrument control programs are capa-
ble of switching between MS and MS/MS experiments based on the following
criteria: (1) ion intensities (e.g., the most abundant ion, the second most abundant
ion, and so on); (2) m/z value (present or absent on a predetermined list); and (3)
charge state (e.g., doubly charged for tryptic peptides). The MS/MS instrumental
conditions can be placed under data system control including collision energy and
scan range of the second mass analyzer.

5. Tandem mass spectrometry of tryptic peptides: Protein digestion with trypsin is
widely used for protein characterization in conjunction with tandem mass spec-
trometry. Tryptic digests produce peptides with molecular weights around
2–3 kDa and lower that provide useful fragmentation data. Also, trypsin cuts on
the C-terminal side of arginine (R) and lysine (K) residues. With basic termini,
peptide fragmentation is more predictable. Typical MS/MS spectra of tryptic pep-
tides obtained from a triple quadrupole or a Q-TOF contain y ions and b ions only
in the low mass region (below the m/z value of the precursor ion). Ion trap MS/MS
spectra are slightly different in that they usually contain both y- and b-type ions
throughout the spectrum.
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6. Peptide mass mapping is a very popular method for the identification of proteins.
Accurate mass measurements of the peptide fingerprint formed from proteolytic
enzyme digestions is the key to this technique. The experimentally derived pep-
tide masses are compared to the protein database of choice using one of the util-
ities listed in Note 7. An example of a MALDI-TOF mass spectrum of a
cytochrome-c trypsin digest is shown in Fig. 10. The spectrum was acquired on
a PerSeptive Voyager Elite DESTR mass spectrometer (Framingham, MA) in the
reflectron mode.

The masses of 21 peptides were submitted to Protein Prospector for a database
search using the MS Fit tool. A portion of the results are shown in Fig. 11. The
SwissProt database was searched for proteins with molecular weights in the range
of 1–25 kDa, with the mass tolerence set to 50 ppm. The other search parameters
are listed in the results summary. The two best matches are cytochrome-c vari-
ants, one from horse and one from donkey (Equas). Horse cytochrome-c is a
better candidate as judged by the higher MOWSE score and the slightly larger
number of peptides that were matched (8 vs 7). Whereas the cytochrome-c used
in this experiment was from horse, it is interesting to note that the donkey and horse
proteins differ by a single amino acid.

7. There are a number of software tools for searching protein sequence database.
They are available either integrated into the data management software of com-
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Fig. 10. MALDI-TOF mass spectrum of a tryptic digest of cytochrome-c. The data
were collected in reflection mode using α-cyano-4-hyroxycinnamic acid as the matrix.
External calibration of the m/z axis were performed.

Fig. 11. (see facing page) Results from a database search using the MS Fit tool of
Protein Prospector. The masses of 21 tryptic peptides from a cytochrome-c digest were
measured by MALDI-TOF mass spectrometry and submitted for matching against the
SwissProt database.
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mercial mass spectrometers or as stand alone search engines available on the
internet. For peptide mass mapping:
PepSea (http://pepsea.protona.com/PA_PepSeaForm.html), PeptIdent/MultiIdent

(http://www.expasy.ch/tools/peptident.html),
MS-Fit (http://prospector.ucsf.edu/ucsfhtml3.2/msfit.htm). For searches using

mass spectral information obtained from peptide fragmentation: PepSea
(http://pepsea.protona.com/PA_Peptide/PatternForm.html), SEQUEST
(http://fields.scripps.edu/sequest/index.html),

PepFrag (http://www.proteometric.com/prowl/pepfragch.html),
MS-Tag ((http://prospector.ucsf.edu/ucsfhtml3.2/mstagfd.htm),
Mascot (http://www.matrixscience.com/cgi/search_form.pl?SEARCH=MIS)
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Capillary Separations

Montserrat Carrascal and Joaquin Abian

1. Introduction
Capillary liquid chromatography (capLC) utilizes columns with inner diam-

eters below 0.5 mm and flow rates from some few µL/min down to the µL/min
range. Miniaturization of chromatographic procedures using capLC offers sub-
stantial advantages over conventional LC separation methods. Capillary
columns show increased separation efficiency, minimal solvent consumption,
higher peak concentration at the detector, and higher peptide recovery. Several
reviews on the state of the art can be found in the literature refs. 1–4. 

CapLC is probably to LC the same as some decades ago open tubular capil-
lary chromatography was to gas chromatography. Horvarth first reported capLC
in 1967 (5). The preparation, analytical characteristics, and some applications
of capLC columns were already described in the late 1970s by Scott and Kucera
(6), Novotny et al. (7), and Ishii et al. (8,9). Two main classes of capLC columns
were developed: wall coated open tubular (OTLC) columns and packed columns.
So far, several practical problems (column preparation, very low capacity and
injection volumes) relegated OTLC to a more restricted use than packed
columns. The latter consists of metal or fused silica capillaries filled with chro-
matographic supports with particle sizes ranging from 1.0 to 50 µm. CapLC
could be divided into micro (0.8–0.15 mm id) LC and nano (20–100 µm id) LC,
depending on the inner diameter of the column, although other classifications
can be found in refs. 2,3, and 10.

Capillary columns usually show overall performance and efficiency com-
parable or better than conventional columns. Jorgenson et al. reported 40,000
theoretical plates for resorcinol (k′ = 2,7) on a 25-µm id column 33 cm of
length filled with 5-µm particles. These authors observed that column efficiency
improved when the column diameters diminished from 50 to 12 µm (11,12).

From: Methods in Molecular Biology, vol. 251, HPLC of Peptides and Proteins: Methods and Protocols
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This improvement was explained as flow dispersion and resistance to mass
transfer decreased with smaller column diameters. Wall effects make a higher
contribution in capLC, than in conventional LC columns. This leads to relatively
higher band broadening at high flow rates. Band broadening can be diminished
using electrodriven flows, as performed in capillary electrochromatography
(CEC), instead of pressure forces. CEC columns can reach efficiencies over
300,000 theoretical plates/m (13), greatly exceeding the efficiency of the equiv-
alent pressure-driven capLC. Because electrodriven flows are less influenced
by particle size than pressure-driven flows, smaller particles and longer columns
can be used thus increasing the efficiency that can be obtained. The separation
and detection of peptide mixtures at the attomole level by CEC were described
recently (14). Lubman reported the analysis of protein digests by the so-called
pseudoelectrochromatography, a pressurized CEC mode (15). This technique
is an intermediate between capLC and CEC. The preparation of CEC columns
and the applications of this technique were reviewed (4,16-18).

In this chapter we will focus on the preparation and handling of packed
capLC columns and the corresponding instrumentation for pressure-driven sep-
arations. Nowadays, capLC is a widespread technique in laboratories involved
in the analysis of peptides and proteins, especially in the proteomics area. The
low flow rates employed in capLC allow both the use of expensive solvents (i.e.,
deuterated) and coupling with detectors that show their best performance at the
nanoliter-per-minute range, such as mass spectrometers (MS) with electro-
spray (ESI) interfaces (ESI-MS). Several companies distribute miniaturized
chromatographic systems, including pumps, automatic microinjectors, and
microcolumns, as well as suitable cells or interfaces for photometric or MS
detection (see Note 1). These systems can also be built using conventional lab-
oratory equipment with minimal effort at low cost (19,20).

Before Takeuchi and Ishii demonstrated the utility of fused silica capillaries
(21), first attempts to prepare packed capLC columns used metal or PTFE
tubing (5,8). Although Teflon (22) or PEEK lines (23) are still used to prepare
capillary columns, fused silica is the material most authors choose. Fused silica
capillary columns with internal diameters from 500 to about 50 µm can be easily
prepared by slurry packing methods (1,3,17,19,24,25) (see Subheading 3.1.).
Colon reviewed several other methods for column packing (16).

The first step to column packing is to build a frit at the exit end of the fused
silica capillary column. The frit can be prepared sinterizing a plug of silica par-
ticles with a flame (1) or it can be made pushing the capillary column through
a porous membrane sheet two or three times, resulting in a stable plug at the
outlet of the column. Membrane frits can also be prepared using Teflon (24),
PVDF (19), and glass fiber sheets (3). Alternatively, Lubman used a Valco
microbore column fitting with a very small amount of glass wool as a frit. The
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thickness was 0.1 mm and it proved to be more stable than glass frits (15). A
zero dead volume Valco union can also be used to hold a stainless mesh frit (17).

The sintered glass method is probably the most commonly employed. In our
experience, sintered glass frits are stable when using capillaries with outer
diameters bigger than 300 µm. Columns with smaller outer diameters (180 µm)
are more vulnerable to the heating process that makes the capillary too fragile
to handle.

After the frit is ready, the capillary column is coupled to a reservoir filled
with the slurry of the packing material. The slurry is pushed under pressure into
the column inlet by a flowing stream. The frit allows the solvent through the
column and the solid phase fills it in a similar process to filtration. Liquid sol-
vents (1,12,17,26,27) and supercritical fluids (25,28,29) are used for slurry-
packing. Likewise, gas streams are used for dry-packing procedures (30,31).
The relative advantages of these methods are the difficulty of packing and the
stability and efficiency of the columns obtained. 

In common practice, 20 µm is the minimum column diameter for a packed
column, but most authors use a minimum id of 50–75 µm. Kennedy and
Jorgensson reported the preparation by slurry-packing methods of 12 µm id
capLC columns filled with 5 µm particles. Filtering the particles through an
8 µm filter was necessary to prevent the column from plugging with the larger
particles in the commercial material (12).

Five micron particles are the most commonly used for column filling.
Recently, MacNair et al. introduced ultrahigh pressure capLC (UHPLC) where
nonporous particles of 1.0–1.5 µm are used to fill 29–100 µm id capLC columns
(32). More than 200,000 theoretical plates (k′=1) can be generated using
25–50-cm-long columns. UHPLC can also produce high-speed separations (less
than 100 s) with column efficiencies over 20,000 plates (33). Mac Nair demon-
strated the application of this technique to analyse peptides and proteins with an
ion trap MS detector (34). To take full advantage of the high speed available, Lee
et al. coupled UHPLC to a fast scanning time-of-flight (TOF) MS detector (33). 

Other special classes of packed columns with immobilized stationary
phases (35) or a continuous porous bed (monoliths) (36,37), have been devel-
oped. The major advantage of these columns is that they do not need the end
frit necessary to retain the stationary phase in conventional packed capLC
columns.

The optimal flow rate for a 150-µm column is around 1 µL/min. This
demands special requirements of the pumping system especially when a gra-
dient elution is needed. Syringe pumps were used to obtain reproducible flow
rates in the microlitre-per-minute range. In this sense, Lee et al. described a bril-
liant procedure to prepare and store the solvent gradient before the analytical
step (38). They also apply a “peak parking” procedure by controlling the pres-
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sure of the syringe pump. This enables an efficient characterization of peptide
mixtures by tandem mass spectrometry (39,40). More simple setups are based
on conventional HPLC gradient pumps with flow splitting. Commercial sources
supply calibrated flow splitters that give very reproducible flows (see Note 1).
Even so, most authors prepare their own splitters using a T-piece and some kind
of restrictor (see Subheading 3.2.1.).

CapLC can be coupled to a wide range of detectors including UV, fluores-
cence, and electrochemical detectors. The analysis of peptides from biological
sources is often hindered by its very low concentration in the sample.
Attomole/femtomole detection limits are usually required and thus high recov-
ery, high sensitivity separation, and detection techniques are needed. The need
for an effective coupling of LC with some emerging MS techniques such as con-
tinuous flow fast atom bombardment (41) and ESI (42) has probably been the
driving force towards capLC developmnent in the last decade. These MS tech-
niques were specially suited for biopolymer analyses and offered their optimal
performance at the microlitre or submicrolitre per minute flow rate. Coupling
MS with LC implied either flow splitting procedures with the resulting sample
loss or the development of capLC methods. In this respect, capLC/ESI-MS has
become a very powerful analytical technique and, currently, most capLC/MS
work is performed using ESI interfaces (see Subheading 3.2.4.). In the early
1990s, Hunt et al. sequenced subpicomole amounts of antigenic peptides bound
to major histocompatibility complex (MHC) molecules using capLC columns
and commercially available ESI interfaces (43,44). Further downscaling of the
LCMS method by coupling nanoLC to dedicated microESI interfaces resulted
in detection limits down to the attomole range (26,45–47). Enzymatic digest
from proteomic studies can be on-line separated and sequenced using capLC/
ESI-MS with automatic scanning procedures in triple quadrupole, ion trap, or
hybrid quadrupole TOF mass spectrometers (48,49). Protein sequence cover-
age higher than 50% can be routinely obtained from well defined Commassie
stained spots (about 1–5 pmol total protein). Yates et al. demonstrated 99% cov-
erage on the characterization of mutant globins (15 KDa) analyzing peptide
mixtures from several enzymatic digestions of the same protein (48). CapLC/
ESI-MS quantitative determinations of nanomolar amounts of peptides can be
performed using internal standards (26). The use of gradient elution or on-line
preconcentration microcolumns allows the injection of sample volumes up to
100–200 µL to be injected without deleterious effects on the system. These tech-
niques solve the problem of small injection volumes required by capLC,
improve the concentration detection limits and simplify overall sample han-
dling. The use of selective on-line preconcentration procedures can also mini-
mize interferences due to the complexity of the biological sample (26,50). Ion
exchange precolumns can be used in combination with reversed-phase capLC
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columns for this purpose (see Subheading 3.1.). A similar, more sophisticated
approach is used in multidimensional chromatography. Jorgerson et al. demon-
strated zeptomol detection limits for the analysis of peptide digest from porcine
thyroglobulin using a two-dimensional (2D) anion exchange-reversed phase
capLC system and fluorescence detection. The peak capacity of this 2D method
was estimated to be over 2000 components per analysis (51).

In this chapter, we will describe straightforward protocols for beginners to
produce capLC separations with minimal effort and economical cost. The use
of packed capillary columns with membrane frits and fused silica based inter-
faces for UV and ESI-MS will be described. The reader is referred to the liter-
ature and the notes along the chapter for improved techniques when needed.

2. Materials
2.1. Column Preparation

2.1.1. Analytical Column

1. Fused silica capillaries of 250 × 350, 50 × 200, 75 × 200, and 30 × 150 (id × od µm)
were obtained from Polymicro Technologies (Phoenix, AZ) (see Note 2).

2. Whatman GF/A glass fibre filters (Whatman International Ltd., Maidstone, UK).
3. Araldit® glue (Ceys, Ciba-Geigy).
4. Empty 100 × 1 mm HPLC column holder with the metal filters removed.
5. Bulk stationary phases 5 µm Kromasil C18 and C8 (Teknokroma, Barcelona,

Spain), and Poros 20 R1 (Perseptive Biosystems, Cambridge, MA).
6. Fused silica cutter (Alltech Associates, Inc., Deerfield, IL).
7. HPLC pump (any spare pump is valid).
8. Teflon tube (300 and 100 µm id, 1/16 iod, Supelco, Bellefonte, PA).
9. Valco Union and connectors (Valco Instruments Co. Inc., Houston, TX).

10. Acetonitrile (ACN) (LiChrosolv, Merck, Darmstadt, Germany).

2.1.2. Preconcentration Columns

1. Strong-anion exchange µ-Precolumns (5 × 0.8 mm id; LC Packings, The
Netherlands).

2.2. Chromatographic Equipment

2.2.1. General

1. HP-1100 system including high pressure binary HPLC pump and a solvent degasi-
fier (Agilent Technologies, Barcelona, Spain).

2. Rheodyne injector mod 7725i with 5, 10, and 200 µL loops (Supelco).

2.2.2. Chromatographic Flow Splitting

1. Zero dead volume (ZDV) Valco Tee (Supelco).
2. HPLC columns 5 mm 150 × 2.1 mm (250 mm column), 100 × 1 (75 mm column),

35 × 3 mm (For Poros).
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2.2.3. Preconcentration Switching Systems

1. Two Position Electric Actuator and VALCO valve (Valco Instruments Co. Inc.,
Houston, TX).

2. Auxiliary M-6000 HPLC pump (Waters, Milford, MA).

2.2.4. UV Cell Preparation (see Note 3)

1. UV detector ABI 769 A (Applied Biosystems, Foster City, CA).
2. Fused silica capillaries 250 × 350, 50 × 200, 150 × 375, and 30 × 150 (id × od).

2.2.5. ESI Interface Preparation

1. Fused silica capillaries 50 × 200, 30 × 150, 15 × 150 (id × od).
2. Hypodermic stainless steel capillary (A-M System, Inc., Carlsborg, WA).
3. Microflame torch (Microflame, Minneapolis, MN).

2.3. HPLC Gradient Systems

1. Acetonitrile 190 for UV (Romil, Teknokroma, Barcelona) (for UV detection).
2. Acetonitrile ultragradient (Romil) (for MS detection).
3. Trifluoroacetic acid (TFA) (Uvasol, Merck ).
4. Acetic acid (AcOH) (Suprapur, Merck).
5. Ammonium acetate (Merck).

3. Methods
3.1. Column Preparation

3.1.1. Analytical Columns

1. The 250 or 180 µm fused silica capillaries used as columns (see FSC, Fig. 1) are
cut to the desired length (11 cm) using a porcelain cutter.

2. The outlet line (see EXC, Fig. 1) is also cut from a 50 × 200 µm (250 µm id
column) or a 50 × 150 (180 µm id column) capillary long enough to reach the
detector (5–20 cm). The shorter the better.

3. Capillaries are flushed with ACN/water 3/1 using an HPLC pump (see Note 4). 
4. A frit is produced at the end of the tube twisting the capillary end against a

Whatman GF/A glass fiber filter (see Note 5). A piece of filter corresponding to
the diameter of the capillary is cut out in this way, and remains inside the bore of
the tube. The EXC capillary is introduced into the FSC capillary to serve as the
outlet line. The frit is pushed 5 mm into the FSC by pressing with the EXC and
both tubes are held together with a drop of glue (see Note 6)

The same protocol is used for the 75 µm id × 200 od column. In this case, the
od of the FSC and the EXC lines are the same and the connection is done using a
2-cm fused silica sleeve (250 µm id × 350 µm id) (see FSS, Fig. 1). The frit is pre-
pared into the FSS and sandwiched between the FSC and the EXC (see Note 7).

5. The column is slurry packed with the silica particles at 1500 psi. For this purpose,
the column is connected to a metallic reservoir (a 1 mm id column holder) using
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1/16 HPLC connectors. A Teflon sleeve is used to adapt the capillary to the fer-
rule diameter. One mg of stationary phase is dissolved in 4 mL of ACN/water (3/1)
and 100 µL of the slurry are introduced into the reservoir with a syringe. The slurry
is then pushed into the FSC connecting the reservoir to an HPLC pump (see
Note 8). Flow rate is set at 50–100 µL min for a few minutes to fill the column,
and then it is lowered down to approx 20 µL/min in order to compact the station-
ary phase at a constant pressure. After 20 min, the column can be disconnected
ready to be used (see Note 9).

3.1.2. Preconcentration Columns

Preconcentration columns can be prepared in the same way as analytical
columns from 250–530 id FSC tubes (see Note 2 for adequate sizes). Higher
column diameters can be used when high volumes have to be preconcentrated
in a reasonable time or when complex samples could produce column over-
loading. Capiello et al. (23) described how to produce convenient columns
with diameters up to 0.76 mm from PEEK tubing. Conventional ZDV peak or
stainless steel connectors are used as column ends with 1/16 nuts and ferrules.
The membrane frit at the outlet end is introduced into the ZDV union and
sealed in place by pressing the column end against it and then tightening the
nut. In the examples given in this chapter, we used a commercial kit consisting
of a stainless steel holder and 800 µm id cartridges. The same holder could load
cartridges with id from 200 to 800 µm. Cartridges available include C18 and
ion exchange materials.

Capillary Separations 149

Fig. 1. General scheme for the preparation of fused silica capLC columns with inter-
nal diameter (A) above and (B) below 180 µm. FSC, fused silica capillary column. FSS,
fused silica sleeve. EXC, fused silica exit capillary.
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3.2. Chromatographic Equipment

3.2.1. Column Connection

The basic scheme of a capLC system is depicted in Fig. 2. The main issue
in the setup of capLC is to decrease the dead volumes as much as possible. Some
changes can be done in a conventional HPLC pump to optimize its performance
at low flow rates. We substituted a 2 × 0.1 cm precolumn for the mixer of our
HPLC-1100 gradient pump and all the connections after the pump were remade
with 120 µm id PEEK tube. The tubing connecting the split tee and the injec-
tor should be made of 120 µm id tube and as short as possible. The column is
connected directly to the injector using a teflon sleeve with an adequate inner
diameter (see Fig. 3). Switching the injector to the “load position” after the
sample has been transferred to the analytical column eliminates the delay pro-
duced by the injector loop on the solvent gradient. 

3.2.2. Chromatographic Flow Splitting

1. The flow splitter is built from a ZDV Valco Tee. The inlet flow from the HPLC is
split in a ratio that depends on the relative flow restriction produced by the cap-
illary column and the flow restrictor.

150 Carrascal and Abian

Fig. 2. Scheme of a simple capLC system and the interfaces for MS and UV detection.
1, Gradient pump and solvents. 2, ZDV splitting Tee. R, injector. RC, restriction column.
FSC, fused silica capillary column. SSS, stainless steel sleeve. FSS, Fused silica sleeve.
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2. The flow restrictor for a 250 µm id column consists of a conventional 2.1 mm id
HPLC column (5 µm Nucleosil, 15 cm long). A 1 mm id column (5 µm Partisil,
10 cm long) is used in the case of 75 mm id columns (see Note 10).

3. A HPLC flow rate of 100 mL/min is typically used. After flow splitting, about
3–4 µL/min in the 250 µm column or 0.5-1 µL/min in the 75 µm column are
obtained.

4. The flow at the exit of the column can be calculated collecting the eluent in a con-
ical vial (500 µL Eppendorf tube) for 10 min and measuring its volume with a
5 or 10 µL Hamilton syringe. Alternatively, the column outlet can be introduced
into the bore of the syringe to measure the volume directly from the syringe
marks. Final adjustment of the flow rate is done by modifying the flow from the
HPLC pump.

3.2.3. Preconcentration Switching Systems

The basic scheme of a preconcentration system is depicted in Fig. 4. An aux-
iliary HPLC pump is used to load the sample into the precolumn and to wash
out not retained compounds. The auxiliary pump is permanently working at
50–200 µL min, depending on the precolumn, so that sample loading is typi-
cally made in a very fast way even with high volume samples. Sample loops
from 20–200 µL are usually employed. 

The precolumn is connected to a motor driven Valco switching valve. When
the valve is in the “analysis” position, the precolumn is connected in series with
the gradient HPLC system and the analytical column. Valve switching can be
done manually or automatically using the relay contacts on the HPLC system. 

3.2.4. UV Cell Preparation

1. The polyimide coating of a 250 × 350 mm (id × od) fused silica capillary is
removed by carefully burning it with a flame. The capillary should be approx
2 cm long and the open window 0.5 cm (see Fig. 2).
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Fig. 3. Connection of the capillary column showing the use of Teflon sleeves for cap-
illary connections. EXC, fused silica exit capillary. FSC, fused silica capillary column,
SS, stainless steel.
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2. Inlet and outlet capillaries are prepared from 50 × 200 µm (id × od). These cap-
illaries are glued into the cell capillary, leaving a 5-mm space (the window area).
The total volume of the flow cell is approximately 250 nL (see Note 11).

3. The flow cell is placed into the ABI CZE cell holder. The cell is used as a con-
ventional CZE UV cell.

3.2.5. ESI Interface Preparation (see Note 12)

1. About 10 cm of a 200 × 50 µm FS capillary is prepared. A lightweight (10 gr) is
fixed to one end of the capillary. The other end is fixed to a support leaving the
capillary in a vertical position with the weight hanging free. The flame of a torch
is applied to the center of the line allowing the capillary to stretch under gravity.
Two capillaries with sharp tips are obtained in this way (see Note 13). The needle
tips are carefully cut to obtain an inner bore of about 5 µm. The bore diameter can
be monitored with a stage micrometer (Graticules LTD, Tonbridge, Kent, UK)
under a microscope (see Note 14).

2. The end of a 250-µm ID stainless steel capillary is twisted against a Whatman
GF/A glass fiber filter to cut out a piece of filter.

3. The filter is sandwiched between two 200 × 50 µm capillaries, the electrospray
needle prepared as indicated earlier, and the inlet line. These capillaries are glued into
the steel capillary that serves as the electrical contact for electrospray (see Fig. 2).
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Fig. 4. Scheme of a preconcentration capLC system. 1, Elution gradient pump and
mobile phases. 2, ZDV splitting Tee. 3, Preconcentration pump and mobile phase. 4,
microelectrospray interface. R, injector. V, Valco electrovalve. W, waste. PC, precon-
centration column. RC, restriction column. FSC fused silica capillary column.
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4. The ESI interface was mounted into an x-y-z-manipulator from a Protana
Nanoelectrospray Source Kit.

5. The ESI needle tip was carefully positioned at 3–5 mm from the inlet of a Finnigan
LCQ mass spectrometer (ThermoQuest, Barcelona, Spain). For standard analy-
ses, an electrospray voltage between 1.6 and 2.0 kV was applied. For continuous
infusion experiments, the inlet capillary of the µESI was connected via an injec-
tor to a syringe pump. 

3.3. HPLC Gradient Systems

The basic HPLC configurations for the examples listed below are depicted
in Figs. 2 and 4. 

3.3.1. Separation of Peptide Mixtures from Enzymatic 
Digestions of Proteins

A key point in the analysis of on-gel tryptic digests is the removal of salts
and acrylamide contaminants from the sample before peptide separation. In gen-
eral, desalting can be performed directly on the analytical column provided the
peptide concentration is relatively high (clear Commassie spot). Otherwise a
column switching system using a preconcentration column would be necessary
(see Subheading 3.3.2.). Proper desalting involves a long washing step with
aqueous solvent prior to gradient elution. Special care has to be taken to avoid
the loss of very polar peptides during this step. The system described below uses
a high volume loop that produces an additional delay on the gradient so that
no initial 0% step is required. Examples of capLC separations are shown in
Figs. 5 and 6.

1. Analytical column: 5 µm Kromasil C8 (250 µm × 10 cm); Injection loop, 10 µL
2. Solvent A : water (1% AcOH for MS detection or 0.05% TFA for UV/MS detection)

Solvent B: ACN/water 8/2 v/v (1% AcOH for MS detection or 0.05% TFA for
UV/MS detection) (see Note 15).

3. Gradient: From 0 to 55% solvent B in 60 min; from 55 to 80% B in 5 min; hold
10 min at 80% B. Back to initial conditions in 5 min. Flow rate 3 µL/min.

4. Protein digests are prepared following standard procedures (52). The final extract
(about 50–150 µL) is concentrated to 20 mL in order to eliminate the extraction
solvent (ACN). A 10-µL aliquot is directly injected into the system.

3.3.2. Separation of Peptides Using Preconcentration Procedures

The quantitative analysis of endothelins in human umbilical vein endothe-
lial cell (HUVEC) supernatants is shown in Fig. 7. The use of ion exchange pre-
concentration prior to on-line reversed phase chromatography provides a very
selective method for endothelin analysis. The synthetic endothelin 3,11Ala-ET-1
(alaET) is used as internal standar for quantitation. Detection limits were found
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Fig. 5. CapLC-UV analysis of an in-gel tryptic digest of alpha-casein. A blue
Commassie spot (1 µg protein) was excised, in-gel reduced, alkylated, and digested fol-
lowing conventional procedures. The peptide mixture was analyzed as indicated in
Subheading 3.3.1. Peptides were monitored at 214 nm.

Fig. 6. (see facing page) Analysis of an in-gel tryptic digest of 90 KDa heat shock
protein (HSP90). A protein extract from a lymphoblastoid cell line culture was
processed by immunoaffinity chromatography using GST-p21Cip1-Sepharose. The
p21Cip1-binding protein fraction was separated by SDS acrilamide gel electrophore-
sis and stained with Coomassie blue. The selected spots were excised and in-gel
reduced, alkylated and digested following conventional procedures. The ThermoQuest
LCQ ion trap instrument was programmed for automatic data dependent acquisition.
Full MS, Zoom Scan, and Product Ion scans were made consecutively to obtain
sequence information over the entire chromatographic elution. As shown in this figure,
where spectral data (right) was acquired in the elution zone indicated by the asterisk
in the chromatogram (left) (Retention time 33.03 to 33.14), the sequencing of even very
low intensity signals was achieved.
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down to 30 pmol/L (1.5 fmol on column) and the method was linear from 50
to 2000 pmol/L (26).

1. Chromatographic Columns:
Preconcentration precolumn: SAX µ-Precolumn (800 µm × 0.5 cm).
Analytical column: 5 µm Kromasil C18 (75 µm × 10 cm).
Injection loop 200 µL.

2. Preconcentration solvent: 10 mmol/L ammonium acetate, pH 7.0 (10�90, v/v).
Flow rate 200 µL/min.

3. Gradient solvents:
Solvent A: ACN�water�AcOH�TFA (10�90�1�0.05, v/v).
Solvent B: ACN�MeOH�water�AcOH�TFA (45�45�10�1�0.05, v/v).
See Table 1 for gradient program. Flow rate 550 nL/min.

4. HUVEC supernatants (500 µL) are precipitated with ACN (1 mL). The material
is centrifuged and the supernatant evaporated close to dryness. Just before injec-
tion, 100 µL of MeOH�water (50�50 v/v) and 1.9 ml of the preconcentration
mobile phase are added. A 200-µL aliquot is injected into the analytical system. 

4. Notes
1. LC Packings (LC Packings (The Netherlands) BV) were probably the first com-

pany to distribute capillary columns and other instrumentation for capLC since
the early 1990s. A capillary-perfusion Tool Kit is available from Perseptive
Biosystems for the preparation of PEEK capLC columns (ref. 5-2218-00-0000).
Low flow pumps and microinjectors for capLC are currently available from major
HPLC companies.

2. Other diameters can be selected depending on the application. For example:
530 × 700/150 × 375; 180 × 350/30 × 150 (id × od column / id × od exit line).

3. Any other UV detector provided with cell holders for CZE could be used with
homemade fused silica cells. Otherwise, commercial cells can be purchased from
LC Packings (see Note 11). We routinely use a HP1100 UV detector with a
LC-Packings U-Z View (CAP) for high sensitivity detection. 

4. Capillaries can be deactivated by treatment with bis-trimethylsilyl trifluoroac-
etamide (BSTFA) (Pierce, Rockford, IL). This treatment eliminates the free silanol
groups in the silica surface and minimizes peptide adsorption. The capillary is
filled with the reagent using a 50-µL glass syringe. After 10–15 min at room tem-
perature, acetonitrile is flushed to remove excess reagent and to clean the capil-
lary. BSTFA is a volatile, strong derivatizing agent that rapidly reacts with
moisture. Its handling has to be done in a fume hood. BSTFA is sold in ampoules

Capillary Separations 157

Fig. 7. (see opposite page) Analysis of HUVEC supernatants by PC-capLC-
ESIMS/MS. (Left) HUVEC supernatant spiked with 200 pM endothelins and (right)
HUVEC supernatant. (200 µL injection; internal standard 2 nM AlaET). ET, endothe-
lin; AlaET, [3,11 Ala]-ET-1 (26).

CH10,141-164,24pgs  10/30/03  7:07 PM  Page 157



that, after opening, can be stored inside a small flask in the refrigerator for sev-
eral weeks.

5. Alternatively, frits made of sintered glass can be built as follows: The end of the
fused capillary is burned with a flame to remove a section of a few mm of the poly-
imide coating. Any black residue is carefully wiped out. The capillary is connected
to a 500-µL syringe provided with a Teflon connector and flushed with ACN. After
ACN removal, the frit is prepared by carefully tapping the tip of the column into
a pile of 5 µm silica particles, filling approx 1 mm of the capillary section. This
end is then heated with the flame of a microtorch to sinter the silica particles. The
resulting frit is usually able to withstand high pressures. However, this procedure
requires some practice. The quality of the frit should be tested by flushing some
solvent before packing the column. We made stable frits when using capillaries
with outer diameters greater than 300 µm. In our experience, columns with smaller
outer diameters (180 µm) are more vulnerable to the heating process making the
capillary too fragile to handle. Special care needs to be taken to connect the column
outlet to the transfer line with the teflon connector (use a preformed connector).

6. Cyanoacrylate glues are too liquid and tended to spread out contaminating the
system. Epoxy resins, such as Araldit, are more suitable. The glue must fill the area
between the coaxial capillaries, otherwise the connection tends to fail when sub-
jected to pressure. Owing to glue viscosity, this process requires the inner capillary
to be pulled 1 mm in and out just after the glue is deposited on the external part of
the connection. A gentle warming of the capillary connection is also helpful.

7. This is the general procedure for preparing columns with inner diameters below
150 µm.

8. We commonly use a Vibro-Graver (Burguess Vibro-Crafters, Inc, Graystake, ILL)
against the reservoir to prevent the aggregation of particles (some authors immerse
the whole system in an ultrasonic bath for this purpose). We do not observe dif-
ferences in the column quality whether the slurry was previously sonicated or not. 

158 Carrascal and Abian

Table 1
Time Event of the SAX PC capLC/ESI-MS Method

Concentration Flow rate (mL/min) 
Time (min) of solvent B of LC pump Valve V position

10 10% 0.4 Preconcentration
10 10% 0.4
10.1 20% 0.3
15 Analysis
20 60% 0.3
20.1 80% 0.3
25 80% 0.3
25.1 10% 0.3
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9. This is a very simple procedure that yields reasonable efficiency. Several other
solvent mixtures were tested for slurry packing including acetone, methanol, ace-
tonitrile, carbon tetrachloride/paraffin, and n-heptane. In most cases the solvent
used for particle suspension was different from the packing (flushing) solvent.
Surfactant additives such as sodium lauryl sulphate or Tween were employed to
improve particle dispersion. Other packing methods use gases (dry method) or
supercritical fluids to pack the particles. A description of available methods can
be obtained from refs. 1, 12, 16, 17, 19, 24–31. 

10. When an old LC column is not available, a 50–100 cm section of fused silica cap-
illary can also be used as a restrictor. The split ratio is controlled selecting the
appropriate length and internal diameter of the capillary. CapLC columns packed
with perfusive chromatography material such as POROS produce a much lower
restriction. Thus, the split restrictor must be prepared accordingly. We use a
Hypersil C4 0.3 × 3.5 cm column (5 µm, 300 Å particle) as a restrictor for a
250-µm id column (10-cm long) filled with POROS R1.

11. LC Packing offers optimized UV cells for capLC that can be adapted to most com-
mercial detectors. Available cells are prepared to work at three different flow rate
ranges: 10–100, 1–10, and 0.1–1 µL/min (Micro, Capillary and NanoLC cells,
respectively). Cell volumes are 140 nL (micro), 35 nl (capillary), and 3 nL
(nanoLC). 

12. The conventional electrospray interface of the Finnigan instruments can be used
instead of this dedicated interface when using capLC columns with inner diame-
ter larger than 180 µm at flow rates higher than 3–5 µL/min. When working at
flow rates close to or lower than 5 µL/min, sensitivity can be improved by reduc-
ing the default distance between the needle tip and the MS entrance (typically
3 cm) to 5 mm.

13. Pulled ESI needles can be prepared with a micropipette puller device. However,
some glass pullers do not produce enough energy to fuse the silica. Most authors
use laser pullers for this purpose (Sutter Instruments [Phoenix, CA]).

14. Stainless steel, fused silica and glass capillaries have been used as ESI needles.
Some changes are usually made to the capillary tip in order to optimize spray for-
mation. Fused silica capillaries with small id are commonly etched with HF (45)
or the tip is polished with sand paper, resulting in very sharp ESI tips.
Electropolishing has also been used with metal capillaries to produce similarly
sharp tips (53). ESI tips have been constructed with id values down to 10 µm. Spray
tips as small as a few µm can be prepared from glass or fused silica capillaries
using a micropipette puller (54,55). Valaskovic et al. (55) obtain reproducible tip
diameters down to 2 µm by first pulling capillaries and later etching them with
HF. These tips can be operated at flow rates from 0.1–20 nL/min, depending on
the diameter. New Objetive (Cambridge, MA) distribute glass or fused silica
tapered ESI tips with different internal diameters.

15. Peptide separations are greatly enhanced by the ion pairing effect of TFA.
However, TFA is incompatible with ESI ionization and a higher concentration than
0.2% approx can eliminate the ESI signal completely. For this reason, TFA should
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be avoided from capLC/ESI-MS eluents and replaced by formic or acetic acids to
maximize sensitivity. In some cases, the use of mixtures containing 1% AcOH and
a small amount of TFA (0.02–0.05%) may provide a good balance between chro-
matographic separation and signal intensity. When on-line UV detection is
required, AcOH cannot be used at the concentration indicated earlier because of
its high absorbance at 214 nm. In this case, it is advisable to use the minimal
amount of TFA (0.05%) to allow both separation and compatibility with MS.
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Micropreparative HPLC of Peptides and Proteins

Edouard C. Nice and Marie-Isabel Aguilar

1. Introduction
The introduction of high-performance liquid chromatography (HPLC) for the

analysis and separation of peptides and proteins in the late 1970s offered unri-
valled advantages in terms of speed, resolution, sensitivity, and recovery when
used for the purification of low microgram levels of complex mixtures of pep-
tides and proteins (1,2). However, the conventional HPLC columns of typically
4.6 mm id and operated at flow rates of 1 mL/min resulted in peak volumes of
approx 1 mL or even larger. The resultant sample concentrations (µg/mL) were
not ideally suited to subsequent manipulations, and at such low concentrations,
losses caused by nonspecific adsorption on either the chromatographic support
or associated equipment (e.g., syringes, sample vials, recovery vials) were
commonplace (3,4). Attempts to reduce peak volumes by operating at lower
flow rates were shown to be associated with poor recoveries of, in particular,
hydrophobic proteins (5,6).

It can be shown that eluant peak volumes from chromatographic columns are
directly proportional to the column length and inversely proportional to the
square of the column diameter (7,8). Thus, if a 4.6 mm id column operated at
a flow rate of 1 mL/min is compared with a 1 mm id microbore column, the
flow rate for the 1 mm id column would need to be reduced by (4.6/1)2, i.e.,
21-fold, to approx 50 µL/min to operate at the same linear velocity as shown
schematically in Fig. 1. Under these conditions, if the same mass of protein is
loaded on to each column, and the chromatographic efficiency of each column
is identical, then samples will be recovered in concomitantly reduced peak
volumes (50 µL compared to 1 mL for a peak 1 min wide). For concentration-
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dependent detectors, this increase in sample concentration will give a directly
proportional increase in the detection signal if the flow cell geometry is con-
served. Nanogram quantities of peptides and proteins can thus be readily
detected using small-bore columns (see Fig. 2) with peak elution volumes of
100 µL or less.

Sample volumes are not limiting: large sample volumes can be loaded onto
interactive supports (e.g., reversed phase, ion-exchange, hydrophobic interac-
tion, or affinity) under appropriate mobile phase conditions (trace enrichment)
(9–14). Suitable instrumentation requires careful consideration with regard to
minimised pre- and postcolumn dead volumes, accurate gradient formation at
low flow rates, detector flow cell geometry, and sample recovery.

These techniques are ideally suited for the purification and concentration of
trace protein or peptide components in bulk biological samples prior to appli-
cation to highly specific and sensitive downstream analytical techniques such
as microsequence analysis, mass spectrometry, biosensor analysis, or biologi-
cal assay (3,4,14–17). They also facilitate the recovery of low levels of mater-
ial following chemical or enzymatic modification. The techniques can be readily
applied to the development of large-scale processes, whereby multidimensional
purification protocols can be rapidly developed using minimum amounts of
sample, solvent, and column packing materials and then scaled up appropriately.
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Fig. 1. Theory of micropreparative HPLC.
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Fig. 2. Separation of low level protein standards by micropreparative RP- and anion-
exchange HPLC. (A) Micropreparative RP-HPLC. Column: Brownlee RP-300 column,
30 cm × 2.1 mm id, and a linear gradient from 0–60% acetonitrile in 0.15% TFA over
60 min at a flow rate of 0.1 mL/min. (B) Micropreparative anion-exchange HPLC using
a Mono-Q PC 1.6/5 anion-exchange column (Pharmacia), 50 cm × 1.6 mm id, using a
linear gradient from 0–1 M sodium chloride in 20 mM Tris-HCl, pH 7.5 over 50 min
at a flow rate of 0.1 mL/min. Reproduced with permission from ref. 12 © John Wiley
& Sons, Ltd. Reprinted with permission.
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2. Materials
2.1. Equipment

1. Suitable instrumentation for micropreparative HPLC requires (a) precise, pulse-
less pumping at low flow rates (see Note 1); (b) the ability to generate accurate
and reproducible gradients accurately at low flow rates (see Note 2); (c) the min-
imization of dead volumes throughout the instrument (see Note 3); and (d) the reli-
able recovery of small volume fractions (see Notes 4 and 5).

2. Suitable instrument: see Note 1.
3. Solvent filtration apparatus equipped with a 0.22-µm Teflon filter.
4. Sample filters, 0.22 µm porosity.

2.2. Buffers

2.2.1. Anion-Exchange Chromatography

1. Buffer A : 20 mM Tris-HCl, pH 7.5.
2. Buffer B: 1 M NaCl in 20 mM Tris-HCl, pH 7.5.

2.2.2. Reversed-Phase Chromatography

1. Buffer A: 0.15% (v/v) aqueous trifluoroacetic acid (TFA).
2. Buffer B: 60% acetonitrile (HPLC grade) / 40% water (Milli-Q) containing

0.125% (v/v) aqueous TFA.

2.3. Columns

1. Mono-Q PC 1.6/5 anion-exchange column (50 × 1.6 mm id) (Amersham
Biosciences).

2. Brownlee RP-300 (30 × 2.1 mm id) reversed-phase column (Applied Biosystems).

3. Methods
The following subheadings describe a method in which an initial screen of

a range of chromatographic conditions is performed, followed by a detailed
description of the loading and elution of a sample protein from a microprepar-
ative column.

3.1. Solvent Preparation

Filter all solvents through a 0.22-µm filter before use. This removes partic-
ulates that could block solvent lines or the column and also serves to degass
the solvent. If the HPLC instrument is not installed with on-line degassing capa-
bility, check your instrument requirements to assess whether further degassing
is required. Failure to do this can result in spikes on the chromatogram due to
bubble formation in the detector.
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3.2. Initial Column Screen

To assist in the design and optimization of a multidimensional micropurifi-
cation protocol for a new protein sample, an initial screen of a series of column
packings with alternative selectivities is advantageous, especially if a sensitive
and specific bioassay is available to monitor the eluant fractions (e.g., mitogenic
assays for many growth factors, dot blot assays). The method uses either small
disposable columns (e.g., Biorad Econocolumn) or small tap-packed cartridges
made using HPLC tubing and fittings, which can be attached to an HPLC pump
for batchwise elution. Typically the column is packed with 0.5 mL gel volume.
The experimental conditions are defined to determine whether a specific pack-
ing selectivity can retain the protein of interest under the loading conditions
used, and whether the activity can be recovered batchwise in good yield using
standard chromatographic buffers.

1. Dilute the sample 1�5 with the loading buffer (typically 100–200 µL sample pro-
viding the downstream assay is suitably sensitive). Apply the sample to each of
the following column types using the standard loading conditions for each column
as listed in Table 1.

2. Collect the load fraction.
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Table 1
Standard Loading and Eluting Buffers for Minicolumns
Used in Column Screening

Column Loading buffer Eluting buffer

Anion-exchange 20 mM Tris-HCl, pH 7.5 20 mM Tris-HCl, pH7.5; 
1 M NaCl

Cation exchange 20 mM sodium acetate, 20 mM sodium acetate, pH 5.0,
pH 5.0 1 M NaCl

Ligand dye 20 mM sodium phosphate, 20 mM sodium phosphate,
pH 7.0 pH 7.0, 2 M NaCl

Reversed phase 0.1% TFA in water 0.1% TFA in water/
50% acetonitrile.

Hydrophobic interaction 10 mM phosphate buffer, 10 mM phosphate buffer,
2 M ammonium sulphate, pH 7.0
pH 7.0

Hydroxyapatite 10 mM sodium phosphate, 400 mM sodium phosphate,
pH 6.8 pH 6.5
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3. Wash with loading buffer and collect 5 × 0.5 mL fractions.
4. Elute with eluting buffer and collect 5 × 0.5 mL fractions.
5. Assay fractions according to protocols defined for target protein to identify the

packing and chromatographic conditions, which resulted in adsorption and recov-
ery of the protein.

6. Analyze active fractions by gel electrophoresis to determine protein heterogene-
ity of recovered fractions.

7. Determine which column resulted in the best purification and integrate these
columns into an optimized sequence of purification steps.

3.3. Sample Preparation

It may be necessary to adjust certain sample parameters (e.g., pH, solvent
conditions, salt or organic solvent concentration to ensure that the protein of
interest can be trace-enriched onto the column. This is especially true when
going from one chromatographic system to another, i.e., multidimensional
HPLC. In case of precipitation, centrifuge to remove sediment before taking
the clarified sample up carefully into the loading syringe. Sample dilution is
best done directly in the syringe to minimize losses.

3.4. Column Equilibration and Blank Run

1. Connect the guard and the column to the solvent delivery system according to the
HPLC system requirements and equilibrate with Buffer A.

2. Once a stable baseline is obtained, perform blank run, using same injection con-
ditions/volumes as for final sample.

3.5. Sample Injection and Analysis

This section describes large volume trace enrichment, either via pump, or
large volume (e.g., 2 mL) injection loop, typically at higher flow rates to min-
imize loading time (see Note 6).

3.5.1. Sample Loading Directly Through Pumps

1. Reduce dead volumes by removing the pulse dampener if present.
2. Remove frits from the check valve to avoid blocking of the frits.
3. Place sample into a 50 mL Falcon tube. The conical shape of these tubes facili-

tates loading of the last few drops of sample.
4. Insert the solvent inlet tube into the sample (remove any filters that are in line),

set flow to 1–2 mL/min, depending on back pressure and load sample. It is worth
watching the back pressure during this operation since the back pressure can
increase as the sample loads.

5. Add 20 mL of loading buffer into the Falcon tube and pump buffer at 1–2 mL/min
(depending on the back pressure limits of the column) until sample has loaded
completely onto the column, monitoring the UV output to check the eluant (see
Note 5).
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6. When the baseline has returned to zero (i.e., washing has completed), immedi-
ately shut down the flow rate to 0 mL/min.

7. Ensure that the loading loop is out of line.
8. Put the primary solvent line back into the solvent bottle
9. Set to flow rate compatible with the microcolumn that is being used (typically

50–100 µL/min) and wait for baseline to stabilize.
10. Start the gradient to elute the sample.

3.5.2. Sample Loading Via Syringe and Injection Loop

1. Install a 2-mL loop into the injection valve and switch loop out of line (into the
load position). Set flow rate at 1–2 mL/min depending on back pressure.

2. Fill a 1-mL syringe with sample and load into the loop.
3. Switch loop in line (inject position) to load sample onto the column and monitor

the baseline.
4. For multiple injections, repeat above steps, allowing sufficient time between injec-

tions for the loop to empty before switching back out of line.
5. When the total sample has been loaded, reduce the flow rate to the operating

flow rate.
6. Start gradient. Linear 50-min gradient from 0–50% acetonitrile (reversed phase) or

0–1 M NaCl (ion-exchange). Hold for 10 min at the top of the gradient to account
for any dead volume between where the gradient is generated and the column.

If using a large volume sample loop for injection, remember to switch it out of
line after loading, otherwise a large dead volume will be introduced into system
(e.g., a 2 mL loop takes 20 min to clear at 100 µL/min). Figure 3 shows the chro-
matograms obtained following micropreparative ion-exchange and reversed phase
isolation of the human EPH-like receptor tyrosine kinase ligand (HEK) (14).

4. Notes
1. Most conventional HPLC systems using high-pressure mixing can be readily

modified for use with narrow-bore or microbore columns and, using the simple
modifications described in Notes 2 and 3 will operate smoothly at low flow rates.
However, there are a number of commercially available microLC instruments
including the Amersham Biosciences SMART Micropreparative HPLC and Ettan
MicroLC system, the Agilent 1100 Capillary LC system, the Waters Cap LC
system and LC Packings UltiMate.

2. The chief concern with some conventional instruments is the dead volume of the
dynamic mixer. A number of static mixer designs have been investigated but none
were capable of adequately mixing the gradients required for protein elution (par-
ticularly N-propanol gradients, which had been found ideal for the recovery of
more hydrophobic proteins from reversed phase supports). One approach to using
large volume mixers was to form the gradient within the mixing chamber by
direct displacement with 100% Buffer B at low flow rate (18). In this way, an expo-
nential gradient of approx 3.6 mL was generated that gave excellent separation of
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Fig. 3. Micropreparative ion-exchange chromatography of the HEK ligand. (A) Combined active fractions from a size exclusion column
were adjusted to 50 mM NaCl and fractionated on a µ-Mono-Q column with a 40-min gradient (dashed line) of 0–600 mM NaCl in
20 mM Tris-HCl (pH 8.5) at a flow rate of 100 µL/min. Elution was monitored at 215 nm (solid line). (B) RP-HPLC of the HEK ligand
and derived tryptic fragments. Approx 0.6 µg of µ-Mono-Q-purified HEK ligand was applied to a 1-mm idD RP300 HPLC column and
eluted with a 0–60% CH3CN gradient in 0.09% TFA at a flow rate of 100 µL/min and elution monitored at 215 nm. Inset: Tryptic map
of the reduced and alkylated HEK ligand was produced on the same narrow bore RP-HPLC column. Reproduced from ref. 14.
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a number of protein standards. An alternative approach to enable gradients of any
shape to be generated by mixing of metered volumes of Buffers A and B was to
reduce the volume of the mixer by the use of a Teflon insert. Another alternative
is to replace the standard mixer with a low volume alternative (e.g., that available
from Gilson which has a volume of 60 µL).

In contrast, low-pressure mixing systems, which employ valve mixing blocks
to generate the gradient prior to a single high pressure pump, are not easy to
modify, primarily because of excessive instrumental dead volumes inherent to the
system, which could not be easily reduced.

3. By removing the pulse dampers from the instrument and some simple replacement
and rerouting of the stainless steel solvent lines to minimize the volumes between
the pumps, the mixer, injector, column, and detector, the instrumental dead volume
can be significantly reduced.

4. Recovery can be easily performed by manual fraction collection, allowance being
made for the dead volume between the detector flow cell and the collection port,
which is significant when operating at low flow rates (<200 µL/min). Manual col-
lection involves holding the tip of the collection device either against the side of
the collection tube (we usually use 0.5- or 1.5-mL Eppendorf tubes which have
particularly good recovery and low level background contamination properties)
or under the liquid meniscus to prevent droplet formation. The drop size (typically
around 10 µL) becomes extremely significant in terms of both resolution and over-
all recovery when dealing with peak volumes of 20–100 µL.

5. The requirement for special low volume flow cells in the detector is often over-
stated. In practice, we found that detector flow cell volumes of 4.6 µL were suit-
able for peak volumes >50 mL. This is in agreement with published data that
demonstrated that flow cell volumes of up to 10% of the peak volume are accept-
able (19). It should be borne in mind that small volume flow cells often have
reduced optical path lengths that proportionately reduce the overall sensitivity of
detection. Flow cell design however is important since poorly designed flow cells
can cause turbulence and hence poor sample clearance and peak mixing.

6. When purifying trace components from complex mixtures, it is imperative that
the total sample be loaded if optimum benefits of microcolumns are to be achieved.
Proteins and peptides bind very strongly to interactive supports below critical sec-
ondary solvent concentrations (see Fig. 4). Under these conditions, trace enrich-
ments of large sample volumes directly onto micropreparative columns is possible
before recovering retained proteins or peptides in small volumes at high concen-
tration by gradient or step elution. An important practical point is to ensure that
the sample is in a buffer that will allow trace enrichment. Samples may require
dilution to reduce the salt or organic solvent concentration used for elution at the
previous chromatographic step. Samples are typically loaded at high flow rate by
means of a large injection loop (up to 2 mL), often using multiple injections, or
by direct loading via the primary or auxillary pump. Large volume injection loops
should be switched out of the main flow path following sample loading to mini-
mize the system volume between the pumps and the column, which would other-
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wise result in unacceptable long delays in the gradient delivery. We have frequently
loaded samples in volumes of up to 100 mL onto 1 mm id reversed-phase columns
and recovered the retained proteins in peak volumes of <100 µL (>1000-fold
concentration).
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Fig. 4. Relationship between retention and secondary solvent concentration for the
separation of peptides and proteins in interactive modes of chromatography. All three
proteins (A–C) are retained at concentration of eluant a, while protein A can be selec-
tively eluted by increasing the eluant concentration to b. Similarly, after elution of A and
B using eluant concentration level c, protein C can be eluted at eluant concentration d.
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Multidimensional HPLC Purification of Proteins

Edouard C. Nice and Marie-Isabel Aguilar

1. Introduction
Purification of trace compounds (e.g., growth factors, receptors) from bulk

biological samples typically requires high purification factors to achieve purifi-
cation to homogeneity (1–9). The sequential use of microcolumns of varying
selectivity, assuming that they have good recovery characteristics, allows very
high purification factors to be achieved. As described in Chapter 11, the use of
short narrow-bore (2.1 mm id), microbore (1 mm id), or capillary (<1 mm id)
columns allows the recovery of purified proteins and peptides in reduced volume
at increased concentration compared with larger bore columns. Indeed, as
shown in Table 1, it can be calculated that purification factors far in excess of
those achieved by two-dimensional polyacrylamide gel electrophoresis can be
readily achieved using multidimensional purification protocols, with the added
advantage that the purified sample is in a form directly compatible with down-
stream analysis. Successful micropreparative HPLC requires minimal losses of
both mass and biological activity during the chromatographic purification and
other associated nonchromatographic sample manipulation (e.g., sample dilu-
tion, pH adjustment, storage, chemical manipulation) which we refer to as
micromanipulation (3,6,7). By maintaining high overall recovery throughout
the procedure, it is possible to take a sample though successive chromato-
graphic steps (i.e., multidimensional purification) and still have sufficient mate-
rial for structural and/or biological analysis. This chapter illustrates the potential
of short micropreparative columns with different selectivity by the sequential
use of size exclusion, anion-exchange and reversed-phase (RP) columns for the
final purification of a sample of murine epidermal growth factor (mEGF) iso-
lated from mouse salivary glands (4). By using the columns in this sequence,
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it is possible to reinject the recovered sample without prior dilution because the
buffers used for size exclusion and anion-exchange stages are compatible with
subsequent trace enrichment onto the anion exchange and RP columns. Thus
by careful consideration of the order in which columns are used in a multidi-
mensional purification scheme, the need to manipulate the sample between
stages can be avoided, or minimised, thereby minimising sample handling and
dilution and, hence, improving overall recoveries. The differing selectivities
obtainable with each column used in the protocol described in this chapter
resulted in purification of the mEGF from minor contaminants at each stage.

2. Materials
2.1. Equipment

1. Pharmacia SMART system equipped with automatic fraction collection. This
method can also be performed with other instruments with appropriate features
as outlined in Chapter 11.

2. Solvent filtration apparatus equipped with a 0.22-µm Teflon filter.
3. Sample filters, 0.22-µm porosity.

2.2. Buffers

1. Size exclusion chromatography.
a. 1% w/v NH4HCO3 / 0.02% v/v Tween-20 (see Note 1).

2. Anion-exchange chromatography.
a. Buffer A: 20 mM Tris-HCl (pH 7.5).
b. Buffer B: 1 M NaCl in 20 mM Tris-HCl (pH 7.5).

3. RP chromatography.
a. Buffer A: 0.15% (v/v) aqueous trifluoroacetic acid (TFA).
b. Buffer B: 60% acetonitrile (HPLC grade) / 40% water (Milli-Q) containing

0.125% (v/v) aqueous TFA (see Note 2).
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Table 1
Potential Peak Resolution in Multidimensional HPLC

Chromatographic mode Peak capacitya Cumulative resolution

Hydrophobic interaction 150 11111,,50
Size exclusion 110 1111..500
Ion-exchange 150 11.25,000
Reversed phase 100 2,500,000

aPeak capacity is defined as the number of peaks that can be theoretically resolved in a
typical chromatographic run.
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2.3. Columns

1. Superose 12PC 3.2/30 (300 × 3.2 mm id) (Amersham Biosciences).
2. Mono-Q PC 1.6/5 anion-exchange column (50 × 1.6 mm id) (Amersham

Biosciences).
3. Brownlee RP-300 (30 × 2.1 mm id) RP column (Applied Biosystems).

3. Methods
3.1. Sample Preparation

Dissolve sample in 100 µL of Buffer A (see Note 3). If there is some undis-
solved material, centrifuge the sample in an Eppendorf tube (see Note 4).

3.2. Solvent Preparation

Filter all solvents through a 0.22-µm filter before use. This removes partic-
ulates that could block solvent lines or the column and also serves to degas the
solvent. If the HPLC instrument is not installed with on-line degassing capa-
bility, check with your instrument requirements to assess whether further
degassing is required.

3.3. Size-Exclusion Chromatography
1. Connect the Superose 12 column to the solvent delivery system according to the

HPLC system requirements and equilibrate using 1% w/v NH4HCO3 / 0.02% w/v
Tween-20 at a flow rate of 100 µL/min, a column temperature of 25°C and detec-
tion at 215 nm.

2. Once a stable baseline is obtained, inject 4.5 µg of mEGF (750 pmol) (either man-
ually or via an automatic injector).

3. Collect the main eluting protein peak for injection onto the micropreparative
anion-exchange column (see Note 4).

3.4. Anion-Exchange Chromatography
1. Connect the Mono-Q column to the solvent delivery system according to

the HPLC system requirements and equilibrate using Buffer A at a flow rate of
100 µL/min, a column temperature of 25°C and detection at 215 nm.

2. After controlled equilibration (see Note 5), inject the fraction from the size exclu-
sion column onto the anion-exchange column (either manually or via an automatic
injector).

3. Elute the sample with a linear gradient from 0–100% Buffer B over 50 min.
4. Collect the main eluting protein peak for injection onto the micropreparative

RP column.

3.5. RP Chromatography
1. Connect the RP column to the solvent delivery system according to the HPLC

system requirements and equilibrate using Buffer A at a flow rate of 2 mL/min, a
column temperature of 25°C and detection at 215 nm.
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2. After controlled equilibration, reduce the flow rate to 100 µL/min and inject the
fraction from the anion-exchange column onto the reversed phase column (either
manually or via an automatic injector).

3. Elute the sample with a linear gradient from 0–100% Buffer B over 60 min.
4. Collect the main eluting protein peak.

Following micropurification, the sample is suitable for a number of down-
stream manipulations such as bioassays, microsequencing, mass spectrometry
or protein interaction studies using optical biosensors (8–15). Figure 1 shows
typical chromatograms obtained using the protocols outlined earlier for isola-
tion of mEGF. The integrated peak area (Panels A, B, and C) and the calculated
recovery between stages (Panels B and C) are indicated in the figure. Using the
conditions defined, the mEGF should elute at a retention time close to those
shown. However, as outlined in Chapters 2–5, there are a number of operating
parameters that can be changed in order to manipulate the resolution of pep-
tide and protein mixtures in size exclusion, ion-exchange, and RP HPLC.

4. Notes
1. Tween-20 helps prevent sample losses by nonspecific adsorption. The bicarbon-

ate buffer is a volatile buffer system BUT is not compatible with many silica-based
columns.
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Fig. 1. Mulitdimensional micropreparative HPLC of mEGF. (A) Size exclusion
chromatography. (B) Anion-exchange chromatography. (C) RP chromatography. The
operating conditions for each system are given in the text. Reproduced with permis-
sion from ref. 4 © 1993 John Wiley & Sons.
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2. The slight differences in TFA concentration help minimize baseline drift: in fact,
the TFA can be carefully titrated into the solvents, using the detector to see
the baseline differences at 0 and 100% B until the solvents are balanced.

For size exclusion chromatography, any buffer can be used. Typically, the
sample is made up in 1% w/v NH4HCO3, but other buffers can be used since
the sample will be buffer-exchanged in the column. For downstream bioassays,
isotonic saline or PBS are particularly useful. If BIAcore assays are being used,
then the BIAcore running buffer can be used (typicaly HEPES) to eliminate refrac-
tive index changes (15).

3. Eppendorf tubes are ideal and show low nonspecific losses compared with some
other brands. Avoid filters for clarifying samples as the large surface areas can
cause significant sample loss when working at low levels.

4. With the SMART system, fraction collection can be performed automatically. If
fractions are collected manually on other instruments, allowance must be made
for the dead volume between the detector and the outlet. When collecting frac-
tions manually, to reduce sample crossover bewteen fractions use the split drop
methods obtained holding the collection tube either just under the surface (see
Fig. 2) or against the side wall of the tube. When operating at low flow rates the
volume of a single drop (typically 5–10 µL) becomes significant.

5. When using gradient elution methods, it is important that the same volume of
solvent is used for equilibration between each run. Also, the “first run” syn-
drome (where a couple of runs are often required before reproducible chro-
matograms are observed) can be avoided by leaving the column in 100% buffer
B and re-equilibrating from there, using the defined volume of solvent.
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Fig. 2. Split-drop methods for manual fraction collection in micropreparative
chromatography.
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Analytical High-Performance
Liquid Chromatography

Kálmán Benedek

1. Introduction
High-performance liquid chromatography (HPLC) has become the most sig-

nificant analytical technique of the last 30 years. Whereas HPLC has revolu-
tionized analytical chemistry in general, its significance is mostly recognized
in the development of modern biochemistry/biotechnology. Indeed, the scien-
tific accomplishments of many biological disciplines can be largely credited to
the development of modern HPLC (1). The popularity and success of the tech-
nique has arisen from synergistic improvements in surface chemistry, column
technology, instrumentation, and software developments. HPLC is now used
for biopolymer purification at the research level, large-scale purifications,
and analysis at the development level. In particular, the efficiency, speed, and
recovery accomplished by HPLC allowed never seen development of modern
biotechnology and pharmaceutical R&D.

The first benefit gained by the application of HPLC methods is the speed of
separation as compared to traditional low-pressure chromatography. Separations
traditionally performed over a period of a few hours can be performed routinely
under 60 min. Ultrafast separations can be performed under 1 min, but these
techniques are for very special routine analysis and usually require the guid-
ance of an HPLC specialist. The second major improvement modern HPLC can
provide is increased resolution and the third important factor is the very low
detection limit and increased sensitivity. State-of-the-art separations in the
order of 60 s for samples of nanograms quantities and very complex mixtures
can be performed. With the improvements in speed, resolution and detection
came the discovery of new molecules and biological phenomena and the
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increased speed and precise temperature control of separations also revealed
new kinetic and thermodynamic regimes of studies.

One of the most widely used applications of analytical HPLC is peptide map-
ping, i.e., the analysis of enzymatic digests of peptides and proteins. The most
important enzyme routinely used for peptide mapping is trypsin. Tryptic diges-
tion combined with reversed-phase (RP) HPLC and mass spectrometry has
become the method of choice to establish protein composition, side-chain mod-
ifications, and production lot reproducibility and of cellular changes initiated
by the methods of molecular biology (see also Chapter 16).

Tryptic mapping is a two-step procedure involving the tryptic digestion of
the protein sample followed by the analysis of the digested products by RP chro-
matography. The separation development and optimization of a peptide map is
not a trivial task. The numbers of expected peaks are usually calculated from
the sequence of the protein. A typical digest can contain 20–30 different
oligopeptides and the goal is to have baseline separation of the peaks. The UV
trace of the individual peak areas are integrated and a mass balance can be estab-
lished. The most frequently used method applies acetonitrile gradient at low pH
(0.1% trifluoroacetic acid [TFA]). Chapter 2 in this book on RP chromatogra-
phy provides a comprehensive description of the use of reversed phase HPLC,
whereas Chapter 16 demonstrates the use of mass spectrometry in proteolytic
peptide mapping. The focus of this chapter is to outline an approach to the
design of separation procedures for a complex mixture of tryptic peptides by
analytical RP-HPLC through the combination of experimental scouting exper-
iments and the application of optimization software.

2. Materials
2.1. Chemicals

1. Acetonitrile (CH3CN), HPLC grade.
2. Milli-Q water.
3. TFA.

2.2. Equipment and Supplies

1. HPLC solvent delivery system with binary gradient capability and a UV detector
(214 nm).

2. RP octadecylsilica (C18) column, 4.6 mm id × 250 mm length (see Note 1), 5 µm
particle size, 300 A pore size.

3. C18 guard column.
4. Solvent filtration apparatus equipped with a 0.22-µm Teflon filter.
5. Sample filters, 0.22 µm porosity.
6. Buffer A: 0.1% (v/v) TFA in water (see Note 2).
7. Buffer B: 100% CH3CN containing 0.1% (v/v) TFA.
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3. Methods
3.1. Sample Preparation

Dissolve 1 mg of sample in 1 mL of Buffer A. If there is some undissolved
material, filter the sample through a 0.22-µm filter.

3.2. Solvent Preparation

Filter all solvents through a 0.22-µm filter before use. This removes partic-
ulates that could block solvent lines or the column and serves to degas the sol-
vent. If the HPLC instrument is not installed with on-line degassing capability,
check with your instrument requirements to assess whether further degassing
is required.

3.3. Column Equilibration and Blank Run

1. Connect the guard and the column to the solvent delivery system according to the
HPLC system requirements and equilibrate under the following initial conditions:
a. Solvent: 100% Buffer A
b. Flow rate: 1 mL/min
c. Detection wavelength: 214 nm
d. Temperature: thermostated (see Note 3)

2. Once a stable baseline is obtained, inject 10 µL of Milli-Q water (either manually
or via an automatic injector). It is generally advisable to perform two to three blank
runs to ensure proper equilibration of the column.

3.4. Sample Injection and Analysis

Once a stable baseline is obtained, inject 10 µL of the sample (either man-
ually or via an automatic injector) and use a linear gradient from 0–100%
buffer B over 60 min to elute the sample.

Figure 1 displays a chromatogram of a bovine serum albumin (BSA) tryp-
tic digest. The tryptic map is a typical busy chromatogram. The number of peaks
is astonishing and to attempt better resolution via trial and error could be a very
time-consuming task. Using mass spectrometry as detection can help the iden-
tification of the peaks and establish peak purity. The problem is that many
research laboratories are not equipped with a mass spectrometer.

3.5. Computer-Aided Separation Optimization

Optimization of separations and sample recovery and reproducibility for
20–30 peaks is a significant task and the optimization by experimental trial and
error method can be extremely time consuming. A software package called
DryLab (2–4) developed by LC Resources is a powerful optimization software
for separation optimization. The software requires the collection of four chro-
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matograms; a short (30 min) and a long (120 min) gradient at two temperatures,
20 and 60°C, respectively. After integration of the peaks, the elution times and
peak areas are entered into the software. The peaks can be identified based on
their integrated peak area, which remains constant during the different runs. The
change in elution time as a function of gradient slope is a parameter which
was first identified and studied in detail by Lloyd Snyder for separation opti-
mization. These studies formed the foundation of DryLab, a computer-aided
separation optimization software. Peak elution times can change during chro-
matography at different temperatures and is an important characteristic of large
polypeptides. The effect of temperature on the elution time is an important vari-
able, which can be used for resolution optimization. DryLab includes the role
of temperature on the resolution of complex chromatograms as well as a series
of other chromatographic parameters, such as column geometry (column length
and width), particle and pore size, and flow rate. The effect of all these para-
meters on separation would normally be studied experimentally and in a tradi-
tional analytical laboratory a peptide map method development usually required
4–6 wk. With DryLab however, the process can be finished in 5–10 d. It is, there-
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Fig. 1. Tryptic map of BSA on a RP column. Courtesy of Jerry Higgins at Higgins
Analytical (Mountain View, CA).
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fore, easy to calculate that the time and material savings accomplished by the
computer-aided optimization makes the use of the software very economical.

To illustrate the use of the software, Fig. 2A shows a simulated chro-
matogram of a tryptic digest. A 60-min gradient was used and the chromatogram
was calculated for 20°C. The peaks are unevenly distributed and, as the insert

Analytical HPLC 187

Fig. 2. Effect of temperature on the separation of tryptic peptide, a simulated chro-
matogram. (A) Conditions: column: 4.6 × 150 mm, particle size: 5 µm, flow rate: 1 mL/
min, gradient time: 60 min, temperature: 20°C. (B) Enlargement of part of the chro-
matogram displayed in A. (C) Conditions: same as A, except gradient time: 60 min,
temperature: 60°C.
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Fig. 2B emphasizes, some of the peaks are overlapping and resolution would
be considered insufficient for quantitative evaluation. The distance between
some other peaks are also too large, which results in significant time wastage.
Figure 2C displays the same sample simulation at 60°C. The resolution for most
peaks is better, however peaks 10 and 11 are overlapping. Figure 3 illustrates
a model of a fast separation using higher flow rates and optimal column and
temperature conditions. Figure 4 displays the DryLab window. The upper-
right side shows the resolution map, which is easily calculated by the software
for all parameters. Chromatograms, which typically run between 30–60 min,
can be calculated and displayed on the lower-right portion of the window in sec-
onds. The column parameters, which can be varied, include column length and
diameter, stationary phase characteristics, and so on without the need to pur-
chase the columns and perform all the experiments. Nevertheless, although opti-
mization software can increase productivity and efficiency, it is important to
note that experimental work cannot be eliminated from method development
regardless of the superiority of the computer-aided designs.

4. Notes
1. Traditionally 4.6-mm id and 15- or 25-cm columns are used. As a starting opera-

tional condition they are still recommended for use, however, in many cases a
smaller bore (2.1-mm id) and shorter column length (5 cm) can provide almost
identical chromatograms in a shorter period of time. (See Chapter 11 and Higgins
Analytical Application Notes [5] .)

The scope lies in the wide range of operating parameters that can be changed
in order to manipulate the resolution of peptide and protein mixtures in RP-HPLC.
These parameters include the immobilized ligand, the column packing geometry,
the column dimensions, the ionic additive, the organic solvent, the mobile phase

188 Benedek

Fig. 3. Fast chromatography. Conditions: column: 2.1 × 150 mm, particle size: 3 µm,
flow rate: 2 mL/min, gradient time: 12 min, temperature: 43°C.
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Fig. 4. DryLab Window for resolution optimization using gradient elution.
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flow rate, the gradient time and gradient shape, and the operating temperature (see
also Chapter 2).

2. Peptide mapping is usually performed in TFA containing solvents. Historically,
the analyzed peptides had to be collected, evaporated, and analyzed for amino acid
content. Consequently, a volatile solvent was the acid of choice. Modern-day
liquid chromatography–mass spectrometry applications are also compatible with
TFA, which has become a standard acid additive of mobile phases. Other acid addi-
tives which can be used and also may provide useful changes in resolution include
phosphoric acid and heptafluorobutyric acid.

3. Thermostated temperature is critical in any analytical application of HPLC and
in peptide mapping specifically. The retention times can be significantly altered
at different temperatures (6). A systematic evaluation of temperature on analyti-
cal separations is highly recommended and can be used to alter resolution and
decrease separation time (7,8).
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Prep/Semiprep Separations of Peptides

Denis B. Scanlon and James Finlayson

1. Introduction
Peptide synthesis has undergone a major transformation in the last three

decades, building on the solid-phase synthesis methodology of Bruce Merrifield
first published in 1963 (1). During the 1970s, the first automation of peptide
synthesis was undertaken using Boc chemistry. In the 1980s, improvements
were made in the Boc chemistry automated process and, consequently, the syn-
thesis of more-difficult sequences, as well as longer polypeptides became pos-
sible (2). Solid-phase Fmoc synthesis was developed in the early 1980s (3,4)
and was also applied to automated systems (5). The 1990s saw improvements
in both Boc and Fmoc chemistry together with novel modes of activation of the
amino acids in both chemistries (6,7). The result was faster cycle times and,
hence, reduced synthesis times. The range of protecting groups and resins avail-
able today means that sophisticated syntheses utilizing a combination of Boc
and Fmoc chemistry are possible (8).

Despite the improvements in chemistry, the possible permutations of the 20
amino acids in a peptide of approx 25–30 amino acids in length results in bio-
molecules with extraordinary differences in physical properties. Purification of
a crude peptide mixture can hold great challenges. Apart from chemical fail-
ures resulting in deletions, terminations, or modifications of the desired
sequence (9), other problems such as poor solubility or tertiary structure in the
presence of C18 reversed-phase (RP) silica require a many faceted approach to
the purification of the humble peptide. There is a high demand for peptides as
research tools and as potential therapeutic agents. The peptide chemist, there-
fore, has to possess the skill to synthesize and purify from milligram quanti-
ties to multigram quantities.

From: Methods in Molecular Biology, vol. 251, HPLC of Peptides and Proteins: Methods and Protocols
Edited by: M.-I. Aguilar © Humana Press Inc., Totowa, NJ

CH14,191-210,20pgs  10/30/03  7:10 PM  Page 191



This chapter will deal with preparative and semipreparative approaches to
peptide purification and will describe purifications in the range of 50–2000 mg
of crude material. RP is the most frequent mode of purification and we will pre-
sent buffer variations and discuss changes in the RP support. We will describe
the integration of RP purification into synthesis strategies where isolation and
purification of intermediates are integral to the overall success of the synthetic
strategy. Whereas detailed mass spectrometric methods will not be discussed
in this chapter, the importance of mass spectral data will be stressed in the analy-
sis of crude peptide mixtures, the choice of a high-performance liquid chro-
matography (HPLC) purification strategy and as a final QC tool for purified
peptides.

The purification process is a multistep process and the aim of this chapter
will be to describe each step in a simple and logical manner (see Note 1). Some
peptides can be extremely difficult to purify for diverse reasons. It is not the
aim of this chapter to make the reader an instant expert. Rather, it is to provide
a starting point for developing more complex purification strategies.

2. Materials
2.1. Instruments

2.1.1. Preparative System

1. Waters Delta Prep 3000 Quaternary Pumping System.
2. Waters Model 486 LC Spectrophotometer.
3. Waters 745 Data Module.
4. Isco Foxy 200 fraction collector.

2.1.2. Analytical System

1. Waters 600 Quaternary Pumping System.
2. Waters Model 486 LC Spectrophotometer.
3. Waters 717plus Autosampler.
4. Waters Millenium Software.

2.2. Columns

2.2.1. Preparative System

1. Amicon 75 × 50 mm stainless-steel column packed with Merck Lichrospher 100
RP-18 (12 µm).

2. Waters Prepak Cartridge, PrepNova-Pak HR C18, 6 µm, 40 × 100 mm.
3. Waters Prepak Cartridge, PrepNova-Pak HR C18, 6 µm, 25 × 100 mm.
4. Phenomonex Aqua column, 5 µm, C18, 20 × 60 mm.
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2.2.2. Analytical System

1. Merck Lichrocart 125-4 cartridge, C18, 5 µm, 4.6 × 125 mm (crude QC, fraction
analysis).

2. Merck Superspher 250-4 cartridge, C18, 5 µm, 4.6 × 250 mm (final QC).

2.3. Reagents

The following is not an exhaustive list of suppliers, but care must be taken
in choice of supplier for each reagent. All reagents should be of the highest
possible quality.

1. Acetonitrile, Merck, HiPerSolv for HPLC.
2. TFA, Auspep, redistilled.
3. TEA, Auspep, redistilled.
4. Phosphoric acid, BDH Analar (85% aqueous solution).
5. Ammonium acetate, Sigma, SigmaUltra grade.
6. Acetic acid, Glacial, Aldrich >99%.

2.4. Buffers

In all cases Buffer A is the major aqueous component and Buffer B contains
a majority of organic modifier.

1. TFA buffer, pH 2.0 (10): Buffer A: 0.1% aqueous TFA. Buffer B: 90% acetonitrile/
water (containing 0.1% TFA).

2. 100 mM TEA.Ac, pH 5.5: Buffer A: 100 mM TEA titrated to pH 5.5 with glacial
acetic. Buffer B: 50% acetonitrile/water containing 100 mM TEA titrated to
pH 5.5 with glacial acid.

3. 100 mM ammonium acetate, pH 5.5: Buffer A: 100 mM NH4OAc titrated to
pH 5.5 with glacial acetic acid. Buffer B: 50% acetonitrile/water containing
100 mM NH4OAc titrated to pH 5.5 with glacial acid.

4. Phosphoric acid buffer, pH 2.0: Buffer A: 0.1% aqueous phosphoric acid. Buffer
B: 50% acetonitrile/water (containing 0.1% phosphoric acid).

5. TEA.Phosphate buffer system (11): Buffer A: 100 mM TEA, pH titrated in the
range 2.5–7.5 with phosphoric acid. Buffer B: 50% acetonitrile/water containing
100 mM TEA, pH titrated in the range pH 2.5–7.5 with phosphoric acid.

3. Methods
Figure 1 defines the process. It starts from crude lyophilized peptide from

which detailed mass spectral and analytical RP-HPLC data are obtained.
Preparative conditions to achieve the separation are then defined. The final part
of the process, which is equally as important as all other steps, is final QC of
the lyophilized peptide. All the steps in Fig. 1 will be discussed in turn.
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Fig. 1. Flow diagram or the process of peptide purification. Each step in the process
will be discussed in turn.
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3.1. Crude Sample Preparation

3.1.1. Lyophilization

For the sake of this chapter, it is assumed that the crude peptide is a
lyophilized powder and the product of either a Boc or Fmoc solid-phase pep-
tide synthesis. The sample size of crude peptide can range from 50 mg to sev-
eral grams. Lyophilization removes all volatile organic scavenger from the
peptide so that the crude product should be a mixture of the desired sequence
together with small amounts of terminated sequences, deletion sequences, or
chemically modified sequences from side-reactions during either the synthesis
or the cleavage.

3.1.2. Dissolution

Before obtaining analytical data or carrying out any preparative work, the
peptide must be dissolved in an aqueous buffer. Dissolution can present spe-
cial problems. For ease of pumping onto a preparative column, the volume must
be kept to a minimum (e.g., 50 to 200 mL). A sample concentration of around
5 mg/mL is desirable (but not crucial). This is more concentrated than the solu-
tion required to obtain analytical data (usually 0.5 mg/mL). A simple aqueous
buffer is best (e.g., CH3CN/water) as this will allow the sample to be pumped
onto the preparative column without problems such as producing substantial
column back pressure (causing the pumps to shut down ). Simple is not always
possible, however, and Note 2 lists many options for dissolution of difficultly
soluble peptides.

3.1.3. Filtering

Samples must be filtered before pumping onto any column. Failure to do this
will block the porous frit end fittings on all analytical and preparative columns.
Once blocked, these frits are very difficult to clean. There are many filtration
membranes available commercially, but the simplest filtration device is
Whatman No. 4 filter paper which acts as a 1-µm filter. Preclarification of the
crude peptide solution by centrifugation is useful in cases of poor solubility. A
0.45-µM membrane filter can also be used after the filter paper step but in our
experience is seldom necessary.

3.2. Analytical Data

A critical step in the purification process is to obtain detailed analytical data
on the crude peptide. The mass spectrum gives vital information regarding the
nature of crude peptide; first, whether the crude sample has the correct mole-
cular weight and second, the nature of the impurities in the crude peptide mix-
ture. Table 1 lists many of the possible deletions or modifications that can occur
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in peptide synthesis. The nature of deletions and modifications will influence
the RP-HPLC conditions chosen for the preparative separation (see Note 3).

If the mass spectrum shows the correct molecular ion, then a C18 RP-HPLC
trace is run, usually in TFA buffer system with an acetonitrile gradient. A typ-
ical gradient will run from 0 to 60% acetonitrile over 30 min. If the peak shape
is broad or the resolution is poor then a second analytical trace in TEA.phos-
phate or ammonium acetate buffer (see the buffer list in Subheading 2.4.,
item 5) is run to optimize the separation. Peptides will generally elute between
10 and 25 min under these running conditions. If the peptide is extremely
hydrophobic and is retained longer than 25 min then the retention time of the
peptide on a C4 or Cyano(CN) RP-HPLC column ( less hydrophobic support)

196 Scanlon and Finlayson

Table 1
Amino Acid Modifications

Mass change Deletion Mass change Modification

–186 Trp +16 Met[O]
–163 Tyr +22 Na+
–156 Arg +28 Formyl
–147 Phe +44 CO3(fromTrp(Boc))
–137 His +56 tBu
–131 Met +71 Acm
–129 Glu +80 Phosphorylation
–128 Gln,Lys +80 Sulfation(of Tyr)
–115 Asp +90 Benzyl
–114 Asn +100 Boc
–113 Leu,Ile +104 MeBenzyl
–103 Cys +114 TFA salt
–101 Thr +120 MeOBenzyl
–99 Val +165 DDE
–97 Pro +222 Fmoc
–87 Ser +242 Trt
–79 desPhospho +252 Pbf
–71 Ala,desAcm +266 Pmc
–57 Gly
–18 Dehydration(–H2O),Aspartimide
–17 Pyroglutamic acid from Gln
–2 Disulphide bond formation

aPossible modifications or deletions present in crude synthetic peptides. The list is far from
comprehensive but attempts to document the commonly observed amino acid deletion masses
or protecting group modification masses.
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should be investigated. Superior preparative results will be obtained if the pep-
tide elutes in the 10–25-min range analytically. Peptides eluting outside this
range generally give poor recoveries from the purification process (see Note 4).

Hydrophilic peptides eluting before 10 min should be examined analytically
with shallow gradients from 0 to 15% acetonitrile over 30 min. Highly end-
capped C18 RP-HPLC columns (e.g., see Subheading 3.6.4.) retain hydrophilic
peptides in cases where standard columns do not.

3.3. Prep System Setup

3.3.1. Choosing the RP-HPLC Column and Buffer

The choice of the preparative column and buffer is a direct scale-up from the
results obtained in the analytical data. If a nonvolatile buffer is selected for the
preparative separation, then desalting the purified peptide in volatile TFA buffer,
or in some cases, acetic acid buffer (see Note 5) will be required. The dimen-
sions of the preparative column depends on the quantity of peptide to be puri-
fied and the complexity of the crude product. A semipreparative column with
the dimensions 25 × 100 mm (e.g., Waters 25 × 100-mm NovaPrepPak cartridge
detailed in Subheading 2.2.1.) has the capacity to handle 50–200 mg of crude
peptide. Larger quantities of peptide (200 mg to multigrams) are best purified
on a preparative column with the dimensions 40 × 100 mm or larger (e.g., the
NovaPrep-Pak detailed in Subheading 2.2.1.). The column capacity increases
proportionally with the square of the column radius and in our experience a
column with dimensions 75 × 50 mm (short and fat) can purify up to 10 g of
crude peptide in a single preparative run (see Note 4). If a purification is com-
plex, that is the crude chromatogram is complex and the integrated percentage
of peptide in the crude trace is low, then results will improve at the lower levels
of the theoretical capacity range of the preparative column (i.e., smaller batch
amounts purified on a larger dimension column).

3.3.2. Defining the Gradient

A gradient must be set up on the software of a quaternary pumping sytem
(with inlet lines A, B, C, D). Starting conditions are usually in the range 0–10%
Buffer A and the gradient develops with a slow linear increase in Buffer B con-
centration (e.g., 0.3–0.5% Buffer B/min). Generally, a linear gradient from
0 to 50% acetonitrile is a good starting point for relatively soluble peptides, and,
a gradient from 20 to 80% acetonitrile is appropriate for more hydrophobic pep-
tides (see Section 3.4.2.). If more detail is known about the elution properties
of the peptide compared to the impurities (see Note 3) then a complex gradi-
ent (e.g., nonlinear or with fast step-ups to particular Buffer B concentrations
followed by a slow linear gradient) can be designed. The sample is introduced
isocratically through line D prior to the commencement of the gradient.
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3.3.3. Detection

The product of the gradient elution from the column will flow through a
detector and the detection wavelength will be set according to the composition
of the peptide. The absorbance of the peptide bond can be monitored at
214–220 nm in analytical mode, but in preparative mode the wavelength should
be “tuned out” to make the detection less sensitive. The product should there-
fore be monitored at 225–232 nm depending on how much sample has been
introduced onto the column (see Note 6).

3.3.4. Fraction Collection

The next set-up task is the programming of the fraction collector. The volume
of the fractions collected will depend on the flow rate used, the size of the frac-
tion tubes and the difficulty of the separation to be achieved. These decisions
are better made before the introduction of the sample onto the column.

Typically, 0.5-min fractions are a good starting point, but the final volume
depends on the difficulty of the separation to be achieved. The fraction collec-
tion can be run totally in time mode where fractions are collected over the whole
preparative run, or, alternatively, in peak detection mode. Most fraction col-
lectors can be electronically linked with the detector. When a peak is detected
(i.e., the absorbance level becomes greater than a predetermined baseline level)
the fraction collector switches into collect mode. When the product has eluted
the absorbance will fall and the fraction collector will switch off at the same
predetermined baseline absorbance level (see Note 7).

3.3.5. Equilibration of the Column

The final set-up task is equilibration of the system. Some peptides or non-
peptidic material can be strongly retained on the column and failure to flush
out this material may result in broad “ghost” peaks in subsequent separations.
Prior to commencing the preparative run, therefore, a column wash with 100%
Buffer B is performed (three column volumes) followed by re-equilibration to
Buffer A conditions (five column volumes) (see Note 7). The sample intro-
duction line D should be washed with water.

3.4. The Prep Run

3.4.1. Pumping On

Because of the volumes involved in the dissolution of peptides in the prep
or semi-prep mode, the preparative system must be set up so that the sample
can be pumped onto the column. Introduction of the sample through a rheo-
dyne injector is not practical. A quaternary pumping system is required for the
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task. The filtered buffers are installed in lines A (aqueous) and B (organic) and
the introduction of the sample is through line D.

Using the isocratic control section of the software, the peptide solution is
introduced on to the column through line D as a mixture with Buffer A. The
composition of this mixture will depend on the amount of organic modifier
required to solubilize the peptide and the “stickiness” of the peptide on a RP
column. Peptides that elute early from an analytical run (20% Buffer B or less)
would need to be pumped on at 80% Buffer A/20% line D to ensure the pep-
tide is retained on the column rather than crashing through before the gradient
is commenced (see Note 7). Peptides that are better retained can be pumped on
at 50% Buffer A/50%/lined D (see Note 9). Once the peptide solution is on the
column, line D is washed (see Note 10) to ensure all the sample has been
loaded, and, to clean line D ready for the next preparative run.

3.4.2. Starting the Gradient

If a strongly absorbing agent has been used to aid in the dissolution of the
peptide (acetic acid, dimethyl sulfoxide [DMSO], or dimethyl formamide
[DMF] for instance), the detector will be off-scale during the pumping on stage.
After all the peptide solution has been introduced onto the column, Buffer A is
pumped isocratically until the absorbance returns to baseline. Once the
absorbance has returned to baseline, the gradient is started and the fraction col-
lector set to peak detection mode. Until a peak is detected, the fraction collec-
tor diverts the flow to a waste bottle (see Note 7). Where throughput is desired,
however, a robust reproducible method is required which is applicable in almost
every case.

3.4.3. Monitoring the Preparative Run/Fraction Collection

Preparative systems with computer-controlled software are capable of con-
tinuous monitoring of the preparative trace and have options for running with
the product peak spanning full-scale deflection on the monitor or rescaling to
view small impurities. Fraction collection parameters are all controlled by the
software in such systems and give the chromatographer total flexibility in mon-
itoring the preparative trace (see Note 8).

Many older preparative systems may only have a chart recorder or data
module with the facility to nominate the range of absorbance that will be plot-
ted onto a paper chart. The absorbances suitable for preparative scale chro-
matography will only be those in the upper end of the range, namely either 0.5,
1.0, or 2.0 absorbance units full scale (Aufs). It is also essential that the frac-
tion collector and the detector be interconnected such that whenever a new

Separations of Peptides 199

CH14,191-210,20pgs  10/30/03  7:10 PM  Page 199



fraction is collected a relay is closed that produces an absorbance spike, and,
therefore, a mark on the preparative trace. In this manner, the exact position of
each fraction can, therefore, be determined on the preparative trace.

3.4.4. Fraction Analysis

Running full analytical RP-HPLC traces for each fraction collected is an
incredibly time-consuming process and analytical HPLC time in most labora-
tories is usually at a premium. The preferred method to initially screen frac-
tions is electrospray mass spectrometry. A complete set of fractions from a
preparative run can be screened in less time than an analytical RP-HPLC run
of a single fraction. Moreover, the quality of the raw mass spectral data can be
an excellent guide to the purity of the fraction being analyzed. One must be cau-
tious, however, as good mass spectral data does not guarantee the RP-HPLC
trace will be to the required purity specification. In the case of closely eluting
peaks, qualitative mass spectrometry can be used as a guide to locate the
peak coresponding to the desired peptide. Based on the mass spectral data,
pools of fractions or individual tubes can then be run analytically on RP-HPLC.
The tubes exhibiting the required purity by analytical HPLC are pooled and
lyophilized (see Note 11).

3.5. Final QC

After lyophilization, the integrity of the dry-powder product must be con-
firmed. There are times when a peptide is sensitive to a range of handling
conditions and during the lyophilization process the purity by RP-HPLC
can decrease by a small amount (or in rare cases substantially) from that
assessed in a fraction pool (see Note 12). To guarantee that the final product
is of the desired purity, the pure, dried peptide must be subjected to analytical
RP-HPLC, mass spectrometry, and in some cases, amino acid analysis.

3.6. Examples

Analytical and preparative traces obtained in the purification of the exam-
ples below will illustrate the points made in the text of the chapter.

3.6.1. Substance P (12)

Figure 2 illustrates a large scale purification from a synthesis of Substance
P on a scale of 2 g. Because of the quantitiy of peptide, the Amicon 75 × 50 mm
preparative column was used to enable the loading of multigram quantities each
preparative run. The analytical data for Substance P (see Fig. 2A) shows that
it runs with good resolution in TFA buffer and the two later eluting impurities
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Fig. 2. Substance P: (A) Crude analytical trace: TFA buffer, 1.5 mL/min, 0–60%B
over 30 min. (B) Prep trace, 2 g sample: TFA buffer, 30 mL/min, 0–50%B over
100 min. (C) Prep desalt, 360 mg sample: Acetic acid buffer, 30 mL/min, 0–50%B over
100 min. (D) Pure analytical trace: TFA buffer, 1.5 mL/min, 0–60%B over 30 min.
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are well resolved. The mass spectral data for the crude peptide showed the cor-
rect ion for Substance P at m/e 1347 plus peptide impurities with Arg, Lys, and
Arg+Lys deletions (data not shown). Owing to the hydrophilic nature of the Arg
and Lys residues, these deletion peptides are more retained on C18 RP-HPLC
and hence elute later in the chromatogram (see Note 2). The Substance P peak
is well resolved from the later eluting impurities. A single preparative run in
TFA buffer (see Fig. 2B) was shown by mass spectrometry to remove the Arg
and Lys deletion peptides. The pooled fractions were assessed by analytical RP-
HPLC and yielded 360 mg > 80% pure A final preparative run on NovaPrep-
Pak 40 × 100 mm column, with acetic acid instead of TFA as the buffer
counter-ion (see Fig. 2C), improved the purity to > 95% and exchanged the pep-
tide counter-ion from trifluoroacetate to acetate (see Note 5). The final yield
of pure Substance P (see Fig. 2D) was 140 mg > 95% pure.

3.6.2. Conotoxin GVIA (13)

Conotoxin GVI is a polypeptide toxin from the sea snail Conus geographus
and contains three disulfide bonds. The peptide was synthesised by Fmoc solid-
phase peptide synthesis, cleaved and air oxidized in 200 mM Tris-HCl, pH 8.3
to form the three disulfide bonds. The crude peptide (650 mg), which by
analytical RP-HPLC appeared as a peak sitting on an oxidative hump (see
Fig. 3A), was initially purified in TFA buffer on a PrepNova-Pak, 6 µM,
40 × 100 mm column to remove the majority of impurities and bring the pep-
tide up to 80% purity. Repeated preparative chromatography in this buffer
system, from experience in our laboratory, did not improve the purity further.
Analytically 25 mM ammonium acetate buffer, titrated to pH 5.0 with TEA, was
found to shift the oxidative hump away from the main product peak. In PITC
amino acid analysis, it has been found that peak shape and resolution are
enhanced in ammonium acetate buffer if the pH is titrated to below pH 5.6 with
TEA. This proved to be the case for Conotoxin GVIA. When passed through
the same column with ammonium acetate buffer, the oxidative hump was shifted
to a resolvable later eluting peak (see Fig. 3B). On lyophilization, ammonium
acetate buffer is partially, but not completely, volatile. To complete the purifi-
cation (see Fig. 3C), the peptide was finally desalted on the PrepNova-Pak, 6
µM, 25 × 100 mm semiprep column in 0.25% acetic acid buffer to yield
25 mg of Conotoxin GVIA at a purity of >95% (see Fig. 3D).

3.6.3. Conotoxin MII (14)

Purification can be incorporated as part of a multistep synthesis strategy. This
concept was applied to the synthesis and purification of Conotoxin MII, which
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Fig. 3. Conotoxin GVIA: (A) Crude analytical trace (air oxidised peptide): TFA
buffer, 1.5 mL/min, 0–60%B over 30 min. (B) Prep trace, 650 mg sample: TFA buffer,
30 mL/min, 0–15%B over 35 min, 15%B isocratic 35–45 min, 15–45%B 45–135 min,
280 nm detection. (C) Prep trace: 25 mM ammonium acetate buffer, same gradient as
in (B). (D) Pure analytical trace: TFA buffer, 1.5 mL/min, 0–60%B over 30 min.
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Fig. 4. Conotoxin MII: (A) Crude analytical trace (1 disulfide bond, 2× Cys(Acm)):
TFA buffer, 1.5 mL/min, 0–60%B over 30 min. (B) Prep trace, 1.8 g sample (1 disul-
fide bond, 2× Cys(Acm)): TFA buffer, 30 mL/min, 0–50% B over 100 min. (C) Prep
trace (2× disulfide bonds), 180 mg sample: 25 mM ammonium acetate buffer,
30 mL/min, 0–12%B over 30 min, 12%B isocratic 30–40 min, 12–40%B 40–100 min.
(D) Pure analytical trace: TFA buffer, 1.5 mL/min, 0–60%B over 30 min.
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is a complex peptide from the venom of the sea snail Conus magus and has two
disulfide bonds. The disulfide bonds were formed sequentially and selectively
by the removal of two pairs of orthogonal Cys protecting groups, namely two
Acm groups and two Trityl groups. The Trityl groups were removed during the
postsynthesis cleavage of the peptide and the first disulfide bond formed by air
oxidation (see Fig. 4A). The Acm-protected peptide (1.8 g) was purified at this
point on a PrepNova-Pak, 6 µM, 40 × 100 mm column in a volatile TFA buffer
system to yield 180 mg of monodisulfide-Acm-protected peptide (see Fig. 4B).
This process removed any impurities or excess reagent which could potentially
interfere with the oxidative formation of the second disulfide bond.

The second disulfide bond was formed by oxidative removal of the Acm pro-
tecting groups. The product of this process was again purified on the PrepNova-
Pak, 6 µM, 40 × 100 mm column but with 25 mM ammonium acetate buffer
pH 5.0, which removed the oxidative impurities in the same manner as that
described for Conotoxin GVIA (see Fig. 4C). To complete the purification, the
peptide was finally desalted on a PrepNova-Pak, 6 µM, 20 × 100 mm semiprep
column in 0.25% acetic acid buffer to yield 75 mg of Conotoxin MII >95% pure
(see Fig. 4D).

3.6.4. c(RSRNR)

Cyclic(RSRNR) is an extremely hydrophilic cyclic pentapeptide which is
poorly retained on C18 RP silica HPLC columns. Figure 5A shows an analyti-
cal trace of c(RSRNR). The early eluting nature of the peptide (9 min) made
resolution of the minor back impurity (10 min) extremely difficult. The stan-
dard NovaPrep-Pak semiprep column could not retain either the cyclic peptide
or the later eluting impurity. The Phenomonex Aqua semiprep column (see
Subheading 2.2.1. for details), however, retained both the product and the
impurity on the column for more than 25 min and effected resolution of the two
components (see Fig. 5B). The loading of crude peptide was 60 mg and the yield
of the cyclic pentapeptide was 15 mg > 90% pure (see Fig. 5C).

4. Notes
1. Preparative systems require a “hands-on” approach to ensure that valuable sample

is not lost because of equipment malfunction. Computer driven automated sys-
tems are available, however, but will not be described as the software and hard-
ware complexities are beyond the scope of this chapter.

2. The first buffer to try when dissolving a crude peptide is 30% CH3CN water. If
this is unsuccessful, then the following is a short list of buffers that may be useful
for dissolution of insoluble peptides. As a general rule, these buffers are added to
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the peptide in a concentrated form and then diluted out with water to the point
where the peptide just starts to become cloudy.
a. 50% AcOH/25% water/25% CH3CN.
b. Formic acid (neat).
c. 200 mM NH4HCO3 containing 20% CH3CN, titrated with AcOH to pH 6.0.
d. 500 mM Na2HPO4 containing 20% CH3CN, titrated with phosphoric acid to

pH 6.0.
e. DMSO or DMF.

3. The mass spectrometer is an extremely sensitive tool for determining the range
of impurities in a crude sample. Modifications of the peptide during the synthe-
sis will elute at different times on RP-HPLC. The following are some rules of
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Fig. 5. c(RSRNR): (A) Crude analytical trace: TFA buffer, 1.5 mL/min, 0–60%B
over 30 min. (B) Prep trace, 60 mg sample: Phenomonex Aqua semiprep column,
0–25%B over 50 min. (C) Pure analytical trace: TFA buffer, 1.5 mL/min, 0–60%B over
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thumb for predicting where the modifications detailed in Table 1 may elute with
respect to the desired peptide:
a. Hydrophobic amino acid deletions (e.g., I,V,L,F,M) will elute earlier.
b. Hydrophilic amino acid deletions (e.g., R,K,H) will elute later.
c. Met[O] is a common modifiication which will elute earlier and tBu adducts

from the cleavage will elute later.
d. Dehydrations caused by aspartimide formation (e.g., in peptides containing the

sequence D-G or D-S ) will appear as a closely eluting back peak or shoulder.
A number of alternate buffers must be tried to optimize the separation in such
cases. Ion exchange is also an option as a negative charge has been lost in the
dehydration.

e. Deletions of residues such as G,A,S,T,C,N,Q, which are readily identifiable by
mass spectrometry can coelute with the desired peptide on RP-HPLC. A range
of buffers and/or column packings should be tried to maximize the resolution
of the deletion, but, in cases of major deletions, resysnthesis can be the best
option.

4. To maximize yields, purification protocols should be devised so that the mini-
mum number of passes through a preparative column produces the desired result.
Care should be taken with extremely hydrophobic peptides, as the higher loading
compared to the analytical system can, in some cases, cause the peptide to smear
off the column at high acetonitrile concentrations or not come off the column
at all.

5. In most cases, TFA buffer will be the initial buffer of choice because of the resolv-
ing power and the fact it is volatile on lyophilisation. Where nonvolatile salt
buffers are used (e.g., phosphate buffers) a second desalting prep in volatile buffers
(e.g., TFA or acetic acid) is necessary prior to lyophilization. Some biological
assays, however, are sensitive to TFA being associated with a peptide as a counter-
ion. In these cases TFA must be exchanged by acetic acid. This is most conve-
niently achieved by a final preparative step with 0.25% AcOH/water as Buffer A
instead of 0.1% TFA (15).

6. If Tryptophan is contained in the peptide then 280 nm can be used as a detection
wavelength as the indole moiety produces an absorbance maximum at this wave-
length. Similarly Tyrosine has an absorbance maximum at 275 nm and the detec-
tion can be set at this wavelength if Tyrosine is contained in the peptide. Care must
be taken in the choice of detection wavelength as an unexpected low absorbance
response in the preparative run can mean that the fraction collector is not triggered
and the product flows into the waste container.

7. Collect all eluent from the column! At times, peptides will unexpectedly not be
retained (re-equilibration problems), or not elute in the fractions collected but in
the “ramp-off” during the re-equilibration of the column. If all eluent from the
column is collected then the peptide cannot be lost.

8. Do not expect the preparative trace to model the analytical trace. The preparative
trace will be broad and most likely off-scale. Fraction analysis will confirm that
resolution is occurring although it is not obvious from the trace.
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9. In our experience, it is always better to dilute the sample when pumping on with
Buffer A and to be cautious in choosing the percentage of Buffer A as diluent when
pumping on.

10. It is often necessary to wash the line initially with a small volume of the solubi-
lizing solvent to prevent peptide precipitation in the line before reaching the
column before stepping back to water (or 10% acetonitrile depending on the gra-
dient starting buffer conditions as described in Subheading 3.4.2.).

11. Sophisticated preparative systems are available where the column eluent passes
through a flow splitter and is continuously monitored by mass spectrometry for a
particular peptide molecular weight. Once the peptide molecular weight is
detected, the fraction collector is triggered and the product is collected. Analytical
RP-HPLC traces are then run to assess the purity of the fractions.

12. During lyophilization, the peptide is susceptible to several oxidative processes.
Peptides containing Met can oxidize unexpectedly. Peptides containing Cys
can dimerize. Peptides containing multiple Cys can cyclize internally or form disulfide-
linked oligomers. The purity should be rechecked following lyophilization.
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Large-Scale Protein Chromatography

Joseph Bertolini, Peter Gomme, and Patrick Thomas

1. Introduction
The scale-up of a chromatographic process from the laboratory involving the

processing of milliliters of material, to pilot and manufacturing scale involv-
ing the processing of liters or hundred liters of material, requires chromato-
graphic principles to be applied within the boundaries imposed by economic,
regulatory, and engineering constraints. In fact, the actual chromatographic
process used at large scale is dictated equally by these factors as on the effec-
tiveness of the process for purifying the product of interest.

1.1. Principles of Scale-Up

Chromatography is readily linearly scaleable. The key principles that need
to be adhered to are:

1. Column length should be kept constant. Increased capacity is achieved by increas-
ing column diameter.

2. Flow rate, expressed in terms of linear velocity (cm/h) is kept constant.
3. Volume of sample and buffers (elution, equilibration) is kept in proportion to the

bed volume.

Resin beads are also scaled-up. Beads are available in various diameters. As
a general rule, the resolution of a column is, in theory, approx constant with the
number of beads. Therefore, a 1-mL column containing 10-µm beads has the same
number of beads as a 1-L column with 100-µm beads, which should give as good
resolution using 1000 times the amount of protein. Resolution is a function of
the accessible bead surface area and the rate of diffusion of proteins into the bead.

One problem associated with production scale columns is that the weight of
the resin may cause distortion to the packing. At laboratory scale, the column

From: Methods in Molecular Biology, vol. 251, HPLC of Peptides and Proteins: Methods and Protocols
Edited by: M.-I. Aguilar © Humana Press Inc., Totowa, NJ

CH15,211-224,14pgs  10/30/03  7:10 PM  Page 211



walls have a considerable supportive effect that is not present in larger diame-
ter columns. Thus, wider diameter columns have the tendency to become dis-
torted and compacted in the middle, forming a concave surface. This can result
in differential flow rates across the resin leading to a reduction in column res-
olution. For this reason, the bed heights of large columns are maintained at levels
generally less than 50 cm. In fact, it is more common with large surface area
columns not to exceed 20 cm. If a longer length is required, individual columns
can be connected in series.

1.2. The Practical Impact of Chromatographic 
Parameters on Scale-Up

When developing a chromatographic process, there should be an awareness
from the beginning that the process is intended to be scaled-up and that the
choice of operating parameters will impact on the practical implementation of
the process. This can affect equipment requirements, reagent requirements,
and the time and staff required to run the process.

The product yield of the developed process and the number of steps in the
process has to be critically assessed. While at laboratory scale, a low-yield
process may be tolerated because extra batches can be quickly manufactured,
this is usually not the case once a large-scale process is in place. It would rep-
resent a drain on time and resources.

The number of chromatographic steps required in a process to effect purifi-
cation needs to be minimized to limit the expense of column hardware and resin.
Furthermore, an increased number of steps can lead to lower recoveries of the
desired product. Three steps of 90% efficiency would result in an overall yield
of 73%.

It is advantageous to minimize column size as it can have significant cost
and operational implications. Contributing to this include: column housing and
associated infrastructure, resin requirements, processing times, buffer require-
ments, and pump requirements. 

The functional binding capacity of a resin impacts on the amount of resin
required and, in turn, on the size of the column housing. Optimization of
resin performance is therefore important. This involves choosing the extent
of resin capacity utilization, and operation conditions such as flow rate, load-
ing protein concentration, pH, and conductivity. In some instances, increased
capacity may be gained by enabling the protein of interest to pass unimpeded
while focusing the chromatographic conditions on removing contaminant pro-
teins present in lower concentrations.

Increased throughput is desirable and can be achieved by utilizing increased
flow rate through the process, provided there is no adverse affect on binding
and resolution. However, there are other issues that need to be considered. This
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includes the fact that pressure capabilities of large-scale columns could be
exceeded and suitable pumps are required. The choice of pumps can be criti-
cal as the shear that is imparted during pumping can affect the integrity of the
protein in the solution. A number of different pump types are available includ-
ing peristaltic, membrane, and lobe pumps which should be evaluated.

The type of resin chosen for a process becomes more critical with scale-up.
For example, if the resin is to be used in the manufacture of pharmaceutical
product, the resin should have suitable specification, with respect to leachables,
and should exhibit acceptable stability, especially in face of repeated treatment
with sanitizing and regeneration solutions such as high concentrations of NaOH.

2. Materials
2.1. Resin

The choice of resin is a key determinant of the performance of a chromatographic
process. The technical capabilities of a resin can have considerable economic and
regulatory implications during the scale-up of a chromatographic process.

The cost of resins can vary considerably. However, the properties of the resins
offered should be considered. Thus, information on: allowable flow rate,
dynamic binding capacity, cleanability, performance with repeated use, func-
tional group stability, existence of leachables, and regulatory support need to
be assessed (see Note 1).

2.2. Columns

Modern process scale columns are designed to handle the requirements of
large-scale chromatographic purification. Today’s chromatographic columns are
convenient to use, scalable, and reproducible. Columns can vary in dimensions
from 280 mm up to 2000 mm and can handle pressures up to 5 bar, thereby
allowing the utilization of high flow rates during processing. Construction
materials include 316L stainless steel or polyethylene, which are resistant to a
wide range of chemicals and temperatures. This allows cleaning-in-place san-
itization procedures to be used. The products are usually available with full val-
idation support files which are essential if they are to be used in the manufacture
of a registered biopharmaceutical product.

Manufacturers provide a guide to solvent resistance of the materials used
in the construction of their columns. Clearly, a column may be exposed to
various chemicals in different processes, especially during the course of
regeneration and sanitization (see Note 2).

Preventing batch-to-batch contamination is a major concern in pharma-
cetuical manufacture and requires the sanitization of resins with respect to
bacteria, virus, and prions (see Note 3).
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2.3. Chromatographic Systems

Developers of chromatographic processes at laboratory scale would be well
acquainted with chromatographic systems such as AKTA (Pharmacia), Bio-Cad
(Perseptive Biosystems), and Biologic (Bio-Rad).

Systems applicable to pilot-scale work are also available. For example,
Bioprocess systems (Pharmacia) and K-Prime systems (Millipore). These sys-
tems allow computerized and automated operation of chromatographic
processes. The software provided in these systems capture how runs were per-
formed with respect to sequence details. This can include flow rates, valves acti-
vated, and time that buffers were pumped.

Vendors can provide extensive validation support with respect to the control
system (hardware and software), and with respect to the equipment encom-
passing electronic components and items such as valves, pumps, and tubing.
Compliance with GMP is an important requirement if the unit is required for
pharmaceutical manufacture (see Note 4).

3. Methods
3.1. Column Setup

A typical arrangement for a chromatographic procedure is presented in
Fig. 1. A key feature is the bubble trap to prevent air entering the column, pres-
sure gage to monitor pressure onto the column and a bypass line for loading
product. Absorbance detectors are located after the column to allow monitoring
of protein binding and elution. Conductivity and pH meters can also be included
to confirm buffer changes that occur during equilibration, sample loading, elu-
tion and column regeneration. With integrated chromatographic control systems,
the monitoring and display of data is achieved by computer based systems.

3.2. Column Preparation and Assessment

One of the key determinants of column performance is the satisfactory pack-
ing of the column. Clearly, even packing of the resin within the column and the
avoidance of channels and bubbles in the packed resin will contribute to max-
imal resolution and reproducibility of performance (see Note 5). Below is
described a procedure for packing process columns. Typical of these are the
BPG series from Pharmacia which range from 100 to 450 mm in diameter. The
procedure for determining the quality of packing through height equivalent to
a theoretical plate (HETP) and asymmetry factor calculation is also presented
(see Note 6).

3.2.1. Column Packing

1. Wet the column nets with 20% ethanol to eliminate trapped air. Use the spirit level
to check the column is standing horizontally.
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2. Fill the column with 10–15 cm of the packing buffer. Drain the outlet tube to
remove all air bubbles. Continue draining until there is only 2–3 cm of buffer
remaining in the column.

3. Mix the packing buffer with the media to form a 75% slurry.
4. Ensure that the column outlet is clamped. Carefully pour the homogeneous slurry

into the column, making sure there are no air bubbles trapped.
5. Mix the slurry and allow the media to settle.
6. Insert the adaptor and secure the column adaptor in place using the four bolts.
7. Position the adaptor 1–5 mm below the liquid level, using the large handle.
8. Seal the adaptor O-ring by turning the adjuster knob on top of the adaptor

clockwise. Do not overtighten.
9. Attach appropriate length tubing to the adaptor.

10. With the O-ring sealed, lower the adaptor and fill it with buffer to expel any air
in the adaptor tube. The adaptor tube is full when the buffer creates a meniscus
and no further air bubbles appear.

11. Place the pump inlet tubing into the packing buffer. Start the pump at a low
flow rate.

12. Remove air bubbles in the pump tubing.
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13. While pumping at a low flow rate, connect the tubing to the top of the column.
Unclamp the bottom of the column. Slowly increase the pump rate to achieve the
desired column packing pressure.

14. Adjust the pump rate if necessary. The back pressure of the bed will increase and
the flow rate decrease as the resin packs.

15. Ensure that the pressure does not exceed the column packing pressure.
16. When the bed has settled, note the packed bed height.
17. Stop the pump. Clamp the bottom of the column.
18. Loosen the adaptor O-ring seal by turning the adaptor knob on top of the column

counter clockwise.
19. Lower the adaptor quickly by turning the large handle clockwise. The buffer

between the sedimented bed and the adaptor passes between the adaptor O-ring
and the column wall. During this operation, the bed will begin to rise. Stop low-
ering the adaptor when it is 0.5–1 cm above the bed.

20. Seal the adaptor O-ring by turning the knob clockwise. Unclamp the bottom of
the column and start the pump.

21. Adjust the pump rate to the packing pressure. The bed will be compressed again
to its previous bed height.

Note: When there is a maximum of 1 cm of liquid remaining do not open the
adaptor O-ring. Instead, unclamp the bottom column tubing and use the large
handle to screw the adaptor down the last remaining centimeter. Never lower
the adaptor more than a maximum of 5 mm into the bed.

22. Remove any excess buffer or slurry from the top of the adaptor.
23. When not in use store the column in appropriate buffer.

3.2.2. Evaluation of Packing

Before use, the HETP and the asymmetry factor of the packed column must
be checked (see Figs. 2 and 3). The column is tested as follows:

1. Equilibrate column with 0.01 M NaOH.
2. Load 0.5 M NaOH of volume equivalent to 2.5% of the bed volume of the column.
3. Pump 0.01 M NaOH through the column.
4. Monitor conductivity of column eluate with in-line conductivity meter connected

to a chart recorder until conductivity peak is observed.
5. Subject peak to analysis described below to calculate HETP and asymmetry factor.

An HETP of <0.06 cm is usually acceptable.

3.2.3. Trouble Shooting

Below is a brief guide to some common problems in chromatography.

3.2.3.1. HIGH BACK PRESSURES

1. Valves: Check all valves are fully open between system and collection, are they
clean and free of blockages?
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Fig. 2. Calculation of HETP.

L
HETP = — cm

N

where L = column length in centimetres
N = number of theoretical plates

Ve 2

N = 5.54(——)W1/2

Method 1
Where Ve = elution volume in liters measured as the volume immediately after the

start of post HETP equilibration buffer loading and W1/2 = width at half peak height.
Peak height is measured as the vertical distance between the maximum points of the

peak to the line tangential to the points of inflection of the trace.

Method 2
Where the equivalent distance of Ve and W1/2 in cm can be measured on the chro-

matogram as they are directly related via chart speed.

Example

Given that: Ve = 7.330 cm
W1/2 = 0.845 cm

Therefore,

Ve 2

N = 5.54(———)W1/2

= 5.54 (——–)2

= 5.54(8.684)2

= 5.54(75.41)
N = 418

Hence, HETP = — cm

= –—

= 0.036 cm

7.330
0.845

L
N
15
418
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2. Blockages: Could there be sources of other blockages, e.g., column net, check for
air and that they were wet and washed with 20% ethanol prior to use. Is there any
other equipment before or after column that could generate back pressure?

3. Media: Is the media regenerated properly, or is the medium too tightly packed.
4. Internal System Diameters: Are there any changes in internal diameter of tubing,

e.g., smaller tubing leading from the column or is the correct sized flow cell
being used.

3.2.3.2. COLUMN LEAKAGE

1. Connections: Are end pieces and flanges properly positioned? Are connections
from different manufacturers and are they all compatible? Have the correct torque
specifications been used?

2. Compatibility: Are all components compatible with solvents, e.g., o-rings,
gaskets and tubing?

3.2.3.3. UNEVEN CHROMATOGRAMS

1. Flow: Is the linear flow rate as intended (remember cm/h or mL/min).
2. Sample: Has sample handling been altered? Were there any changes to process or

any process deviations (filtration, precipitation, incubation times, pH, or temper-
atures) that may have affected the chromatogram?
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ble to “1.”

Where af = asymmetry factor
a = leading side of the peak at 10% height
b = tailing side of peak at 10% height
h = peak height

af = b/a
af >1 = tailing
af <1 = leading
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3. Buffers: Are buffers properly prepared, consider temperatures, and date of expiry.
4. Dead Volumes: Were all dead volumes filled with the correct buffers or could back

mixing have occurred at any stage in the column setup, e.g., air traps?

3.2.3.4. HETP RUNS HAVE TAILING OR LEADING PEAKS

1. Check the column is properly equilibrated in the HETP buffer by checking outlet
conductivity.

2. Run a reverse flow HETP. If the peak is not a mirror image of the forward flow
HETP, then this indicates a problem due to poorly packed column. Before repack-
ing, try several cycles of reverse flow followed by forward flow at column pack-
ing rate to shift any uneven areas in the bed and recheck HETP.

3. If the HETP chromatograms have different symmetries in the forward and reverse
directions, then this may indicate a dilution effect prior to loading. Check all con-
nections, especially the valves, for any leakages.

3.2.3.5. AIR TRAPPED IN COLUMN

1. Buffers: Are buffers and process at the specified temperature?
2. Connections: Are all connections fitted properly, especially pump where air may

leak into the column from the suction side of the pump?
3. Valves: Are all closed valves shut tight?
4. Air-trap: Is the air trap volume sufficient?

4. Notes
1. Resins. One of the major differences between resins is the composition of the base

matrices. The rigidity of the matrix determines the flow-rate capabilities of the
resin. In addition its stability in the presence of a number of chemical agent can
determine the useful life-span of the resin. For example, NaOH is typically used
with chromatographic processes to sanitize and clean chromatographic media
because it inactivates bacteria, viruses, destroys endotoxin, and solubilizes lipids
and hydrophobic proteins. However, not all matrices are equally stable to repeated
exposure to NaOH. Thus, if NaOH is to be used, an appropriate choice of resin
must be made. Alternatively, a different sanitization regime must be used. Resins
are, however, generally resistant to a range of acids, detergents, organic solvents,
and chaotropic agents. In fact, the limiting factor can often be resistance of column
material itself to various chemical substances. This is discussed in Note 2.

One of the key specifications of a resin is its dynamic binding capacity. This
is taken as the loading to the point where absorbance increases by between 5–10%.
This indicates a degree of saturation of binding sites resulting in the drop-through
of protein. Dynamic binding capacity is often affected by flow rate, with increas-
ing flow rates resulting in reduced dynamic binding capacity. This can be explained
by the fact that within the resin diffusion is involved in the transport of protein
molecules to binding sites. During the shorter loading period required at the
higher flow rates, diffusion does not achieve the mass transfer from the feedstock
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as would be achieved with the longer loading period associated with slower flow
rates.

It is important to examine the performance of the resin across the projected life-
time of the resin. This information is generally not available from resin manu-
facturers and must be defined for the target process. This involves scaling down
the process and subjecting the resins to repeated cycles of loading and regenera-
tion. Total binding capacity is a useful parameter to monitor. This is more conve-
nient to perform than dynamic binding capacity and provides a measure of the total
number of functional groups present on the resin beads. Any decrease in total bind-
ing capacity would be reflected in a decrease in dynamic binding capacity. Total
binding involves loading a model protein (e.g., albumin for anion exchange resins)
to saturate the functional groups on the resin. The bound molecules are then eluted
and quantitated to derive a measure of the total binding capacity of the resin. Other
parameters that can be monitored include: HETP (discussed below), leaching of
functional group and matrix components, packability of the resin and evidence of
fouling of the resin.

Another important factor in resin selection is availability of the resin over the
projected lifetime of the product. Therefore, due consideration should be given to
the commercial viability of the manufacturer and its commitment to the product.

Additionally, it is critical that the manufacturer has regulatory support docu-
mentation for the resin. This will greatly facilitate the acceptance by the regula-
tory authorities of a process utilising the chosen resin.

2. Columns. Process scale columns generally are compatible with most cleaning in
place solvents, such as NaCl (up to 0.5 M ) and 2 M sodium hydroxide for up to
4 h. Detergents (such as Triton X-100) and chaotrophic agents (up to 8 M urea)
can be safely used with most bioprocess columns, as can mild concentrations of
acids (acetic acid up to 1.7 M ), trifluoroacetic acid (TFA) up to 0.1%, and nitric
acid (up to 0.1 M ). Alcohols are compatible, such as ethanol (up to 20%) and iso-
propyl alcohol (up to 30%).

Some materials are used for particular applications. For example, polyethylene
columns are more suitable for conditions of high salt or contact with strong acids
(such as hydrochloric acid). Stainless steel is compatible with up to 40% ethanol.

3. Sanitization of Columns. Removal of microbial agents from chromatographic
systems is a very important issue in the production of injectable pharmaceuticals.
Consequently, the regulatory authorities place heavy emphasis on disinfection,
sanitisation of production scale chromatographic columns to ensure that the
processes are carried out aseptically.

The reduction of microbial load is typically achieved in industrial scale
chromatographic systems using chemical treatment before, during, and after
operation.

Aqueous mixtures of ethanol in neutral or acidic conditions are often used to
inactivate microbes. Ethanol is most effective when used at concentrations of
60–70% v/v, however in production environment 20% solutions are typical.
However, at these lower concentrations, ethanol has very little effect on viruses
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and little or no effect on pyrogens. For these reasons, ethanol is considered only
as a bacterial static agent.

Sodium hydroxide is the most widely used agent in the pharmaceutical indus-
try, being used to both sanitize and regenerate chromatographic resins.
Concentrations of use (0.1 M to 1.0 M ), incubation times (minutes to days), tem-
peratures, and the frequency of column cleaning vary greatly. Pyrogens are very
sensitive to alkaline hydrolysis.

Sodium hypochlorite is the most well known oxidizing agent that is used to san-
itize columns. The chemical possesses excellent microbiocidal properties and is
harmless to human skin and mucosa. Its use as chromatographic santizing agent
has however been limited by its potential to react with the resins resulting in for-
mation of toxic chlorinated byproducts. Peracetic acid used in combination with
ethanol (pH 5.5) has been demonstrated to be highly effective antimicrobial agent.
Additionally, peracetic acid is an effective antiviral agent. A benefit of using per-
acetic acid is that it decomposes to acetic acid.

4. Chromatographic Systems. The qualification of chromatographic systems requires
documented evidence that it is suitable and in a state of maintenance and cali-
bration consistent with the intended use.

The qualification process consists of four parts:
a. design qualification (DQ).
b. installation qualification (IQ).
c. operational qualification (OQ).
d. performance qualification (PQ).
The DQ describes the requirements and defines the functional and operational

specifications of the chromatographic system. For example, what are the pump
requirements, what type of detector is required and what capacity is the autosam-
pler required to handle. Other areas that may be included as designing elements
include user instructions, maintenance requirements, validation procedures, and
training. The DQ is used as the basis for the OQ testing.

The IQ ensures that the chromatographic system is received as designed and
is properly installed. Things to be considered include manufacturer’s recommen-
dations, that the equipment compares to the purchase order, all documentation has
been included (operating manuals, maintenance instructions, SOP’s and valida-
tion certificates) and that the system has been installed correctly with all systems
able to be powered up. IQ includes running test samples to provide chromatograms
that should be compared to reference chromatograms.

The OQ is used to demonstrate the instrument’s ability to perform a designated
task in a standard environment and verifies that the chromatographic system is able
to comply with the operational and functional requirements set out in the DQ.
When performing OQ on chromatographic systems, it is often better to perform
the testing in an overall manner rather than isolating individual systems within
the instrument. Tests may include: leak testing, baseline drift, injection volume
precision, flow rate precision, detector linearity, temperature accuracy, and wave-
length accuracy.
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The PQ demonstrates that the instrument is able to perform a function in a con-
sistent manner according to a series of preset specifications. Thus, the PQ testing
requires a number of cycles to be performed in order to demonstrate instrument
consistency. The PQ are application specific and should therefore be performed
under conditions that most closely resemble those to be routinely performed. This
would include using the same buffers, feedstock, resin, bed height, and elution
conditions. Measures would include peak widths, baseline noise, wavelength
accuracy, and retention time data.

As each of these qualification tasks is completed, the documentation for DQ,
IQ, OQ, and PQ should be completed and finalized.

5. Column Packing. Optimum column packing is essential for a good chromato-
graphic separation. Poorly packed columns can lead to channeling or uneven
flows, resulting in zone broadening and reduced resolution.

The flow rate used for packing is based on the equipment, the column type,
and quantity and type of media to be used and can be established empirically by
generating a pressure–flow rate curve as described below. Usually, there is exten-
sive relevant information available from the resin and column manufacture.

Packing involves making a slurry of the resin (approx 75%) before pouring into
the column. For short bed heights in wider columns, the stirring is continued when
the slurry is in the column to achieve even distribution of resin. Once the top plate
is in place and any air is removed from the pump lines, pumping of solvent (e.g.,
0.1 M NaCl) through the column is commenced at a low flow rate. The flow is
progressively increased and the operating pressure recorded. As the media settles,
a clear space between the bed and top plate develops. The height of the top plate
should not be adjusted. The rate of pumping is increased until a plateau is reached
where increased operating pressure is not associated with an increase in flow rate.
A plot of pressure verses flow rate allows the determination of the optimal pack-
ing flow rate, which is 70–100% of the maximum flow rate. Modern rigid resins
may not plateau, therefore, a flow rate up to the allowable pressure limit for the
column can be used.

6. Evaluation of Packing. The efficiency of a column is determined by how well it
is packed. The method of choice for determination of expressing column efficiency
is HETP and the peak asymmetry factor (As). Such test methods are simple, quan-
titative, and do not involve the introduction of colored or contaminating sub-
stances. HETP and asymmetry are typically determined by the application of a
sample of NaCl (not suitable for ion exchange resins), acetone, or NaOH. Acetone
is monitored by UV absorption at 280 nm, whereas NaOH and NaCl is monitored
by conductivity. Typically, the sample volume should not be more than be 2.5%
of the total bed volume. The sample should be applied as close to the column inlet
as possible to avoid dilution. In particular, an air-trap should be bypassed.

The HETP values should only be compared between columns packed with the
same media under identical conditions. Preferably, three test runs should be under-
taken before a comparison can be made. Once a certain performance standard has
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been set, future HETP values will serve as a guide to judge the acceptability of
column performance. Acceptable HETP values are usually <0.06 cm.

The eluted peak should be symmetrical. Leading or trailing peaks can be an
indication of poor packing or channelling within the resin bed and is the first indi-
cation of column deterioration. Peak asymmetry factor should be as close to one
as possible.

Increasing asymmetry factor (increased tailing and decreased leading peak) are
an indication of a too loosely packed column allowing space between medium and
inlet. Alternatively decreasing asymmetry factor (decreased tailing and increased
leading peak) indicates a too tightly packed bed or formation of cracks in bed.
Double peaks (i.e., extra peaks before or after the main peak) are an indication of
cracked bed owing to poor packing or may be caused by pump pulsations. Tailing
peaks indicate too loose packing and leading peaks indicate that packing is too hard.
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Proteolytic Peptide Mapping

Peter Højrup

1. Introduction
Analysis of intact proteins is hampered by the fact that even when using high-

resolution techniques, like electrospray mass spectrometry, you will only be able
to tell whether the protein has the expected mass. If you find a deviation from
the expected you will, in most cases, be left wondering where (and perhaps
what) the difference is. These observations are compounded when using low-
resolution techniques like gel filtration or sodium dodecyl sulfate (SDS) gel
electrophoresis. Although 2D gel electrophoresis is able to show a single charge
difference, in the absence of additional information you are still left wonder-
ing where and what the differences are.

Performing Edman degradation on an intact protein will, in most cases, yield
enough information for you to identify a protein and perhaps enable the con-
struction of oligonucleotide probes, but many proteins are N-terminally blocked,
and the need to purify enough protein is often prohibitive. The solution is to
perform peptide mapping. This approach is essential for the total characteriza-
tion of a protein, and the approach also enables quick identification of a pro-
tein (if present in a protein database) and to locate differences between proteins.

The steps involved in peptide mapping can be defined as:

1. Purify the protein. Depending on the objective of the peptide mapping, it may be
sufficient with a single spot from a 2D gel, or you may have to purify several
microgram of material using traditional protein chemical methods.

2. Cleave the protein using a suitable proteolytic enzyme or by chemical means. A
software tool like GPMAW (see Note 1) greatly facilitates the selection of cleav-
age method and analysis of the resulting peptides.

From: Methods in Molecular Biology, vol. 251, HPLC of Peptides and Proteins: Methods and Protocols
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3. Separate the resulting peptides, generally by reversed-phase (RP) high-pressure
liquid chromatography (HPLC), but other methods may be applicable depending
on the final method of analysis.

4. Analyze the purified peptide using mass spectrometry, Edman degradation, or
amino acid analysis.

Peptide mapping is usually carried out for two quite different reasons:

1. Protein identification. Currently, the most sensitive identification of an unknown
protein is mass spectrometric peptide mapping (peptide mass search, PMS). Using
the rapidly expanding protein databases based on nucleotide sequencing, it is
possible to identify a protein based on the molecular masses of its constituent (tryp-
tic) peptides if they are determined with sufficient precision. The beauty of the
method is that it is not necessary to determine the mass of all peptides; usually
six–seven peptides are sufficient for accurate protein identification. As it is not
necessary to separate the peptides before analysis, the method is very sensitive,
with routine determination of proteins in the low nanogram range (e.g., a single
silver stained spot from an SDS gel).

Two alternative approaches are liquid chromatography coupled to electrospray
tandem mass spectrometry (LC–MS/MS) and Edman degradation. Both methods
will generate a peptide sequence thus making it possible to do a homology search
in case the protein is not present in the database. However, while the sensitivity
of LC–MS/MS approaches that of matrix-assisted laser desorption ionization
mass spectrometry (MALDI-MS), the sensitivity of Edman degradation is
two–three orders of magnitudes lower and further needs a purification step prior
to analysis. The topic of LC–MS/MS is beyond the scope of this chapter and will
not be treated further, for an introduction please see ref. 1.

2. Obtaining the maximum sequence coverage. Unlike the protein identification
where even a limited number of peptides are able to identify the protein, you will
try to cover the whole sequence when comparing proteins for identity/similarity
or performing complete chemical characterization.

Comparison of proteins. Comparison of two proteins is done by performing an
identical enzymatic digest on each protein followed by identification of each frag-
ment. In some cases, it may be sufficient to perform mass spectrometric mapping
of the peptide mixture, but, in most cases, you will not be able to identify suffi-
cient fragments to cover the whole sequence. You will thus have to isolate each
fragment by HPLC and perform peptide identification. Owing to the high resolu-
tion of RP-HPLC, it will, in many cases, be sufficient to compare the two chro-
matograms carefully in order to identify differences. When comparing proteins,
you should note that choosing an enzyme, which generates long peptide fragments,
tends to emphasis similarities whereas short peptide fragments tend to emphasize
differences (see also Note 2).

Determine the exact chemical structure of a protein. Even though the number
of known protein sequences increases exponentially through nucleotide sequence
analysis, and you are thus likely to find your protein to be already known, the result
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of these analyses is the “naked” amino acid sequence of the protein. However, the
vast majority of proteins are posttranslationally modified after synthesis, result-
ing in a structure that deviates from the nucleotide-derived sequence. The preferred
strategy to solve the actual protein structure is to perform peptide mapping fol-
lowed by an appropriate analytical techniques like mass spectrometry, Edman
degradation, and/or amino acid analysis. Here, you always aim for total sequence
coverage, and in order to obtain this you will in most cases have to perform at least
two separate enzymatic digests.

The amount of material needed for maximum sequence coverage analysis is
usually much higher than for PMS analysis, usually in the low to middle micro-
gram range. In special cases where you search only for specific modifications using
specific extraction of modified peptides (e.g., purification of phosphorylated pep-
tides using IMAC), the sensitivity can approach that of PMS (2).

2. Materials
2.1. Peptide Mapping for Protein Identification

1. Trypsin (modified trypsin, Promega, #V5111) is most easily handled in aliquots
of 1 µg trypsin in 10 µL 0.01 N HCl per tube at –20°C. Dilute with 70 µL 50 mM
ammonium bicarbonate before use (final concentration 12.5 ng/µL).

2. 50 mM Ammonium bicarbonate. You can store aliquots of 100 mM ammonium
bicarbonate at –20°C, it is not necessary to adjust the pH. Dilute 1�1 for use.

3. Neat acetonitrile (HPLC quality).
4. 10 mM Dithiothreitol (DTT). A 1 M DTT solution is stable for month at –20°C.

Store as 25-µL aliquots and dilute 1�100 with 100 mM ammonium bicarbonate
for use.

5. 55 mM Iodoacetamide (Sigma, #I6125) in 100 mM ammonium bicarbonate. Must
be prepared fresh (iodoacetamide: 10.2 µg/µL).

6. 0.5 mL Polypropylene tubes.
7. Zip-tips (Waters) or homemade micropurification tips based on Poros 50 R2 RP

material (Applied BioSystems, #1-1159-05) and Eppendorf GELoader tips
(Eppendorf, #0030 001.222) (see Note 3).

8. Vacuum centrifuge.
9. Concentrated solution of alpha-cyano-4-hydroxycinnamic acid (Aldrich,

#14,550-5) in 70% acetonitrile, 0.1% trifluroacetic acid (TFA) in water.
10. MALDI mass spectrometer.

2.2. Alkylation of Protein
1. 8 M Urea, 100 mM ammonium bicarbonate (or Tris-HCl), pH 8.0.
2. Reduction agent. Typically, DTT is used for reduction, but mercaptoethanol or

tris(carboxyethyl)phosphine (TCEP–Sigma, #C-4706) may be used instead.
Mercaptoethanol is volatile, whereas TCEP is also active at low pH.

3. Alkylating reagent. Iodoacetate, iodoacetamide, 4-vinylpyridine and
N-isopropyliodoacetamide are all commonly used reagents. 4-vinylpyridine has
the disadvantage of being prone to polymerization and thus has a limited shelf life.
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2.3. Peptide Mapping With Purification of Peptides
1. Suitable enzyme or chemistry (see Table 1).
2. Buffer for digestion (see Note 4).
3. HPLC system capable of binary gradient formation (see Note 5) equipped with

an in-line UV detector and a strip-chart recorder or computer integrator.
4. Acetonitrile (HPLC grade, UV cutoff <210 nm). Neat TFA (analytical grade is

acceptable, sequencing grade is optimal) (see Note 6).
5. Automatic or manual fraction collection into polypropylene tubes.
6. Vacuum centrifuge (see Note 7).

As many of the solvents and reagents are used in very small quantities (e.g.,
≤1 mL) it can be advantageous to prepare stock solutions that are stored at
–20°C, even of those that are not specifically mentioned in the text.

Most proteolytic enzymes are supplied freeze-dried. When first opened, you
may dissolve the enzyme in pure water, make 0.5–2 µg aliquots in small
polypropylene tubes, and lyophilize the aliquots. Endo Glu-C protease may be
stored frozen in pure water.

3. Methods
3.1. Selection of Proteolytic Enzyme

The selection of an enzyme for digestion is one of the most important con-
siderations when performing peptide mapping, and should be carefully con-
sidered in relation to the task you want to perform.

For PMS the most common choice is trypsin. This is one of the most active
enzymes, it is well characterized for PMS analysis (see Notes 8 and 15), and
cleaves with high specificity (C-terminal to Lys and Arg). Most tryptic peptides
will have molecular masses in the range 800–2500 Da, which is well suited for
mass spectrometry. Furthermore, you are certain that all peptides will contain
a basic residue (except the C-terminal peptide), which means they will ionize
better when analyzed by mass spectrometry in positive mode. Endo-Lys and
lysyl endopeptidase are also well suited for PMS, but the peptides generated
will, on average, be much larger, which may impede their identification. Other
potential enzymes are Endo Asp-N and Endo Glu-C, but the results are usually
much more unpredictable.

If the protein sequence of your target protein is known, you should look at
the distribution of residues when aiming for the largest sequence coverage
before selecting an enzyme. Particularly, the charged residues are important,
as most of the specific enzymes will target these residues (see Table 1). A few
computer programs for this type of analysis are available (see Note 1).

Important aspects for enzyme selection are:

a. Short peptides. Very short peptides are difficult to handle, both by MALDI mass
spectrometry (<7 residues) and HPLC (<5 residues if they are hydrophilic).
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b. Long peptides. The mass resolution and sensitivity decreases on the mass
spectrometer as you get above 30–35 residues. Likewise large, hydrophobic
peptides can be difficult to purify by RP HPLC (>50 residues). If your prime
objective is to obtain amino acid sequence by Edman degradation, long
peptides are generally to most informative.

c. Hydrophobic peptides tend to stick to the wall of polypropylene tubes, partic-
ularly if the sample is dried completely (see Note 7).

d. If you want to do protein comparison, you should note that small peptides tend
to emphasize differences (e.g., making it easier to identify small differences
between proteins) whereas large peptides will emphasize similarity (e.g., make
it easier to identify similar regions).

e. Enzyme specificity, activity, and buffer compatibility (see Table 1) should be
chosen relative to the intended analysis method (mass spectrometry, HPLC
separation, Edman degradation, amino acid analysis, and so on).

For most proteins, you will need at least two different enzymes (digests) in
order to get a good coverage (>90%).

3.2. Peptide Mass Mapping

1. Cut out the stained gel band or gel spot using a sharp scalpel or a properly sized
puncher (2–4 mm diameter). Cut the spot into smaller pieces (1 mm square) and
place them in a small polypropylene tube. Try to cut as close as possible to the
actual spot. A small concentrated spot yields better results than a large diffuse one.
If you have a 1D gel band, you may not need the whole band, but can reserve part
of it for additional experiments.

2. Wash the gel pieces carefully in 50 µL, 50 mM ammonium bicarbonate. Discard
the supernatant.

3. Add 50 µL neat acetonitrile. Let stand for 5 min until the gel pieces has fully
shrunken and become white. Withdraw the acetonitrile and discard. Dry the gel
pieces in a vacuum centrifuge for 20 min.

4. Add 50 µL 10 mM DTT and incubate for 45 min at 56°C.
5. Cool to room temperature and remove excess solvent.
6. Add 55 mM iodoacetamide in 100 mM ammonium bicarbonate so the gel pieces

are just covered.
7. Let stand for 30 min in the dark before discarding the supernatant.
8. Wash the gel pieces in 20 µL 50% acetonitrile in water.
9. Add 30 µL neat acetonitrile. Mix until the gel pieces are fully shrunken and white.

Remove the acetonitrile.
10. Add 20 µLl 100 mM ammonium bicarbonate and mix for 5 min.
11. Add additional 30 µL neat acetonitrile and mix until the gel pieces are shrunken

and white.
12. Remove the supernatant and dry the gel pieces in a vacuum centrifuge.
13. Add 12.5 ng/µL modified trypsin until the gel pieces are just covered with sol-

vent. If you are using a low sensitivity stain like Coomassie blue, the trypsin con-
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Table 1
Proteolytic Enzymes Suitable for Peptide Mapping

Size Accession pH optimum Tolerates Speci- Manufac-
Name EC no. Da Type Organism number (range) Requirements detergents Cleavage ficity turer Note

Trypsin 3.4.21.4 23.293 Serine Bovine porcine P00760 8 (5.5–10.5) Stabilized by 2 M Urea Arg. Lys High R,W,S 16
23.463 modified P00761 small amounts >0.1% SDS A,S

of Ca++ 50% Acetontrile R,P,W,S
Chymotryp- 3.4.21.1 25.600 Serine Bovine P00766 8 (7–9) 0.1% SDS Phe, Trp, Medium R,A,W,S 17

sin AB 25.700 P00767 1 M Urea Tyr to high
10–30% Acetonitrile

Endo Glu-C 3.4.21.9 27.000 Serine Staphylococcus P04188 7.8 (4–9) 2 M Urea Glu (Asp) High R,A,P,W,S 18
aureus V8 0.2% SDS -Glu

10% Acetonitrile
Endo Lys-C 3.4.99.30 30.000 Serine Lysobacter P15636 8.5–8.8 (7–9) 0.1% SDS Lys Medium R,S 19

enzymogenes 1 M urea to high
Lysyl endo- 3.4.21.50 46.000 Serine Achromabacter P15636 8 Inhibited by >0.1% SDS Lys HIgh A 19

peptidase lyticus ammonium 4 M Urea
salts 40% Acetonitrile

Endo Arg-C 3.4.21.40 30.000 Serine Mouse 8 (7.5–8.5) 2 M Urea Arg High T,S 19
submaxillary 10% Acetonitrile

Endo Asp-N 3.4.24.33 27.000 Metallo Pseudomonas 8 (6.0–8.5) Avoid EDTA 0.1% SDS N-terminal High T,R,A,S 19
fragi 1 M Urea to Asp

10% Acetonitrile
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Endo Asn-C 23.000 -SH Jack Bean 5.0 (4.5–6.5) 1–10 mM DTT Asn High T 19
Clostripain 3.4.22.8 50.000 -SH Clostridium P09870 7.6 1–10 mM DTT 4 M Urea Arg (Lys) Medium R,W,S 19

histolyticum 10% Acetonitrile
Pepsin 3.4.21.7 34.500 Acid Pig gastric P00791 2 (1–5) N-terminal to Low R,A,W,S 15

mucosa hydrophobic
Preferentially 

if preceded 
by Phe, Met,
Leu, Trp

Thermo- 3.4.24.4 37.500 Metallo Bacillus P00800 8 (7–9) Ca++ 8 M Urea N-terminal to Low A,S 15
lysin thermoproteolyticus Avoid EDTA hydrophobic

Not if followed
by Pro

Elastase 3.4.21.36 25.900 Serine Pig pancreas P00772 8.5 ( 7–9) 0.1% SDS Uncharged Low R,A,W,S 15
2 M Urea (small) 

aliphatic

Chemical cleavage procedures are not included in the table as experience shows that they are too unspecific for general peptide mapping, however, for those spe-
cial hard-to-cleave proteins; see refs. 8 and 9.

Accession number: numbers refer to the Swiss-Prot database (http://www.ebi.ac.uk/).
Cleavage: All enzymes cleave C-terminal to the indicated residue except for except where noted. Minor, but still significant, secondary cleavages are listed in

parenthesis. Cleavage does not take place if the cleavage position is followed by proline or a residue indicated by “-” (e.g., a -Lys-Pro- sequence is not cleaved by
trypsin). See also Notes for individual enzymes.

Specificity: Please see Note 15 and notes for the individual enzymes.
Detergents: Even very small amounts of SDS is detrimental to mass spectrometric analysis, whereas RP-HPLC is capable of handling small amounts of SDS.

When using urea you may dissolve the protein in a small amount of 8 M urea you can dilute to the required strength with buffer containing the relevant enzyme.
Manufacturer: R, Roche Biomolecular; S, Sigma Inc.; P, Promega; T, Takara; W, Worthington; A, Wako; C, Calbiochem.
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centration should be doubled (see Note 8). Let stand for 5 min before removing
excess trypsin containing solvent.

14. Add 50 mM ammonium bicarbonate until the gel pieces are just covered.
15. Let the digestion proceed overnight at 37°C.
16. Extract the excess solvent, which will contain the peptides. Purify the peptides on

a Zip tip (Waters) or for higher sensitivity use a home-packed GelLoader tip (3)
using the recommended procedures (see Note 3).

17. Run the peptide map on a MALDI mass spectrometer in alpha cyano hydroxy cin-
namic acid.

18. Analysis of the resulting mass spectra can easily be carried out using World Wide
Web-based tools (see Note 9), but be careful to check the results (see Note 8).

3.3. Reduction and Carboxymethylation of Proteins in Solution

1. Dried sample (20–100 µg) is dissolved in 20 µL 8 M urea, 0.4 M ammoniumbi-
carbonate buffer (see Note 10).

2. Add 5 µL 45 mM DTT.
3. Stand at 50°C for 15 min. Cool to room temperature.
4. Add 5 µL 100 mM iodoacetamide.
5. Stand at room temperature for 15 min in the dark.

Purify the protein by RP-HPLC (a short Poros R1 column, PerSeptive
Biosystems, is well suited), gel filtration, or RP solid-phase extraction.

For digestion with trypsin, endo Glu-C or lysyl endoproteinase (see Table 1)
you can proceed as follows:

1. Add 140 µL water to dilute the urea to less than 2 M.
2. Add 2–4% w/w of the selected enzyme. For prolonged digestion you can add the

enzyme in two equal portions with an interval of 4–6 h.
3. Stand for 16–24 h at 37°C.
4. Freeze the sample or inject directly onto RP-HPLC column. When programming

the separation gradient, you should start with 2–5 min of isocratic elution in order
to let the urea elute from the column before starting the separation of the peptides.

3.4. Digesting in Solution

If your protein contains disulfide bridges, you should reduce and alkylate the
protein prior to digestion, see above.

1. Dissolve the protein in an appropriate buffer (50 mM ammonium bicarbonate, see
Note 4) to a concentration of 1–5 µg/µL. If you have less than 20 µg, you should
dissolve in 20 µL.

2. Add the enzyme of your choice (see Table 1) to a final concentration of 2–4%
w/w. Hard-to-digest proteins and dilute solutions will need a higher enzyme to
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substrate ratio. For limiting the cleavage to a single or a few positions, you can
try to lower the concentration to 1% or lower.

3. Most proteins will be digested in 6–8 h at 37°C, but conditions may have to be
varied to suit each individual protein. For hard-to-digest proteins, you can use
extended digestion times (e.g., 24–48 h or longer). For long digestion times, it is
advantageous to add the enzyme in two equal portions separated by 4–8 h.

4. Digestions may be stopped by lowering the pH with the addition a small amount
of 2% TFA (raising the pH to above 5.0 in the case of pepsin), by injecting the
sample onto the HPLC system or by adding an appropriate enzyme inhibitor.

5. Separate the peptide map by RP-HPLC. Prior to separation, you may want to
extract 0.5 µL of your sample for MALDI analysis in order to check the extent of
proteolysis.

A control reaction run under identical conditions as the main digest should
be run in parallel to show which peptides comes from the sample and which
are autodigest products or other contaminants. A control digest of a known pro-
tein (e.g., β-lactoglobulin—Figs. 1 and 2) can also be run to check the activity
of the protease. A special case of peptide mapping is when you want to deter-
mine the disulfide bridge structure of a protein.

1. Verify the complete protein structure using standard peptide mapping techniques.
2. Use a software tool to determine the optimal cleavage pattern of the target pro-

tein (see Note 1). Remember that disulfide interchange is minimized at low pH.
Enzymes like trypsin, Endo Glu-C, Endo Asp-N, Endo Asn-C, and pepsin are all
active below a pH of 7.0 and are thus to be preferred.

3. Digest your protein as described above and separate half the sample by RP-HPLC.
4. Make the other half of the sample 10 mM in DTT or TCEP (will reduce you sample

even at low pH). Let stand for at least 30 min before separation the sample under
conditions identical to the separation in step 3.

5. Compare the two chromatograms. Peaks that disappear from the first chro-
matogram and appear in the second chromatogram must arise from Cys contain-
ing peptides and will thus have to be identified by mass spectrometry, Edman
degradation, or amino acid analysis (see Note 10).

6. Closely spaced Cys residues in the primary structure presents a special problem
as you will have to cleave between them for a positive identification of the disul-
fide bridge. In this case you will often have to isolate a large peptide containing
multiple disulfide bridges followed by subdigestion using a less specific enzyme
(see Table 1) (4).

3.5. Peptide Map Purification by HPLC

Other chapters in this book deal in detail with the purification of proteins
and peptides by HPLC, so the following only emphasis the features relevant to
peptide mapping. When purifying a peptide map by HPLC, the objective is usu-
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Proteolytic Peptide Mapping 237

ally to obtain the highest possible resolution, sensitivity, and yield, but not to
handle large amounts. The following description emphasizes this aspect.

For general peptide mapping, use a large pore (300 Å), RP column packed
with the smallest possible particle size and the longest length. These parame-
ters are conflicting as backpressure in the system rises with both smaller par-
ticle size and longer column length. A compromise is to use a long 250-mm
column packed with 5-µm particles or a shorter 150-mm column packed with
3-µm particles. Backpressure in the running system should not exceed 100 bar
(increasing the temperature to 45–50°C using a column oven will lower the back
pressure in addition to increase the resolution slightly).

Using smaller diameter columns will increase the sensitivity of separation
if the HPLC system is optimized for the lower flow at the cost of lower capac-

Fig. 1. (see opposite page) Tryptic digest of 250 pmol bovine beta lactoglobulin. The
traces of 214, 254, and 280 nm are shown. The 254 and 280 nm traces are expanded
×5 compared to the 214-mm trace. The stippled line shows the gradient used. The iden-
tification of each peak is shown in Fig. 2. Peak 1 and peak 13 were not identified. Peak
13 is likely to be a partial digest product. The peaks at “0” are a mixture of small pep-
tides and the buffer salts from the injection.

Fig. 2. Identification of the peaks separated in Fig. 1. Aromatic residues are shown
in bold. The two peptides labeled 11 are linked by a disulphide bond (Cys66–Cys160).
Peptide 12 has an internal disulphide bond. The peptides labeled 9 elute very close
together (see Fig. 1).
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ity (see Note 5). Furthermore, the peak volume from a 2.1-mm column is about
100 µL compared to 400–500 µL from a 4.6-mm column. This makes the vol-
umes more compatible to further downstream processing (e.g., Edman degra-
dation) or speeds up lyophilization (see Note 7).

An in-line UV detector is essential for separating peptide maps. As we cannot
be certain that all peptides contain aromatic residues we have to detect our pep-
tides at a wavelength low enough to observe the absorbance of the peptide bond.
However, as solvents like 0.1% TFA and acetonitrile also absorbs at low wave-
length we need to find the wavelength with the highest signal to noise ratio. On
most systems, this is at 214–215 nm. If you do not operate with the highest
purity of solvents, you may have to increase the wavelength to 218–220 nm,
but your sensitivity will be greatly reduced.

Multiple wavelength detection (e.g., 254 and 280 nm) can greatly increase
the confidence of peptide identification (see Note 11).

3.6. Separating a Peptide Map

1. Prepare 1 L of A-solvent (5% acetonitrile/0.1% TFA in ultra high-quality water)
and 0.5 L of B-solvent (90% acetonitrile in water, 0.85% TFA) (see Note 12).
Degas solvents carefully before use or, better, use in-line degassing, as degassed
solvents will reabsorb oxygen from the air within a few hours.

2. Program your HPLC system to a gradient of 1%/min from 0 to 40% B-solvent,
followed by 2%/min from 40 to 70% B-solvent. Finally, step to 100% B-solvent
for 2 min before equilibrating at 5% for at least 10 column volumes until you have
a stable baseline. If your peptide map is not too complex, you may shorten the run
time by increasing the gradient to 1.5%/min between 0 and 40% and 2.5–3% /min
between 40 and 70%.

3. Make a blind run each morning to equilibrate the column. The first run of a day
is usually atypical with a rising or falling baseline that may not be present in sub-
sequent analyses. You can most easily check the condition of your HPLC system
and RP phase column by making a separation run using a standard peptide mix-
ture (e.g., a tryptic digest of β-lactoglobulin) (see Note 13).

4. Dissolve your sample in A-solvent and inject. Keep the injector in the “inject” posi-
tion for two injection loop volumes before you switch back to “load” position. If
your sample is already dissolved in a different solvent (i.e., urea, Tris-HCl, or phos-
phate) you should allow 2–3 min of isocratic elution before starting the gradient.

5. Collect the isolated peaks in polypropylene tubes. If you run at low flow rates,
you may have to take a delay between the detector and the effluent from the cap-
illary into account (see Note 14).

6. Dry down your collected fractions in a vacuum centrifuge (see Note 7). For sev-
eral applications, you may not have to dry the sample completely, just evaporate
the major part of the organic modifier.

For problems in peptide map separations, see Note 2.
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4. Notes
1. When the primary structure of the protein being analyzed is known, a couple of

software tools are available for planning the peptide map. These tools can predict
the peptides generated by various proteolytic enzymes or chemical cleavages. One
freeware tool, PAWS, is available for download (http://www.proteometrics.com),
although a somewhat more advanced tool, GPMAW (http://welcome.to/gpmaw)
(5), will allow you to work with multiple sequences and, in addition to the pre-
diction of peptides, provides additional physical/chemical characteristics of each
peptide (e.g., charge, theoretical pI, hydrophobicity, and size). GPMAW can even
generate a simulated HPLC RP chromatogram. Although this chromatogram is
only approximate (separation varies with column, system, and running conditions),
it does give valuable indications for problems during separation.

2. If your peptide map contains small hydrophilic peptides, they will elute very early
in the chromatogram, perhaps even as part of the solvent peak. Early eluting peaks
may also have a bad peak shape, particularly if the column has not been equilibrated
sufficiently before the start of the gradient. You may collect these early eluting
peaks, dry them sufficiently to get rid of the organic solvent, and then reseparate
on a 100–120Å pore size, high carbon load column (e.g., Hypersil ODS2 or equiv-
alent) using 0.1%TFA/90% methanol as a solvent system. The gradient should be
a rather shallow 1%/min. gradient from 0 to 30%. If, on the other hand, you have
large, hydrophobic peptides, you should use a 300Å, C4 column and elute with
either acetonitrile or, for the really hydrophobic peptides, use 2-propanol.

3. The use of reversed phase purification as the last step before analysis of peptide
mixtures is necessary to obtain the highest sensitivity and sequence coverage in
MALDI peptide mapping. You may use Zip-tips (Waters Inc.), but when analyz-
ing peptide maps isolated from silver stained gel spots, you can obtain consider-
able higher sensitivity by using homemade micropurification tips based on
Eppendorf GELoader tips packed with Poros R2 50 µm RP material (Applied
BioSystems, Framingham, MA). For the purification of proteins, you should use
Poros R1 material. For details on how to construct these devices, please see
ref. 3. The GELoader tip is constricted at the end using the blunt end of a pair of
tweezers or a pencil. Column material is dispersed in acetonitrile and sufficient
material is applied to make a 3–5 mm length column. The GELoader tip is ini-
tially washed with 10–20 µL of neat acetonitrile, then it is equilibrated in 2 × 10 µL
of 0.1% TFA. The sample is added in 1–20 µL of solvent followed by washing
with 2 × 10 µL of 0.1% TFA. Finally, the sample is eluted with 0.8–1 µL of
α-cyano-4-hydroxycinnamic acid in 70% acetonitrile/0.1% TFA (4 mg/mL to
concentrated depending on instrument) directly onto the MALDI target.

4. Most buffers without an excessive amount of detergents or salt are suitable for pro-
teolytic digestion. 50 mM ammonium bicarbonate is very convenient because it
can be removed by evaporation (do not use with lysyl endopeptidase). If you have
large quantities or high concentrations of ammonium bicarbonate you may need
to add a bit of dilute acetic acid to help completely remove the ammonium bicar-
bonate. This buffer may be readily substituted for other buffers, e.g., 50 mM Tris-
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HCl, pH 8.0, or 50 mM H3PO4, pH 8.0. However, these buffers are not directly
compatible with mass spectrometry.

Hard-to-dissolve proteins can often be brought into solution by first dissolv-
ing the protein in small amount of 6–8 M urea (e.g., 5–10 µL) and then diluting
the solution to the appropriate level (e.g., below 2 M for trypsin, see Table 1) with
a buffer containing the enzyme for digestion. Other ways of bringing proteins into
solution can be the addition of detergents or organic solvents (see Table 1), how-
ever, beware of downstream incompatibilities (e.g., SDS for mass spectrometry
and HPLC). Heat denaturation or the addition of organic solvents may denature
proteins, thus leading to faster, more efficient digestions.

5. The sensitivity of HPLC separations decreases with the square of the column diam-
eter, thus, a 2-mm column shows four times the sensitivity of a 4-mm column, pro-
viding the HPLC system is built to handle the smaller diameters. As the column
diameter decreases from 4 to 2 and 1 mm, the optimal flow rate decreases from
1 mL/min to 0.25 mL/min and 0.06 mL/min. Unless you perform flow 
splitting, you will need special HPLC pumps to be able to perform a gradient in
0.06 mL/min. In addition, the rest of the HPLC equipment has to be optimized for
the lower flow rate in order to minimize extracolumn band broadening. The inner
diameter of capillaries has to be decreased (see Table 2). You also need to make
connections as short as possible, particularly after the column. The size of the
detector flow cell is particularly important, as a standard flow cell with a volume
of 10–12 µL will significantly decrease the resolution of a 2-mm column, even
though the rest of the system is optimized (see Table 2). When changing to a
smaller diameter column you may also have to replace the dynamic mixer as you
may otherwise experience very long delay times.

For dual pump systems, each pump should have a minimum flow of no more
than 5% of the running flow (e.g., a minimum flow of no more than 12.5 µL/min
for a set total flow of 250 µL/min), and a minimum step of no more than 1% of
the set flow rate. You may manage with slightly lower performance as the dynamic
mixer will smooth out irregularities, but particularly at the beginning of the gra-
dient, you may observe irregular separation behavior.

6. TFA deteriorates over time. As the 0.1 % TFA used for buffer A ages, you will see
an increase in baseline during gradient runs. You may increase/decrease the con-
tent of TFA in the B-solvent to compensate. A ratio of 1�0.85 is usually a good
starting point, but varies slightly from detector to detector. If you experience reg-
ular baseline noise, you can try to lower the content of TFA in buffer A to 0.05%
and the content in buffer B correspondingly.

7. For small amounts of peptide, the drying step can be critical for recovery as the
peptides have a tendency to adhere to the walls of the polypropylene tube (6). For
many analytical purposes it is not necessary to change solvent or you may only
have to evaporate the organic solvent.

8. An accurate calibration of your mass spectra is essential for correct protein iden-
tification. The most accurate calibration is to use known peaks in each spectrum
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for internal calibration. When using Promega modified trypsin (porcine) you will
find the following autolytic peptides (monoisotopic m/z) that are suited for inter-
nal calibration: 842.510, 1045.564, and 2211.105. If these peaks in general are
too high or too low, you should adjust the concentration (not the volume) of
trypsin added in Subheading 3.2., step 13.

When analyzing the results of a search, you should consider the following when
differentiating between hits:

How do the deviations between theoretical and experimental masses fit together
(i.e., if they lie on a straight line when plotted against the peptide mass, you have
a calibration error).

If a peptide contains a methionine, it is likely to have a +16 Da peak. The oxi-
dized methionine seldom occurs alone.

N-terminal glutamine containing peptides are always accompanied by a
–15 Da satellite peak (deamidation to pyroglutamic acid).

Multibasic sites often gives rise to lysine/arginine ladders (tryptic cleavage).
Missed cleavages (i.e., peptides with an internal Lys or Arg residue) are much

more likely to occur if there is a neighboring acidic residue (tryptic cleavage).
In a peptide mixture, (small) lysine-containing peptides are often suppressed

relative to arginine containing peptides due to the more basic nature of arginine.
The GPMAW program (see Note 1) is also useful for checking the validity of

a hit as you can perform detailed analysis of likely/unlikely peptide identifications,
as well as search for unusual enzyme cleavage sites.

9. Several web sites cater for the analysis of peptide mass data. The actual number
changes over time, but you may want to check out the following:
a. ProFound (http://65.219.84.5/service/prowl/profound.html).
b. MsFit (http://prospector.ucsf.edu/ucsfhtml3.4/msfit.htm).
c. Mascot (http://www.matrixscience.com)
d. PeptideSearch (http://www.mann.embl-heidelberg.de/GroupPages/pageLink/

peptidesearchpage.html)
e. PepMapper (http://wolf.bms.umist.ac.uk/mapper/)

You will have to read the accompanying help files for each search engine for
detailed instructions.

Table 2
Parameters for HPLC System for Binary Gradient Formation

Column Typical flow Flow cell Capillary Sensitivity
diameter mL/min volume diameter increase

Normal 4–4.6 mm 1.0 <12 µL 0.25 mm ×1
Narrow 2–2.1 mm 0.20–0.25 1<8 µL 0.18 mm ×4
Micro 2–2.1 mm 0.05–0.07 1<2 µL 0.12 mm ×16
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10. You cannot usually identify reduced cysteine residues by Edman degradation or
amino acid analysis, but the surrounding sequence will in most cases be suffi-
ciently unique that positive identification of the peptide is no problem.

11. When separating a peptide map, it is advantageous to use multiple wavelengths.
Modern in-line UV detectors can often be set up for three simultaneous wave-
lengths. You should use 214 nm for separating peptides, as you will get the high-
est response at this wavelength (you are measuring the absorbance of the peptide
bond). Only the aromatic amino acid residues have any significant absorption at
higher wavelength. Tryptophan and tyrosine have absorption maxima at 278 and
280 nm, respectively, whereas phenylalanine have maximum absorbance at
254 nm. You should thus set your detector at 214, 254, and 280 nm. Tryptophan
is usually recognized by having an absorbance several times that of tyrosine.

12. The inclusion of TFA in the B-solvent is in order to create a stable baseline as both
acetonitrile and TFA absorbs at low wavelength. Depending on your system, you
may have to vary the concentration of TFA in the B-solvent between 0.75 and
0.85%. If you have a noisy baseline, decreasing the TFA concentration in both
A- and B-solvent may help to minimize the problem.

Mixing a small amount of organic solvent in the A-solvent and some water in
the B-solvent helps to give a better mixing of the solvents (mixing water and ace-
tonitrile is quite difficult), gives a better separation (helps to “wet” the hydropho-
bic surface, it may “collapse” in pure water) and helps to degas the A-solvent. If
you have hydrophilic peptides that are eluted in the solvent front by the initial 5%
organic content, you can use an A-solvent without organic content, but the first
part of the chromatogram tend to be not so reproducible.

Column manufacturers recommend that you store the column in 50%
methanol/water. However, experience have shown that columns are stable for sev-
eral years when stored in 0.1% TFA/acetonitrile (preferably with a high content
of organic solvent).

13. Easy-to-make test mixture of peptides for checking reversed phase columns for
peptide mapping: Dissolve 182 µg β-lactoglobulin (Sigma Inc, #L0130) in
100 µL, 50 mM ammoniumbicarbonate, pH 8.2. Add 3.6 µg trypsin (Roche
Biochemicals, #109 819) and digest for 2 h at 37°C. Stop the digestion with
900 µL 0.1% TFA. Total solution is now 1000 µL at a concentration of
10 pMol/µL. Divide into 55 µL portions and store at –20°C. Use 50 µL for 4-mm
columns and 20 µL for 2-mm columns.

14. If you use an automatic fraction collector, you should be careful to calibrate the
fraction collector for exact peak collection. In addition, you should be careful that
the collector does not add additional peak tubing to the separation system as this
will result in delays and mixing of your sample resulting in a loss of resolution.
Manual fraction collection is usually more precise but you may (initially) need an
assistant to assist in tube handling and annotation. For manual collection, a strip
chart recorder is most convenient, as computer acquisition or integrators often have
an unacceptable delay.
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15. Most proteolytic enzymes do not have an absolute specificity, but are active toward
several residues with varying activities. Activity toward a given type of residue is
usually also dependent on the local environment (e.g., 3-D structure and neigh-
boring residues). Excessive digestion times may thus lead to secondary cleavages
that are not desired and may be difficult to predict.

Most of the enzymes that have a single residue specificity (Lys, Arg, Glu, Asp,
Asn) will show some level of activity towards “like” residues.

Although the selection of the specific enzymes can be clearly related to pep-
tide predictions based on the primary structure (e.g., using the GPMAW pro-
gram), the selection of unspecific enzymes like pepsin, thermolysin, and elastase
is usually based on other parameters like low solubility of the target protein. They
have a difficult to predict, low specificity that is very dependent on the local struc-
ture of the substrate. Pepsin is active at pH 2.0, a pH where proteins often are more
soluble than at neutral pH. Thermolysin is active at temperatures as high as 80°C
(even in the presence of 8 M urea) where most proteins are denatured. Elastase
targets a group of small hydrophilic residues not targeted by any of the “specific”
enzymes. These enzymes are usually used either for an initial cleavage where you
hope for few cleavage positions to either make a protein soluble or to cleave a large
protein into smaller, more manageable pieces. In these cases you have to experi-
ment with short digestion times and/or very dilute solutions. Alternatively, the
enzymes are used as a final cleavage to identify closely spaced disulfide bridges
(see ref. 4).

16. During digestion, trypsin will autolyse and generate a small amount of ψ-trypsin,
which has some chymotryptic activity. In certain cases, depending on the sequence
or residual structure of the substrate, this may lead to complete cleavage at single
or a few residues in a protein. The activity of trypsin is also affected by neigh-
boring residues as acidic groups will slow cleavages and a following proline
residue will in most cases completely inhibit cleavage. If you have neighboring
basic residues (e.g., -Lys-Lys-) trypsin may cleave at either residue, but as the
activity of trypsin toward terminal residues is considerably lower than towards
internal residues, you may find all cleavage variants present in the peptide map
even after prolonged digestion times.

Modified trypsin that is considerably more resistant to autolysis is available
from a number of manufacturers (see Table 1).

17. Chymotrypsin has a high activity toward the C-terminal side of aromatic residues,
but other residues like Leu and Met can also be cleaved, particularly if they are
situated in a hydrophobic environment (mostly -X-X↓Y where X is hydrophobic).
Full digestions of intact proteins often give rise to unsuspected peptides, whereas
the specificity when subdigesting peptides is usually very high.

18. Endoproteinase Glu-C, also called S. aureus protease V8, is a most useful enzyme
in protein mapping. Its specificity nicely complements that of trypsin while still
generating peptides of a suitable size. The main activity is directed toward the
C-terminal of glutamic acid, but a reasonable activity toward aspartic acid means
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that you may have to control digestion times carefully in order to limit cleavage
to Glu. In a few cases, activity has also been seen toward Gly, but this is sequence
dependent. If the following residue is Glu or Pro, cleavage will not take place (e.g.,
in a -Glu-Glu- sequence cleavage is only observed after the second Glu). Earlier
reports that Endo Glu-C was specific toward Glu at pH 4.0 seems to be caused by
the lower activity of the enzyme at this pH (7).

19. Lysyl endopeptidase, Endo Lys-C, Endo Asp-N, and Endo Asn-C all tend to gen-
erate very clean peptide maps with a low amount of secondary cleavages. However,
some of the peptides generated may be quite large and difficult to handle. Endo
Asp-N and Endo Asn-C are considerably more expensive than the other enzymes
mentioned but a single optimal digest is more likely to succeed than multiple
rounds of digestion and separation.

Endo Arg-C (submaxillary gland proteinase) and clostripain both target the
C-terminal side of arginine, but with a significant amount of lysine cleavage.
Furthermore, their activity is not very high making them problematic for digest-
ing intact proteins.

References
1. Cole, R. B., ed. (1997) Electrospray Ionization Mass Spectrometry. Wiley, New

York.
2. Stensballe, A., Andersen, S., and Jensen, O. N. (2001) Characterization of phos-

phoproteins from electrophoretic gels by nanoscale Fe(III) affinity chromatogra-
phy with off-line mass spectrometry analysis. Proteomics 1, 207–222.

3. Kussmann, M., Nordhoff, E., Rahbek-Nielsen, H., et al. (1997) Matrix-assisted
laser desorption/ionization mass spectrometry: sample preparation techniques
designed for various peptide and protein analytes. J. Mass Spectrom. 32, 593–601.

4. Højrup, P., Jensen, M. S., and Petersen, T. E. (1985) Amino acid sequence of
bovine protein Z: a vitamin K-dependent serine protease homolog. FEBS Lett. 184,
333–387.

5. Peri, S., Steen, H., and Pandey, A. (2001) GPMAW—a software tool for analyz-
ing proteins and peptides. Trends in Biochem. Sci. 26, 691–693.

6. Speicher, K. D., Kolbas, O., Harper, S., and Speicher, D. W. (2000) Systematic
analysis of peptide recoveries from In-Gel digestions for protein identifications in
proteome studies. J. Biomol. Tech. 11, 74–86.

7. Sørensen, S. B., Sørensen, T. L., and Breddam, K. (1991) Fragmentation of
proteins by S. Aureus strain V8 protease. FEBS Lett. 294, 195–197.

8. Allen, G. (1989) Sequencing of Proteins and Peptides. Elsevier/North Holland,
Amsterdam.

9. Smith, B. J. (1994) Chemical cleavage of proteins, in Methods in Molecular
Biology, Vol. 32: Basic Protein and Peptide Protecols (Walker, J. M., ed.), Humana,
Totowa, NJ.

244 Højrup

CH16,225-244,20pgs  10/30/03  7:11 PM  Page 244



245

17

Mass Spectrometric Characterization
of Posttranslationally Modified Proteins—
Phosphorylation

Martin R. Larsen

1. Introduction
1.1. Overview

In higher organisms, the majority of proteins are posttranslationally modi-
fied at some stage, very often resulting in an essential change in the function
of the protein. Some modifications change the protein solubility, others are used
as molecular switches and thus modify biological activity, whereas others are
used to locate proteins to different cell compartments (e.g., ref. 1). Because a
given modification results in a change in the molecular mass of the affected
amino acid, mass spectrometry (MS) with its unique sensitivity, high mass
accuracy, and its ability to deal with complex mixtures, is the method of choice
for characterization of posttranslational modifications (2–4).

Mass spectrometric strategies for the characterization of posttranslational
modifications in purified or recombinant proteins include molecular weight
determination of the protein before and after chemical or enzymatic removal
of the modifying group. This is followed by analysis of peptides derived from
the protein by chemical or proteolytic digestion using various chromatographic
separation methods (4). Some of those strategies are not applicable to charac-
terization of modified proteins present in low amount (subpicomole) or proteins
separated by gel electrophoresis. Modified and optimized procedures are
required. Although mass spectrometric analysis of intact proteins from gels after
electroblotting (5,6), electroelution (7), or directly from a first dimension gel
matrix (8) have been reported, these techniques are not routine in most labo-
ratories, and often require custom-built mass spectrometers. Therefore, the
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analysis must rely on the characterization of peptides derived by enzymatic
digestion using different proteases. Here, the use of miniaturized chromato-
graphic MS sample preparation methods specifically designed to either increase
the number of detected peptides from a complex mixture or to selectively purify
the modified peptides are essential for successful analysis. After identification
of a presumably modified peptide, the presence of the modification is verified
by chemical or enzymatic removal of the modifying group. The exact location
of the modified residue can be assessed by mass spectrometric sequencing or
the peptide can be isolated by liquid chromatography (LC) and further charac-
terized if sufficient amounts are available.

1.2. Selected Modifications

The most common posttranslational modifications that take place in eukary-
otic cells are glycosylation and phosphorylation. In this chapter, only strate-
gies for the characterization of phosphorylated proteins will be described in
detail. Common strategies for characterization of glycosylated proteins are
mentioned below or in Chapter 19. However, the strategy described here for
optimal sequence coverage can easily be applied to characterization of glyco-
sylated proteins.

1.2.1. Protein Glycosylation

Protein glycosylation is observed in all eukaryotes, and recently it has also
been found in prokaryotes (9). The majority of glycosylated proteins are
secreted or membrane associated. The biological role of the glycostructures
(glycans) vary from conformational stability, protection against degradation,
to essential molecular and cellular recognition in for example development,
growth, function, and cellular communication (10,11). Glycans are often com-
plex branched structures built up of several different carbohydrate residues
resulting in high heterogeneity, which often makes characterization difficult.
In general, glycoproteins are characterized by measuring the molecular weight
of the intact protein by MS, followed by proteolytic digestion and identifica-
tion of the sites of glycosylation using differential peptide mapping before and
after treatment with appropriate endoglycosidases (12). Characterization of
the glycan structure is frequently performed using MS by measuring the
molecular weight of the liberated glycan or the glycopeptide before and after
sequential exoglycosidase treatment (13,14). For recent studies covering char-
acterization of glycosylated proteins, the readers are referred to refs. 15 and 16.

1.2.2. Phosphorylated Proteins

Reversible phosphorylation of different amino acids, mainly serine, threo-
nine, and tyrosine residues, is of key importance for regulation of the protein
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activity involved in complex cellular mechanisms including signal transduction,
metabolism, or apoptosis development (e.g., ref. 17). The regulation mecha-
nism is based on the interaction between protein kinases, which phosphorylates
specific residues in the proteins, and protein phosphatases, which catalyze the
reverse reaction. Because protein phosphorylation results in a mass increase of
80 Da per phosphate group, MS is the obvious method for characterizing this
modification. However, several factors influence the success of the analysis of
phosphorylated proteins by MS (see Note 1). For a comprehensive review,
describing analysis of phosphorylated proteins and peptides by mass spec-
trometry, the readers are referred to ref. 18.

In this chapter, the strategy we have used in our laboratory for site-specific
assignment of phosphorylation is described (see Fig. 1). It consists of two pos-
sible ways of characterizing phosphorylated proteins; (A) peptide mass map-
ping using microcolumns packed with material of increasing hydrophobicity
(Poros R2, Poros Oligo R3, and graphite powder) and (B) immobilized metal
affinity chromatography (IMAC) for selective purification of the phosphory-
lated peptide. Both methods are evaluated using alkaline phosphatase treatment
to remove the phosphate group (see Note 2). The two strategies are described
below.

2. Materials
2.1. Proteins and Enzymes

β-Casein (bovine milk), ovalbumin (chicken), and alkaline phosphatase
(lyophilized) were obtained from Sigma (St. Louis, MO). Modified porcine
trypsin was obtained from Promega (Madison, WI). Endoproteinase Glu-C was
obtained from Calbiochem (La Jolla, CA). Alkaline phosphatase (1 U/µL) was
obtained from Boehringer Mannheim/Roche, Indianapolis, IN).

2.2. Solvents, Chemicals, and Buffers

1. Ultrahigh-quality (UHQ) water (Millipore, Bedford, MA).
2. High-performance liquid chromatography (HPLC)-grade acetonitrile (CH3CN),

formic acid (HCOOH), acetic acid (CH3COOH), and hydrochloric acid (HCl)
(Selby Scientific limited, Clayton, Vic. Australia).

3. FeCl3 (Sigma).
4. α-Cyano 4-hydroxycinnamic acid (4HCCA) (Sigma).
5. Cyanogen-bromide (CNBr) activated Sepharose 4 fast flow (Amersham Pharmacia

Biotech AB, Uppsala, Sweden).
6. 50 mM ammonium bicarbonate (NH4HCO3, Sigma), pH 8.3.
7. PBS: 20 mM sodium phosphate buffer, 0.15 M NaCl, pH 7.5 (1 PBS tablet [ICN

Biomedicals Inc., OH] in 100 mL UHQ).
8. 0.1 M Tris-HCl, pH 8.0, 5 mM MgCl2.
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9. Nitrilotriacetic acid (NTA)-silica (16–24 µm particle size, Qiagen, Valencia, CA).
10. POROS R2 20 and POROS Oligo R3 media (PE Biosystems, Framingham, MA).
11. Graphite powder (activated charcoal C-5510, Sigma).

3. Methods
3.1. Matrix-Assisted Laser Desorption Ionization 
(MALDI)-Mass Spectrometry

Mass spectra presented in this chapter were obtained on a Voyager™ DE STR
Biospectrometry Workstation (PE Biosystems). Spectra were acquired in pos-
itive reflector and linear ion mode.
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Fig. 1. Strategy for characterization of phosphorylated peptides. (A) Desalting and
fractionation” of complex peptide mixture using microcolumns packed with increas-
ing hydrophobic material. (B) Affinity purification of phosphorylated peptides using
immobilized metal affinity chromatography. The numbers 1-5 indicate the different pep-
tide fractions obtained from the two different strategies. All fractions are analyzed by
MALDI-MS before and after treatment with alkaline phosphatase.
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3.2. Optimized MS Sample Preparation Method

Nearly complete sequence coverage, i.e., the fraction of the amino acid
sequence that is represented by peptides in the peptide mass map, is essential
to ensure detection of all modifications in a protein. The presence of low mol-
ecular weight contaminants, e.g., alkali metal ions, often causes reduced signal
intensity or complete suppression of the peptide signals resulting in decreased
sequence coverage. Desalting the peptide mixture on microcolumns prior to MS
reduces this problem (19). Low molecular mass contaminants are easily
removed from the column, resulting in increased signal intensity and signal-
to-noise ratio. Consequently, improved sensitivity and significantly higher
sequence coverage from peptide mass maps is observed. Combining micro-
columns with increasing hydrophobicity can result in a further increase in the
number of detected peptides in a mixture (20) and, therefore, increasing the pos-
sibility of detecting the modified peptide(s).

3.2.1. Preparation of GELoader Tip Microcolumns

The microcolumns are prepared from GELoader tips essentially as previously
described in (19,21).

1. A partially constricted GELoader pipette tip (Eppendorf, Hamburg, Germany) is
prepared by squeezing the narrow end. The narrow end of a GELoader tip is put
flat on a hard surface. Then a 1.5-mL microfuge tube is rolled over the final 1 mm
of the tip. Alternatively, the narrow end of the GELoader tip is fixed using a flat-
surfaced forcep, and then the GELoader tip is turned once to close the end.

2. Prepare a slurry of 100–200 µL chromatographic material, e.g., POROS R2,
POROS Oligo R3 or graphite powder in 70% acetonitrile (approx 1.5 mg/100 µL).

3. An aliquot (20 µL) of 70% acetonitrile is loaded in the top of the constricted
GELoader tip and 0.5 µL of the resin slurry is added on top of the acetonitrile. By
using a 1-mL syringe, fitted to the diameter of the GELoader tip via a disposable
pipette tip cut in both ends, the liquid is gently pressed down to create a small
column at the end of the constricted tip. Here, the column should be made dry
before performing the next step (no liquid left). The size of the column should be
0.5 cm or less.

4. An aliquot (20 µL) of 2% formic acid (or 0.1% TFA [see Note 3]) is applied to
the top of the column and 10 µL is used to equilibrate it using a gentle air pres-
sure generated by the syringe. The remaining 10 µL 2% formic acid is left on top
of the column bed.

5. Apply the analyte sample on top of the remaining 10 µL formic acid.
6. Press the liquid gently through the column by applying an air pressure (syringe).

Do not dry the column, leave approx 2 µL on top of the column bed.
7. Wash the column with 20 µL 2% formic acid and leave the column dry.
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8. Elute the analytes with 0.5 µL matrix solution directly onto the MALDI-MS
target (see Note 4). The 0.5-µL matrix solution should be spotted in several
droplets (5–10) on the target.

9. The POROS R2 and POROS Oligo R3 columns can be reused (up to four times)
after washing with 30 µL of 100% acetonitrile, depending on the amount of start-
ing material.

3.3. Differential Peptide Mass Mapping Using Microcolumns
Packed With Increasingly Hydrophobic Material
(Strategy A, Fig. 1)

In this strategy, an aliquot of the peptide mixture derived from the phos-
phorylated protein by in-gel digestion using a specific protease (see Note 5) is
consecutively desalted and concentrated using different microcolumns packed
with chromatographic material of increasing hydrophobicity. The peptides are
initially purified on a Poros R2 GELoader tip microcolumn, which is similar
to a C8–18 RP column. The flowthrough from this column is applied and con-
centrated on another microcolumn packed with Poros Oligo R3 material, which
is slightly more hydrophobic than R2 material. Finally, the flowthrough from
the R3 column is applied and concentrated on a microcolumn packed with
graphite powder to purify the hydrophilic and small peptides that are not
retained on the previous columns. Alternatively, the Poros R3 column can be
omitted if the protein to be characterized is small and few peptides are gener-
ated. The bound peptides are eluted with matrix solution (see Note 4) directly
onto the MALDI target. Mass spectra are obtained in both reflector and linear
mode for optimal signal intensity of the phospho-peptide (see Note 1). The ana-
lyzed samples are treated with alkaline phosphatase (AP) directly on the target
(see procedure below) and reanalyzed. Alternatively, an aliquot of the peptide
solution is treated with alkaline phosphatase (see Note 6) and then purified as
described above. The spectra before and after AP treatment are compared, and
signals that change 80 Da or in multiples of 80 Da are identified as phospho-
rylated peptides and assigned to the protein sequence. For site specific assign-
ment of the phosphate group(s) the remaining peptide mixture is used for
tandem MS sequencing.

In Fig. 2, MALDI-MS analysis of peptides derived from β-casein using
endoproteinase Glu-C is shown. β-casein is phosphorylated on five serine
residues resulting in a monophosphorylated (KFQSpEEQQQTEDE m/z 1705.8)
and a tetra-phosphorylated peptide (LNVPGEIVESpLSpSpSpEESITRINKKIE
m/z 3191.5) observed when digested with endoproteinase Glu-C. An aliquot of
the peptide mixture (corresponding to 0.5 pmol) was desalted and concentrated
on a Poros R2 column and the flowthrough was further purified on a graphite
powder column. The bound peptides were eluted using 4 HCCA in 70% ace-
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tonitrile. The Poros R2 MALDI-MS peptide mass map is shown in Fig. 2A.
The sample was treated with alkaline phosphatase directly on the MALDI
target (see Subheading 3.4.) and reanalyzed (see Fig. 2B). One signal appeared
in the dephosphorylated map, corresponding to the tetraphosphorylated pep-
tide. The absence of the phosphorylated peptide before AP treatment illustrates
the suppression effect observed in the MALDI ionization process. The
monophosphorylated peptide was not detected in the R2 map. The Graphite
powder MALDI-MS peptide mass map is shown in Fig. 2C. After dephospho-
rylation of this sample (see Fig. 2D) one signal disappeared in (C) and one
appeared in (D), corresponding to the monophosphorylated peptide. The
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Fig. 2. Analysis of β-casein using microcolumns packed with increasing hydropho-
bic material. The β-casein was digested with endoproteinase Glu-C generating two
phosphorylated peptides (m/z 1705.7 KFQSpEEQQQTEDE and m/z 3191.2
LNVPGEIVESpL-SpSpSpEESITRINKKIE). Only the mass ranges m/z 1400-1750
and m/z 2400-3200 are shown. (A) MALDI-MS peptide mass map of peptides eluted
from the Poros R2 microcolumn. (B) Same as in (A) but after on-target alkaline phos-
phatase treatment. (C) MALDI-MS peptide mass map of peptides eluted from the
graphite powder microcolumn. (D) Same as in (C) but after on-target alkaline phos-
phatase treatment. The peptides signals that changes 80 Da or multiples of 80 Da or
are appearing after alkaline phosphatase treatment are marked. The matrix used in this
experiment was α-cyano-4-hydroxy cinnamic acid in 70% acetonitrile.
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monophosphorylated peptide is completely absent in the R2 maps, presumably
because it is very hydrophilic and thus not retained on the R2 column.

3.4. On-Target Alkaline Phosphatase Treatment

To increase the overall sensitivity of the analysis alkaline phosphatase treat-
ment was performed directly on the previously analyzed sample (22).

1. The matrix (4CCA or DHB) is redissolved on the target using 1.5 µL 50 mM
NH4HCO3, pH 7.8, containing alkaline phosphatase (0.05 U/µL, Boehringer
Mannheim/ Roche).

We have found that the 4 HCCA crystals can be completely redissolved when
using 50 mM NH4HCO3, pH 7.8, whereas DHB is harder to dissolve.

2. The target is placed in a closed plastic box containing a wet tissue to prevent the
samples from drying.

3. The box is incubated at 37°C for 20–30 min.
4. The sample is acidified with 0.5 µL 5% formic acid, and the matrix is allowed to

recrystalize.
In the cases where the previously analyzed sample is desalted and concentrated

on microcolumns or where low amount of matrix is apparent from the first analy-
sis, additional matrix (0.2 µL) is added before recrystalization.

5. Prior to MALDI-MS analysis the surface is washed gently with 10 µL 0.1% TFA.
When very low amounts of peptides are analyzed, the de-phosphorylated pep-

tide sample is transferred to a small column containing Poros R2, Poros Oligo R3
or graphite powder and desalted/concentrated as described above.

3.5. On-Column Alkaline Phosphatase Treatment

For fast removal of phosphate group(s) from proteins and peptides, micro-
columns packed with immobilized phosphatase can be used very efficiently.
Phosphatase can be immobilized to different kinds of chromatographic mater-
ial or can be obtained from a variety of manufacturers, e.g., MoBiTec GmbH
(Göttingen, Germany, www.mobitec.de).

3.5.1. Immobilization to Sepharose Media

1. Cyanogen-bromide (CNBr) preactivated Sepharose 4B fast flow media
(Amersham Pharmacia) (0.1 g) is incubated in 2 mL 10 mM HCl for 30 min.

2. The media is washed twice in 10 mL ice-cold 10 mM HCl and once in 20 mM
phosphate buffer, pH 7.6.

3. Alkaline phosphatase (lyophilized) dissolved in 20 mM phosphate buffer, pH 7.6
(approx 2 mg/mL) is incubated with the activated media overnight at 4°C.

4. After centrifugation, the supernatant is removed and the sepharose beads are
washed in 0.1 M Tris-HCl, pH 8, 5 mM MgCl2 for 2 h at 4°C.

5. The alkaline phosphatase beads are stored in 50 mM NH4HCO3, pH 8.3 includ-
ing 0.02% NaN3.
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3.5.2. AP Microcolumn

The GELoader tip AP microcolumns are made essentially as described above.

1. Prepare a partially constricted GELoader pipette tip (Eppendorf, Hamburg,
Germany) by squeezing the narrow end.

2. An aliquot of the immobilized AP material is loaded onto the column in 50 mM
NH4HCO3, pH 8.3 (see Note 7). Column size should be around 2 cm.

3. Wash the column in 30 µL 50 mM NH4HCO3, pH 8.3. Do not dry the column.
4. The sample is loaded onto the column in 50 mM NH4HCO3, pH 8.3.
5. Press the liquid gently and slowly through the column by applying an air pressure

using the fitted syringe as above.
6. The dephosphorylated sample can either be analyzed directly by MALDI-MS or

desalted/concentrated on RF microcolumns prior to MALDI-MS.

An example of the use of AP GELoader tip microcolumns for dephospho-
rylation is shown in Fig. 3. Aliquots (10% of the total volume) of a tryptic pep-
tide mixture originating from in-gel digestion of 1 pmol ovalbumin were
desalted/concentrated on POROS R2 microcolumns before (A) and after (B)
on-column dephosphorylation. Two peptides which changed 80 Da in mass after
dephosphorylation could be assigned to the ovalbumin sequences (m/z 2088.9
EVVGSpAEAGVDAASVSEEFR, and m/z 2525.1 [assuming alkylation with
acrylamide of the cysteine residue] LPGFGDSpIEAQCGTSVNV-HSSLR).

3.6. IMAC (Strategy B, Fig. 1B)

Frequently, the signals originating from phosphorylated peptides are sup-
pressed in the presence of nonphosphorylated peptides or because of very low
phosphorylation stoichiometry. Therefore, selective isolation of the phospho-
peptide(s) using immobilized metal affinity chromatography (e.g., refs. 23–27)
prior to MS analysis may be advantageous. However, some problems are
observed in conjunction with this method (see Note 8). The IMAC column
material coated with either Ga3+ or Fe3+ is packed in constricted GELoader tips
and the peptides are applied in a low pH buffer. The phospho-peptides are
either eluted with a matrix solution directly onto the MALDI target, with a high
pH buffer for further analysis, or alternatively the IMAC beads can be mixed
with the matrix directly on the MALDI target (28) (see Note 9).

Various procedures for pre-purifying phosphorylated peptides prior to mass
spectrometric analysis using IMAC columns have been used previously
(23–27). Here, the protocol adapted from (27) is described.

1. A slurry of Fe3+-coated NTA-silica is prepared. The NTA-silica is washed con-
secutively in UHQ water, 0.1 M ethylene diamine tetraacetic acid (EDTA) and
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0.1 M acetic acid, followed by incubation for 10 min at RT in 0.1 M FeCl3 in
0.1 M acetic acid (1�1). After incubation, the coated Fe3+-coated NTA-silica is
washed in 0.1 M acetic acid followed by 0.1 M acetic acid and acetonitrile (3�1).
The Fe3+-coated NTA silica is stored in 0.1 M acetic acid.

2. Prepare a partially constricted GELoader pipette tip (Eppendorf) by squeezing the
narrow end.

3. Load an aliquot of the Fe3+-coated NTA silica onto the GELoader tip and the
column is packed using air-pressure (syringe). The column size should be around
2-cm long.

4. The column is equilibrated with 20 µL 0.1 M acetic acid.
5. The peptide mixture is diluted in 0.1 M acetic acid and applied to the column using

air-pressure (syringe). Do not dry the column.
6. The column is washed once with 0.1 M acetic acid and once with 0.1 M acetic

acid/25% acetonitrile.
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Fig. 3. On-column alkaline phosphatase digestion of tryptic peptides derived from
ovalbumin. (A) MALDI-MS peptide mass map of peptides after desalting and con-
centration on a Poros R2 microcolumn. (B) MALDI-MS peptide mass map of the
desalted and concentrated (A) peptides after on-column alkaline phosphatese treatment.
The two phosphorylated peptides are marked in A. *Indicates that the cystein is
S-acrylamidated.
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7. The phosphorylated peptides are eluted from the column using NH4OH, pH
10.5/25% acetonitrile or 2.5-dihydroxy benzoic acid (DHB) in 50% acetonitrile.
Alternatively, the IMAC beads can be mixed directly with MALDI matrix on the
target and analyzed.

8. The eluted peptides in the NH4OH, pH 10.5/25% acetonitrile fraction are further
desalted/concentrated on POROS Oligo R3 or graphite powder microcolumns as
described above.

This approach has been illustrated with the analysis of tryptic peptides
derived from human calgranulin B isolated by 2D gel electrophoresis (29). The
MALDI-MS peptide mass map of a small aliquot of the peptide mixture derived
by in-gel tryptic digestion, and of an aliquot (5%) of the peptide mixture puri-
fied on a IMAC microcolumn are shown in Fig. 4A and B, respectively. Only
the phosphopeptide signal together with the signals corresponding to losses of
H3PO4 and HPO3 are observed in the IMAC fraction. In addition, very little non-
specific binding is apparent in the IMAC peptide mass map. Upon on-target
de-phosphorylation with alkaline phosphatase a mass decrease of 80 Da is
observed confirming that the signal at m/z 2255.85 Da represents a phospho-
peptide containing one phosphate group (MHEGDEGPGHHHKPGLGEGTP)
(see Fig. 4C).

3.7. Alternative Techniques for Analysis 
of Phosphorylated Proteins/Peptides

3.7.1. Ion Scanning

An alternative way to identify phosphorylation sites in proteins is by pre-
cursor ion scanning (30–32). This technique allows detection of modified pep-
tides by recording the loss of specific diagnostic fragment ions from the peptide.
Different modifications yield different diagnostic low-mass ions during
collision-induced dissociation (CID). Thus, phosphorylated peptides yield frag-
ment ions at m/z 63 and 79 corresponding to PO2

– and PO3
–, respectively, when

scanned in negative ion mode. However, for optimal fragmentation of the phos-
phorylated peptide a change in polarity of the mass spectrometer is required
which often eliminates or reduces the signal from the phosphorylated peptide.
The technique is mainly used in combination with liquid chromatography (LC)
coupled to electrospray ionization mass spectrometry (ESI-MS) (32). However,
it has successfully been applied to the identification of phosphorylation sites
by direct analysis of the peptide mixture derived by in-gel digestion of elec-
trophoretically separated proteins using nanoelectrospray MS (e.g., 31,33).

A variation of the technique uses the detection of the phospho-amino acid
immonium ion (34). Here, the phospho-tyrosine immonium ion at m/z 216 is
measured using a high-resolution hybride mass spectrometer (Qq-TOF).
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Fig. 4. Localization of a phospho-peptide in a peptide mixture obtained by in-gel
tryptic digestion of calgranulin B, using immobilized metal affinity chromatography
(IMAC). (A) MALDI peptide mass map of the in-gel generated peptide mixture. (B)
MALDI spectrum of the IMAC purified phosphopeptide. Only the phosphopeptide
signal together with the signals corresponding to losses of H3PO4 and HPO3 is observed.
(C) On-target alkaline phosphatase treatment of the IMAC purified phosphopeptide con-
firms phosphorylation by a loss of 80 Da. The matrix used in this experiment was
α-cyano-4-hydroxy cinnamic acid in 70% acetonitrile. Reproduced with permission
from ref. 29 with permission from Springer-Verlag.
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Another ion scanning technique used frequently for analysis of phosphory-
lated peptides is neutral loss scanning performed using a triple quadrupole
analyzer (35). In this technique, the neutral loss of H3PO4 (98 Da) is measured
after CID by letting the third quadrupole (Q3) scan m/z 98/n lower than the first
quadrupole (Q1).

3.7.2. Chemical Derivatization

A frequently used method for assignment of phosphorylation sites is based
on the conversion of phospho-serine and phospho-threonine residues to S-(2-
mercaptoethyl)cysteinyl or β-methyl-S-(2-mercaptoethyl)cysteinyl residues by
beta-elimination/1,2-ethanedithiol addition, followed by reversible biotinyla-
tion of the modified protein/peptide (e.g., 36). The biotinylated compound can
be affinity purified using streptavidin/avidin beads and analyzed, e.g., by MS,
for site specific assignment of the modified site.

An alternative chemistry for derivatization of phosphopeptides has been
reported (37), where the phosphopeptides are modified by attachment of cys-
teamine (1-amino-2-thioethane) to the phosphate group using a carbodiimine
condensation reaction. The modified peptides can then be purified using an
iodoacetyl chromatographic resin.

The sensitivity of the derivation methods described is limited by the chro-
matographic separations necessary to remove chemical compounds in between
the different derivatization steps and the efficiency of the derivatization.

3.8. Concluding Remarks

Even with the increasing number of tools for phosphoprotein analysis, of
which some of them are listed above, characterization of phosphorylated pro-
teins still remains a tremendous challenge in biological MS. The main bottle-
neck seems to be the inability to detect all components present in a given
sample, e.g., all peptides derived from a protein by proteolytic digestion, owing
to ion suppression effects and losses during sample preparation. Therefore, we
have concentrated on developing new sample preparation techniques for MS
in order to specifically increase the number of peptides detected and to recover
peptides normally lost during traditional sample preparation techniques.

The methods described in this chapter are focused on the detection of the
phosphorylated peptide in a complex peptide mixture by using microcolumns
packed with increasing hydrophobic material, which increases the chance for
detecting all the components present in a given sample. The strategy shown in
Fig. 1 has, in our hands, been successful in a number of studies for site specific
assignment of phosphorylation (e.g., 22,27,38–40).

However, successful characterization of phosphorylated proteins ultimately
relies on the number of different techniques available in a given laboratory. The
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more tools available the higher the chance to characterize a phosphorylated
protein.

4. Notes
1. Factors affecting phosphoprotein analysis by MS include:

• Reversible phosphorylation is a regulatory mechanism the cell uses for activation/
deactivation of proteins. Therefore, the phosphorylation/-dephosphorylation
event must have a fast turnover to allow a fast response. Hence, the phospho-
rylated species are only present in a very short time period upon different stim-
uli, and consequently only low amounts of the phosphorylated species is present
at a given time. Thus, characterization of phosphorylated proteins requires a fast
and efficient way of isolating the phosphorylated from the non-phosphorylated
species. Here 2D gel electrophoresis seems to be most advantageous (e.g., 22).
Immunoprecipitation using anti-phosphotyrosine antibodies have been used to
enrich for tyrosine-phosphorylated proteins (e.g., 41).

• The presence of certain modifications reduces the ion yield of the corresponding
peptide resulting in suppression of its signal. This is especially the case for
acidic modifications, e.g., phosphorylation and glycosylation. Phosphorylated
peptides do not ionize as well as nonmodified peptides during the ionization
process and consequently yield lower signals, if any, in MS. The peptides can
be analyzed in negative ion mode but with less sensitivity. Purification of the
phosphorylated peptide, using e.g., IMAC, can overcome this suppression
effect.

• MALDI-TOF/MS is predominantly performed in reflector mode because of the
high resolution and mass accuracy. However, phosphopeptides undergo
metastable fragmentation, resulting in loss of the phosphate group when oper-
ating in reflector mode (42). Consequently, lower signal intensity is observed.
Therefore, it is advantageous to analyze the phosphorylated peptides in both
reflector and linear ion mode for optimal detection. In addition, the use of
different matrices in MALDI-MS can decrease the metastable fragmentation
(e.g., DHB).

2. Alkaline phosphatase is an unspecific phosphatase which cleaves off phosphate
groups from a variety of amino acids including serine, threonine and tyrosine.
Other phosphatases or a cocktail of different phosphatases can be used.

3. When the microcolumn is used as a cleanup step prior to nano-ESI-MS, the
loading/washing solution should be formic acid, as TFA is not compatible with
ESI-MS.

4. Several MALDI matrices are available and useful for this sample preparation pro-
cedure. However, α-cyano 4-hydroxycinnamic acid (4HCCA) in 70% acetonitrile
or DHB in 50% acetonitrile are the most common used. The Poros R2 and Poros
Oligo R3 columns can be sequentially eluted using increasing amounts of ace-
tonitrile, and the different fractions are then mixed with the matrix on the MALDI
target. This sequential elution is not compatible with the graphite microcolumns
since the presence of matrix during peptide elution is essential for the outcome of
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the analysis (20). Hence, the graphite columns are not suitable for desalting of pep-
tides prior to ESI-MS unless picomole amount of sample is available.

5. Proteases for in-gel digestion. Some proteases are more specific when used for
in-gel digestion than others. The most common proteases, which we have found
to be specific, are trypsin, endoproteinases lys-C and asp-N. However, trypsin is
not suitable for very low amount of protein as it generates autoproteolytic frag-
ments, which suppresses signals from peptides derived from the protein in the gel.
Other proteases like chymotrypsin and endoproteinase glu-C has not, in our hands
been specific enough for assignment of peptides when used for in-gel digestion.

6. Dephosphorylation of the peptide mixture can be performed in one of three ways;
in solution, on the target after the first MALDI analysis (22) or on a GELoader
tip microcolumn packed with immobilized alkaline phosphatase.

7. Any kind of buffer can be used for dephosphorylation of protein/peptide mixtures
on AP microcolumns, as long as it follows the recommendations from the manu-
facturers of the AP used. Alkaline phosphatase is a very resistant enzyme and will
be active even under hard conditions.

8. The sensitivity of the IMAC technology seems to be dependent on the sequence
of the phosphorylated peptide to be purified. The presence of clusters of acidic
amino acids (glutamic acid and aspartic acid) seems to enhance the selective
purification of a phosphorylated peptide. For example, ovalbumin (chicken) has
two serine phosphorylation sites located on two peptides (LPGFGDSpIEAQCGTS
VNVHSSLR. m/z 2453.1 and EVVGSAEAGVDAASVSpEEFR, m/z 2087.9).
The peptide at m/z 2087.9, which has a small cluster of glutamic acid next to the
phosphate group can routinely be purified from 0.5 pmol of starting material,
whereas the other peptide require more starting material (Larsen MR, unpublished
results). In other cases the phosphopeptide binds with a very high affinity so that
it can not come off the column again. Here, the IMAC beads can be analyzed
directly by mixing them with matrix on the MALDI target or the phosphopeptides
can be eluted with an alkaline phosphatase solution (28).

9. DHB in 50% acetonitrile is used for elution of peptides off the IMAC column
directly onto the MALDI target. In cases where the IMAC beads are mixed with
the matrix directly on the MALDI target, 4 HCCA has been used.
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Analyses of Glycopeptides and Glycoproteins
by Liquid Chromatography–Mass Spectrometry
and Liquid Chromatography–Tandem
Mass Spectrometry

Nana Kawasaki, Miyako Ohta, Satsuki Itoh, and Takao Hayakawa

1. Introduction
A variety of recombinant glycoproteins, including erythropoietin (EPO),

and tissue plasminogen activator have been developed as medical agents. The
carbohydrate moieties are known to be implicated in the biological activity,
metabolic fate, stability, and solubility of these compounds, and it is, therefore,
important to analyze the structural features of carbohydrate moieties as well as
polypeptide chains in glycoprotein products (1).

Liquid chromatography–mass spectrometry (LC–MS) is an effective method
for analyses of both polypeptide chains and sugar chains in glycoproteins (2,3).
Glycoproteins are digested into peptides and glycopeptides bearing one sugar
chain by proteases such as trypsin, endoproteinase Lys-C, Glu-C, and Asp-N,
and the digests are then subjected to LC–MS equipped with a reversed-phase
column. A mobile phase containing acids such as trifluoroacetic acid (TFA) is
generally employed for the elution of both nonglycosylated and glycosylated
peptides (3). Amino acid residues, glycosylation sites, and preliminary glyco-
sylation can be characterized from the mass spectra of peaks in this peptide/
glycopeptide map. In contrast, the use of ammonium acetate as a mobile phase
can preferentially elute the glycopeptides, and the glycopeptides are separated
based on the structure of carbohydrates (4). This glycopeptide mapping is useful
for the analysis of site-specific carbohydrate heterogeneity in glycoproteins.

Liquid chromatography–tandem mass spectrometry (LC–MS/MS) is valu-
able for locating the glycopeptides in the peptide/glycopeptide map (5). The

From: Methods in Molecular Biology, vol. 251, HPLC of Peptides and Proteins: Methods and Protocols
Edited by: M.-I. Aguilar © Humana Press Inc., Totowa, NJ

CH18,263-274,12pgs  10/30/03  7:13 PM  Page 263



precursor-ion scanning, in which marker ions such as m/z 204 (HexNAc+) pro-
duced from glycoproteins by collision-induced decomposition (CID) are mon-
itored, can trace only glycopeptides in proteolytic-digested glycoproteins.

The present chapter describes the following methods:

1. Proteolytic digestion of a glycoprotein.
2. LC–MS analysis of a proteolytic-digested glycoprotein.

a. Peptide/glycopeptide mapping.
b. Glycopeptide mapping.

3. LC–MS/MS analysis of a proteolytic-digested glycoprotein.

Using EPO as an example of a glycoprotein, we also present here applica-
tions of LC–MS and LC–MS/MS with glycoproteins.

2. Materials
2.1. Proteolytic Digestion of Glycoproteins

1. Proteases. Choose a protease or proteases that will cleave the glycoprotein into gly-
copeptides containing one glycosylation site. Enzyme specificity is as follows:
a. Trypsin: Lys/Arg-↓-X,
b. Endoproteinase Lys-C (Lys-C): Lys-↓-X,
c. Endoproteinase Glu-C (Glu-C): Glu(Asp)-↓-X,
d. Endoproteinase Asp-N (Asp-N): X-↓-Asp(Glu)

2. Protease solution (see Note 1):
a. Trypsin: Dissolve TPCK-trypsin (Sigma, St. Louis, MO) in 3 mM HCl at a final

concentration of 2 µg/µL.
b. Lys-C: Dissolve Lys-C (Roche Diagnostics, GmbH, Germany) in 100 mM

ammonium acetate, pH 8.6, at a final concentration of 0.4 µg/µL.
c. Glu-C: Dissolve Glu-C (Roche Diagnostics, GmbH, Germany) in 100 mM

ammonium acetate, pH 8.0, at a final concentration of 4 µg/µL.
d. Asp-N: Dissolve Asp-N (Wako Pure Chemical Industries, Ltd., Osaka, Japan)

in 25 mM ammonium bicarbonate, pH 8.0, at a final concentration of
0.1 µg/µL.

3. Proteolytic digestion buffer:
a. Trypsin: 100 mM Tris-HCl, pH 8.0.
b. Lys-C: 100 mM ammonium acetate, pH 8.6.
c. Glu-C: 100 mM ammonium acetate, pH 8.0.
d. Asp-N: 25 mM ammonium bicarbonate, pH 8.0.

4. Reduction and carboxymethylation buffer: 0.5 M Tris-HCl (pH 8.6) containing
8 M guanidine hydrochloride and 5 mM EDTA.

5. 2-Mercaptoethanol.
6. Monoiodoacetic acid.
7. Sephadex G-25 column, e.g., PD-10 column (Amersham Biosciences, Uppsala,

Sweden).
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2.2. LC–MS and LC–MS/MS Analyses 
of Proteolytic-Digested Glycoproteins

LC–MS/MS analysis (Precursor-ion scanning) generally requires a larger
amount of sample than LC–MS analysis (normal scanning). Use of a microbore
column (1.0 mm id) is, therefore, recommended for precursor-ion scanning.

1. HPLC equipment:
a. For LC–MS: A gradient pump equipped with an injector, a column oven, an

integrator, and a detector capable of monitoring UV absorbance at 206 nm.
b. For LC–MS/MS: A gradient pump equipped with an injector, an integrator, and

a UV monitor equipped with a microflow cell (0.3 µL), e.g., Magic 2002
(Michrom BioResources, Inc. Auburn, CA).

2. ESI-MS and -MS/MS: Triple-stage quadrupole mass spectrometer equipped with
an electrospray ion source, e.g., Finnigan TSQ-7000 (Thermo Finnigan, Inc. San
Jose, CA).

3. Column:
a. For LC–MS: Vydac 218TP52 (250 × 2.1 mm, Vydac, Hesperia, CA), and

Pegasil ODS (250 × 2.1 mm, Senshu Science Co. Ltd., Tokyo, Japan).
b. For LC–MS/MS: Magic C18 (150 × 1.0 mm, Michrom BioResource, Inc.

Auburn, CA).
4. HPLC mobile phase (see Note 2):

a. For peptide/glycopeptide mapping by LC/MS:
Solvent A: 0.05% TFA.
Solvent B: 0.05% TFA/50 %(v/v) acetonitrile.

b. For glycopeptide mapping by LC–MS:
Solvent A: 1 mM ammonium acetate, pH 6.8.
Solvent B: 1 mM ammonium acetate, pH 6.8/80% (v/v) acetonitrile.

c. For precursor-ion scanning by LC–MS/MS:
Solvent A: 0.05% TFA/2%(v/v) acetonitrile.
Solvent B: 0.05% TFA/80%(v/v) acetonitrile.

3. Methods
3.1. Proteolytic Digestion of Glycoproteins

Glycoproteins that possess multiple disulfide bonds are reduced and derivatized
with monoiodoacetic acid for the complete proteolysis as follows (steps 1–4).
These steps can be omitted for glycoproteins having only a few disulfide bonds.

1. Dissolve a glycoprotein (360 µg) in 360 µL of reduction and carboxymethylation
buffer.

2. Add 2.6 µL of 2-mercaptethanol, and incubate the mixture at room temperature
for 2 h.

3. To the reaction mixture, add 7.56 mg of monoiodoacetic acid and incubate the mix-
ture at room temperature for 2 h in the dark.
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4. Apply the reaction mixture on a Sephadex G-25 column to remove the reagents,
and lyophilize the effluent (see Note 3).

5. Dissolve the glycoprotein in proteolytic digestion buffer to a final concentration
of 1 mg/mL.

6. Add protease solution, and incubate the sample at 37°C for 1–24 h.
a. Trypsin: Add trypsin solution to a final protein�enzyme ratio of 50�1, and

incubate for 1–4 h (see Note 4).
b. Lys-C: Add Lys-C solution to a final protein�enzyme ratio of 25�1, and incu-

bate for 24 h.
c. Glu-C: Add Glu-C solution to a final protein�enzyme ratio of 50�1, and

incubate for 20 h (see Note 5).
d. Asp-N: Add Asp-N solution to a final protein�enzyme ratio of 50�1, and incu-

bate for 20 h.
7. Store the sample at –20°C before use.

Erythropoietin contains three N-glycans at Asn 24, 38, and 83, and one
O-glycan at Ser-126 (6). This glycoprotein has two disulfide bonds (see Fig. 1).
The structures of N-glycans in EPO are reported to be fucosylated bi-, tri-, and
tetraantennary oligosaccharides containing 0–4 sialic acid with 0–3 N-acetyl-
lactosamine (see Fig. 2) (3,7–9). Glu-C solution (62 µL) was added to EPO
(1 mg) dissolved in 1 mL of 100 mM ammonium acetate, pH 8.0, and the sample
was incubated at 37°C for 20 h. EPO is expected to be digested into four gly-
copeptides, E5, E6, E10, and E12, and some peptides, as shown in Fig. 1.

3.2. LC–MS Analysis of a Proteolytic-Digested Glycoprotein

3.2.1. Peptide/Glycopeptide Mapping

1. Equilibrate a column with the starting solvent (1% of B) at a flow rate of
0.2 mL/min, and monitor the absorbance at 206 nm. Set the column oven to 40°C.

2. Set the ESI voltage and electron multiplier to 4500V and 1200V, respectively. Set
the capillary temperature to 225°C. Adjust the pressure of the sheath gas (N2) and
auxiliary gas (N2) to 70 psi and 10 U, respectively. Set the scan time to 4 s.
Perform ionization and acquire the ions at m/z 550–2400 in the positive ion mode
(see Note 6).

3. Inject an aliquot (50 µL) of the sample onto the HPLC column.
4. Elute the column using a linear gradient from 1% to 90% of B in 130 min at a

flow rate of 0.2 mL/min.

An elution profile of Glu-C-digested EPO is shown in Fig. 3. Amino acid
residues in nonglycosylated peptides were determined by comparing the exper-
imental masses with the masses predicted from the cDNA-derived amino acid
sequence (see Fig. 1). Mass spectra of glycopeptides E5, E6, E10, and E12 are
present in Fig. 4. Carbohydrate structures and amino acid residues of the ions
A1–A11, B1–B13, and C1–14 were determined on the basis of the experi-
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mental and theoretical masses of peptides and carbohydrates (see Fig. 2). The
structural assignment of peaks shown in Fig. 3 is summarized in Table 1.

3.2.2. Glycopeptide Mapping

1. Equilibrate a column with the starting solvent (1% of B) at a flow rate of
0.2 mL/min, and monitor the absorbance at 206 nm. Set the column oven to 40°C.

2. Set the ESI voltage, electron multiplier, and capillary temperature to 4500V,
1200V, and 225°C, respectively. Adjust the pressure of the sheath gas (N2) and
auxiliary gas (N2) to 70 psi and 10 U, respectively. Set the scan time to 3 s.
Perform ionization and acquire the ions at m/z 1000–2400 in the positive ion
mode (see Note 7).

3. Apply the sample (15 µL) on the HPLC column.
4. Elute the column using a linear gradient from 1% to 6% of B in 60 min followed

by a further increase of solvent B up to 36% within 80 min (see Note 8).

The glycopeptide map of Glu-C-digested EPO is shown in Fig. 5A. Four gly-
copeptides were eluted in the order of E6 (Asn36), E5 (Asn24), E12 (Ser126),
and E10 (Asn83), and the glycopeptides were further separated based on the
structure of the oligosaccharides attached to each glycosylation site. For exam-
ple, glycopeptide E6 was separated into 10 peaks (see Fig. 5B). These glyco-
forms were eluted in the order of tetra-, tri-, and disialylated glycopeptides, and
they were further separated based on the number of N-acetyllactosamine
repeats.
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Fig. 1. Amino acid sequence and glycosylation sites of erythropoietin.
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3.3. LC–MS/MS Analysis of a Proteolytic-Digested Glycoprotein

1. Equilibrate a microbore column (1.0 mm id) with the starting solvent (5% of B)
at a flow rate of 50 µL/min, and monitor the absorbance at 206 nm.

2. Set the ESI voltage and the electron multiplier to 4500v and 1500 V, respectively.
Set the capillary temperature to 225°C. Adjust the pressure of the sheath gas (N2)
and auxiliary gas (N2) to 70 psi and 10 U, respectively. Set the collision energy
and pressure of the collision gas (Ar) to –20 eV and 2.0 mTorr, respectively. Set
the scan time to 4 s. Perform ionization in the positive ion mode and acquire the
ions at m/z 400–2400 with the first quadrupole (Ql), and at m/z 204 with the third
quadrupole (Q3) in the precursor-ion scan mode (see Note 9).

3. Inject an aliquot (8 µL) of the sample onto the HPLC column.
4. Elute the column using a linear gradient from 5 to 45% of B in 40 min at a flow

rate of 50 µL/min.

Figure 6 shows the TIC chromatograms of Glu-C digested EPO, which was
obtained by normal scan (LC–MS) (A) and by the precursor-ion scan of m/z
204 (HexNAc+) (LC–MS/MS) (B). Nonglycosylated peptides are eliminated by
the precursor-ion scan, resulting in a TIC chromatogram showing only glyco-
peptides (10).
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Fig. 2. Carbohydrate structures of erythropoietin. Bi, biantennary; Tri, triantennary;
Tetra, tetraantennary; Lac, N-acetyllactosamin; NA, NeuAc.
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4. Notes
1. The protease solution can be stored at –20°C for 1 yr.
2. To reduce background, the use of Milli-Q filtrated water is recommended. The

mobile phase should be prepared just before use.
3. Instead of Sephadex-G25, reverse-phased (RP) HPLC may be used for desalting;

recovery of some glycoproteins, however, is decreased by the derivatization and
removal of the denaturant.

4. Peaks that cannot be identified sometimes appear as a result of excess incubation
with trypsin. It is worth checking the reaction after 1 h of incubation.

5. Glu-C digests Glu-X without cleavage of Asp-X at a 1�50 enzyme-to-substrate
ratio at pH 8.0. Asp-X can be hydrolyzed by Glu-C at a 1�4 enzyme-to-substrate
ratio.

6. The positive ion mode is recommended for analyses of peptides and nonsialylated
glycoproteins. The negative ion mode is effective for analyses of sialylated
glycopeptides.

7. The range of m/z 1000–2400 is effective for selective detection of glycopeptides.
Most of the nonglycosylated peptides can be eliminated in this range.
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Fig. 3. Glu-C peptide/glycopeptide map of erythropoietin. Column, Vydac 218TP52
(250 × 2.1 mm); eluent A, 0.05% TFA; eluent B, 0.05% TFA/50% (v/v) acetonitrile;
gradient, 1 to 90% of B in 130 min; flow rate, 0.2 mL/min; acquired mass, m/z

550–2400; ion mode, negative; sample amount, 50 µg erythropoietin.
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8. Since some nonglycosylated peptides are not eluted by ammonium acetate, it is
recommended to wash the column with 0.05%TFA/80% acetonitrile for 15 min
after the analysis.
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Fig. 4. Mass spectra of glycopeptides E6 (A), E5 (B), E12 (C), and E10 (D). Peak
assignment is presented in Table 1.
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Table 1
Structural Assignments of Peaks in Fig. 3 and of Ions in Fig. 4,
and Their Theoretical Masses and Observed m/z Values

Amino Observed m/z
Peptide in acid Ion in Theoretical
Fig. 3 residues Fig. 4 Carbohydrate structurea massb M– M2– M3–

E8 56–62 729.8 728.4
E2 9–13 602.7 601.5
E6 38–43 A1 BiLac1NA2, TriNA2

c 3375.2 1686.8
A2 TriLac1NA1, TetraNA1

d 3449.3 1724.4
A3 TriNA3 3666.5 1831.8
A4 BiLac2NA2, TriLac1NA2, TetraNA2

e 3740.6 1869.1
A5 TriLac2NA1, TetraLac1NA1

f 3814.6 1906.5
A6 TriLac1NA3, TetraNA3

g 4031.8 2014.5
A7 TriLac2NA2, TetraLac1NA2

h 4105.9 2052.8
A8 TetraNA4 4323.1 2160.2 1440.1
A9 TriLac2NA3, TetraLac1NA3

i 4397.1 2198.0 1465.1
A10 TetraLac1NA4 4688.4 2343.2 1561.8
A11 TetraLac2NA3 4762.5 2380.2 1586.5

E5 22–37 B1 BiNA1 3750.7 1875.1
B2 BiNA2 4042.0 2020.3 1346.2
B3 TriNA1 4116.0 2058.5
B4 BiLac1NA2, TriNA2

c 4407.3 2202.7 1468.2
B5 TriLac1NA1, TetraNA1

d 4481.4 2239.8
B6 TriNA3 4698.6 2348.7 1565.6
B7 BiLac2NA2, TriLac1NA2, TetraNA2

e 4772.6 2385.7 1590.7
B8 TriLac1NA3, TetraNA3

g 5063.9 1687.3
B9 TriLac2NA2, TetraLac1NA2

h 5138.0 1712.2
B10 TetraNA4 5355.2 1784.5
B11 TriLac2NA3, TetraLac1NA3

i 5429.2 1809.6
B12 TetraLac2NA2 5503.3 1834.0
B13 TetraLac1NA4 5720.5 1905.7

E1 (1–8)S-S 1503.7 1502.1 750.6
(160–165)

E3 14–18 692.8 691.5
E12 118–136 NA-Gal-GalNAc 2494.6 1246.1

NA2-Gal-GalNAc 2785.9 1392.6
E7 45–55 1572.9 1571.1
E10 73–96 D1 BiLac1NA2, TriNA2

c 5388.5 1795.1
D2 TriLac1NA1, TetraNA1

d 5462.6 1820.5
D3 TriNA3 5679.8 1892.2
D4 BiLac2NA2, TriLac1NA2, TetraNA2

e 5753.9 1917.6
D5 TriLac1NA3, TetraNA3

g 6045.1 2014.2
D6 TriLac2NA2, TetraLac2NA2

h 6119.2 2040.0
D7 TetraNA4 6336.4 2111.1
D8 TriLac2NA3, TetraLac1NA3

i 6410.5 2136.4
D9 TetraLac2NA2 6484.6 2161.6
D10 TetraLac1NA4 6701.7 2233.4
D11 TetraLac2NA3 6775.8 2258.2

(continued)
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Table 1 (continued)

Amino Observed m/z
Peptide in acid Ion in Theoretical
Fig. 3 residues Fig. 4 Carbohydrate structurea massb M– M2– M3–

D12 TetraLac3NA2 6849.9 2283.5
D13 TetraLac2NA4 7067.1 2355.8
D14 TetraLac3NA3 7141.1 2380.8

E9 63–72 1115.3 1113.9
E13 137–159 2837.4 1418.4
E11 97–117 2212.6 2211.4

aAll N-glycans contain fucosylated core. Bi, biantennary; Tri, triantennary; Tetra, tetraantennary;
NA, NeuAc; Lac, N-acetyllactosamine.

bAverage mass value.
c–i Isomers.
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9. Monitoring of the oxonium ions m/z 204 (HexNAc+) and 366 (Hex-HexNAc+) is
effective for the determination of both N-glycosylated and O-glycosylated peptides.
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Fig. 5. (see opposite page) (A) Glu-C glycopeptide map of erythropoietin. Column,
Vydac 218TP52 (250 × 2.1 mm); eluent A, 1 mM ammonium acetate, pH 6.8. eluent
B, 1 mM ammonium acetate, pH 6.8/80% (v/v) acetonitrile; gradient, 1 to 6% of B in
60 min followed by 36% of B in 80 min; flow rate, 0.2 mL/min; acquired mass, m/z
1000–2400; ion mode, negative; sample amount, 15 µg erythropoietin. (B) Expanded
view of glycopeptide E6. Bi, biantennary; Tri, triantennary; Tetra, tetraantennary; Lac,
N-acetyllactosamin; NA, NeuAc.

Fig. 6. Normal scan (A) and precursor-ion scan (B) of Glu-C-digested EPO. Column,
Magic C18 (150 × 1 mm); eluent A, 0.05%TFA/2% acetonitrile; eluent B, 0.05%
TFA/80% acetonitrile; gradient, 5 to 45% of B in 40 min; flow rate, 50 µL/min; acquired
mass (Q1), m/z 400–2400. Set mass (Q3), m/z 204; ion mode, positive; sample amount,
2 µg (A) and 8 µg (B) of erythropoietin.
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HPLC in the Analysis of Peptide Metabolism

Rebecca A. Lew

1. Introduction
Bioactive peptides are generally synthesized within large precursor mole-

cules, from which the active moiety must be enzymatically excised by one or
more specific peptidases (1). For most peptides, this processing occurs intra-
cellularly, within the secretory pathway, but cosecretory or extracellular pro-
cessing can also occur. Peptidases also play a critical role in the termination of
peptide signals, via cleavage to inactive fragments (2,3). The characterization
of the peptidases involved in the generation and metabolism of peptides is thus
of critical importance to the understanding of the physiology of specific pep-
tide hormones and neurotransmitters.

Given that the metabolism of most peptides involves cleavage at a number
of sites, and that the metabolites are often very similar in composition to both
the parent peptide and to each other, methods must be devised that will ade-
quately separate, identify, and quantitate all the relevant species. Reversed-
phase (RP)-high-pressure liquid chromatography (HPLC) often with the
addition of a hydrophobic ion-pair, has been used extensively in the character-
ization of peptides and their metabolites. Resolution of peptide fragments is
usually very high, and a number of complementary methods, such as ultravio-
let (UV) absorbance detection (which is fairly standard practice), bioassay,
radioimmunoassay, enzyme-linked immunosorbent assay (ELISA), amino acid
analysis, and peptide sequencing, may be used for identification and quantifi-
cation. In recent years, the advent of on-line benchtop mass spectral analysis
has simplified and expedited the identification of peptides separated by HPLC,
and liquid chromatography–mass spectrometry (LC–MS) has become the pre-
ferred method of analysis (see Note 1).

From: Methods in Molecular Biology, vol. 251, HPLC of Peptides and Proteins: Methods and Protocols
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A wide range of aspects of peptide degradation can be studied using LC–MS,
including: the identification of specific peptidases within distinct cell or tissue
types (see Note 2); purification of peptidases, using substrate cleavage as an
assay of activity; characterization (substrate specificity, inhibitor sensitivity, and
so on) of isolated or recombinant peptidases (see Note 3); identification of
cleavage sites within a peptide substrate; kinetic analysis of peptide cleavage
(see Note 4); characterization of the metabolism of peptide analogs with ago-
nist or antagonist activities (see Note 5); development of specific synthetic pep-
tidase inhibitors; and the development and verification of alternative peptidase
screening methods, such as fluorescent substrate assays.

In the present chapter, the degradation of the vasodilator peptide bradykinin
by vascular endothelial cells will be used as a specific example (see Note 2).
This peptide is rapidly degraded in vivo by a number of peptidases acting at
different sites (see Fig. 1). The focus of this chapter will be on two closely
related metalloendopeptidases, EC 3.4.24.15 (EP24.15) and 3.4.24.16
(EP24.16), which cleave bradykinin at the Phe5-Ser6 bond. Methods for the
preparation of soluble and membrane fractions from cultured cells will be pro-
vided, along with a description of the LC–MS analysis of the degradation of
bradykinin by such preparations. Furthermore, the identification of the pepti-
dases involved will then be determined by the use of specific inhibitors.
Additional aspects of LC–MS analysis of peptidase activity, as outlined above,
will be discussed in the Notes subheading.

276 Lew

Fig. 1. Major cleavage sites of bradykinin. Shown is the nine amino acid sequence
of bradykinin, and the known sites of cleavage by vascular metallopeptidases. Am-P,
aminopeptidase P; EP24.15, endopeptidase 3.4.24.15; EP24.16, endopeptidase
3.4.24.16; NEP, neutral endopeptidase; ECE, endothelin-converting enzyme; ACE,
angiotensin converting enzyme; (ACE) indicates a secondary cleavage site of ACE;
Cp-N, carboxypeptidase N.
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2. Materials
2.1. Preparation of Soluble and Membrane Fractions

1. Cell culture medium: RPMI 1640, 10% fetal calf serum (FCS) (CSL Ltd.,
Parkville, Victoria, Australia), 2.4 mM glutamine, and 2 mL/L of penicillin
(10,000 U/mL)/streptomycin (10,000 µg/mL)/fungizone (25 µg/mL) antibiotic
mix (CSL Ltd.)—store at 4°C.

2. Collagenase Type II (3 mg/mL (171 U/mg); Worthington Biochemical Corp.,
Freehold, NJ).

3. Antisera against human von Willebrand factor (Dakopatts, Glostrup, Denmark).
4. Avidin/biotin/peroxidase immunohistochemical kit (Vector Laboratories,

Burlingame, CA).
5. Tris-buffered saline (TBS): 25 mM Tris-HCl, 125 mM NaCl, pH 7.4. Prepare using

ultrapure HPLC grade water (see Subheading 2.3.), in order to minimize possi-
ble contamination with bacterial proteases—store at 4°C for up to 1 mo.

2.2. Peptide Digest

1. TBS.
2. Bradykinin: purchased from Auspep (Parkville, Victoria, Australia) or other sup-

plier (e.g., Sigma). The dry peptide is reconstituted in 99% methanol/1% trifluo-
roacetic acid (TFA), and aliquoted into 20, 50, and 100 µg amounts in Eppendorf
tubes. It is then dried on a Speed-Vac centrifugal evaporator, stored at –20°C, and
reconstituted in TBS at time of assay.

3. Peptidase inhibitors:
a. CFP (N-[1-(R,S)-carboxy-3-phenylpropyl]-Ala-Ala-Tyr-p-aminobenzoate) was

synthesized at the Baker Institute (4), and inhibits both EP24.15 (Ki = 19 nM) and
EP24.16 (Ki ≈ 700 nM) (5).

b. The cFP analog JA2 (N-[1-(R,S)-carboxy-3-phenylpropyl]-Ala-Aib-Tyr-
p-aminobenzoate) (Ki[EP24.15] = 23 nM, Ki[EP24.16] = 690 nM; (5)) was syn-
thesized by Dr. G. Abbenante (Centre for Drug Design and Development,
University of Queensland, Australia) as described (5).

c. The specific inhibitors Pro-Pheψ(PO2CH2)Leu-Pro-NH2 (PFPCLP-NH2;
Ki[EP24.15] = 66.5 µM, Ki[EP24.16] = 12 nM; (6)), Z-(L,D)-Pheψ(PO2CH2)-
(L,D)-Ala-Arg-Phe (Z-FPCARF; Ki[EP24.15] = 0.16 nM, Ki[EP24.16] = 530 nM;
(7)), and Z-(L,D)-Pheψ(PO2CH2)-(L,D)-Ala-Lys-Met (Z-FPCAKM;
Ki[EP24.15] = 0.12 nM, Ki[EP24.16] = 230 nM; (7)) were synthesized by Prof.
Vincent Dive (CEA, Département d’Ingénierie et d’Etudes des Protéines,
Gif-sur-Yvette Cedex, France) as previously described (6,7).

d. The EP24.16-selective dipeptide Pro-Ile (Ki = 90 µM (8)) was purchased from
Auspep (Parkville, Victoria, Australia).

e. Phosphoramidon was obtained from Sigma (Castle Hill, NSW, Australia).
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CH19,275-290,16pgs  10/30/03  7:13 PM  Page 277



f. All inhibitors were reconstituted in TBS at ≥10-fold the final assay concen-
tration and stored at –20°C.

2.3. HPLC Analysis

2.3.1. Equipment

1. Hewlett-Packard (now Agilent Technologies) HP1100 series LC system with ther-
moregulated autosampler, diode array UV detector, and on-line electrospray mass
spectrometric detector.

2. ChemStation analysis software.
3. Zorbax Eclipse C18 column, 2.1 × 150 mm, 5 µm (XDB-C18, Hewlett-Packard).

2.3.2. Solvent Reagents

1. HPLC grade acetonitrile: 190 nm cutoff must be used to minimize background
UV absorbance when detecting at 214 nm.

2. HPLC grade water: purified by reverse-osmosis (Milli-RO System, Millipore,
Bedford, MA), then further purified through Milli-Q/UV Plus ultrapure water
system (Millipore) with UV irradiation: critical for reducing contaminants that
may interfere with LC–MS analysis.

3. TFA: Peptide Sequencing grade (Applied Biosystems, Norwalk, CT) results in
minimal background peaks on LC–MS.

4. Acetic acid: ACS grade.

3. Methods
3.1. Preparation of Soluble and Membrane Fractions

3.1.1. Cell Culture

Detailed methods for cell culture are beyond the scope of this chapter. In
brief, sheep aortic endothelial cells are cultured in our laboratory as follows.

1. Under sterile conditions, transect sheep aortae (collected aseptically from an abat-
toir) longitudinally.

2. Gently pass a sharp sterile scalpel blade over the luminal surface and rinse into
5 mL collagenase in a sterile 15-mL Falcon tube.

3. Incubate cells for 5 min at 37°C to allow dissociation by collagenase.
4. Dilute cells with 10 mL RPMI-1640 medium containing 20% FCS, which inhibits

the collagenase.
5. Centrifuge to pellet cells (900g, 5 min).
6. Discard supernatant, and resuspend pellet in 10 mL fresh medium.
7. Plate into 90-mm culture plate.
8. Incubate at 37°C in 5% carbon dioxide in air.
9. After several weeks the cells proliferate to form a monolayer. Passage cells when

confluent (using 0.1% trypsin/0.02% disodium ethylene diamine tetraacetic acid
[EDTA]).
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10. Cells are identified as endothelial cells by immunohistochemistry using a rabbit
antiserum directed against human von Willebrand factor.

3.1.2. Cell Harvest

1. Wash confluent cells twice in warm (37°C) TBS (approx 5 mL/plate). Typically,
a large number of plates (10–15) are processed simultaneously to provide a stock
of material for assays.

2. Scrape cells off the culture plates using a rubber policeman into ice-cold TBS (as
low a volume as possible, normally about 0.5–1.0 mL/plate).

3. Freeze (–70°C) and thaw the cell suspension three times to break up the cells.
4. Sonicate the cell suspension briefly (3 × 5 s bursts, Sonifier Cell Disrupter,

Branson) on ice to further disrupt cell membranes. Care must be taken not to over-
heat the sample, as this may denature the proteins.

5. Ultracentrifuge at 100,000g for 60 min at 4°C.
6. Reserve the cytosolic supernatant.
7. Resuspend the pellet in fresh cold TBS and respin.
8. Discard the second supernatant and resuspend the pellet in fresh cold TBS (as low

a volume as possible, usually 0.5 mL) as the crude membrane fraction.
9. Gently pipet the membranes up and down in order to homogenize the pellet as

much as possible (see Note 6). If necessary, briefly sonicate as in step 4.
10. Aliquot both soluble and membrane fractions in convenient volumes (e.g., 100 µL)

and freeze at –70°C.
11. Determine protein content by standard methods, e.g., that of Lowry (9).

3.2. Peptide Digest

3.2.1. Time-Course Experiment (see Note 7)

1. Reconstitute 60 µg bradykinin (in an Eppendorf tube) in 50 µL TBS.
2. Add to 550 µL cytosolic preparation—vortex.
3. Immediately remove 100 µL and place into 400 µL methanol/1% TFA in

Eppendorf tube to stop the reaction—this is “time 0” sample.
4. Incubate remaining digest in 37°C water bath.
5. At designated times (e.g., 15, 30, 60, and 120 min), vortex digest and remove

100 µL into 400 µL methanol/TFA.
6. Once all samples have been collected, centrifuge in tabletop microfuge at top speed

(approx 14,000 rpm) for 5 min to precipitate any protein (see Note 8).
7. Carefully transfer supernatant from each sample into new Eppendorf tube.
8. Dry on a centrifugal evaporator (Speed-Vac, Savant) (see Note 9).

3.2.2. Inhibitor Experiment (see Notes 10–12)

1. Label Eppendorf tubes for digests in triplicate—for six inhibitors, plus control,
total of 21 tubes.

2. Add 50 µL cytosolic preparation to each tube.
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3. Add 30 µL TBS to each tube.
4. Add 10 µL of 10X inhibitor (see Subheading 2. and Table 1 for concentrations)

to appropriate tubes (TBS to control tubes).
5. Vortex and incubate 5 min to allow binding of inhibitor (see Note 13).
6. Reconstitute 250 µg bradykinin in 250 µL TBS.
7. Add 10 µL bradykinin to each tube—vortex.
8. Incubate in 37°C water bath for 60 min.
9. Add 400 µL methanol/TFA to stop reaction.

10. Spin and dry as in steps 6–8 in time-course experiment.

3.3. HPLC Analysis (see Note 14)

3.3.1. Solvent Preparation (see Note 15)

Solvent A: 0.1% TFA/0.02% acetic acid.

1. Filter 250 mL HPLC water through Durapore 0.45 µm HV filter (Millipore
#HVLP04700; be sure that the filter is compatible with the solvent used), using
a filter apparatus and vacuum pump.

2. Pour filtered solvent into clean LC flask.
3. Add 0.25 mL TFA and 0.05 mL acetic acid and mix with clean flea on stir-plate.

As it is volatile, TFA must be added after filtration step.

Solvent B: 60% acetonitrile/0.1% TFA.

1. Filter 100 mL HPLC water and 150 mL acetonitrile as in step 1 above.
2. Pour into a second clean flask.
3. Add 0.25 mL TFA and stir as above.

3.3.2. Sample Reconstitution

1. Reconstitute dried samples in solvent A to a final volume of 120 µL.
2. Spin in microfuge, 14,000 rpm for 5 min to remove any precipitate.
3. Transfer sample to 250 µL limited volume insert (Agilent Part #5181-3377).
4. Place limited volume insert into autosampler vials, and load onto autosampler—

include a sample of solvent A in position 1, to serve as a blank run.

3.3.3. Gradient Operation

1. Turn on LC–MS as instructed in manufacturer’s operations manual.
2. Set diode array detector to store data collected at 214, 254, and 280 nm (reference

λ = 350 nm), as well as the entire spectrum from 200–300 nm. Display only
214 nm (see Note 16).

3. Set column temperature to 50°C.
4. Prime pumps with solvents A and B.
5. Wash column with 100% B at 0.15 mL/min for 15 min.
6. Change to 100% A in a stepwise fashion, then wash column in solvent A

(0.15 mL/min) for 15 min, until baseline (absorbance at 214 nm) is stable.

280 Lew

CH19,275-290,16pgs  10/30/03  7:13 PM  Page 280



7. Set up linear gradient from 3% B to 100% B over 30 min, followed by a 10-min
postrun at 3% B, all at 0.15 mL/min.

8. Set up injection parameters to inject 100 µL from each sample.
9. Set up sample queue parameters for data collection.

10. Initiate autosampler run, with blank as first sample.

3.3.4. Analysis

Following data collection, the chromatograms are analyzed using the
ChemStation software package included with the Hewlett-Packard 1100 series
LC–MS. As with most HPLC analysis software, retention times, peak heights
and peak areas can be calculated and used for peak identification and quanti-
tation. The software also includes deconvolution algorithms for determining
masses from the mass spectral data, which can then be used to identify peptide
fragments (see Note 17). Representative chromatograms from the example
described are shown in Figs. 2 (soluble fraction) and 3 (membrane fraction).
The soluble fraction of endothelial cells cleaved bradykinin into three major
degradation products, BK1–5, BK6–9, and BK1–8 (Fig. 2A). The extent of degra-
dation can be calculated by the disappearance of substrate (bradykinin), either
by comparison to a time 0 control, or by relation to a standard curve of known
amounts of peptide. In our example, approx 28% of the bradykinin was
degraded; based on the initial quantity of substrate (10 µg = 9.43 nmoles), the
protein in the tissue sample (20 µg), and the time of incubation (1 h), we can
calculate the rate of degradation to be 130 nmol/mg protein/h. Addition of the
EP24.15/24.16 inhibitor cFP inhibited the production of BK1–5, and BK6–9, sug-
gesting that one or both of these enzymes contribute significantly to cleavage
of bradykinin at the 5–6 bond. The degree of inhibition is calculated using the
peak area of one or both of the products (see Note 18), and averaged over the
triplicate samples (see Table 1). Inhibition by more selective inhibitors suggests
that EP24.16 is the major effector of bradykinin cleavage in this sample (see
Fig. 2C and D and Table 1).

Similar analysis of the membrane samples indicated that the predominant
cleavage of bradykinin occurred at the 7–8 bond, with generation of both the
BK1–7 and BK8–9 fragments (see Fig. 2A). This cleavage was significantly
inhibited by phosphoramidon, an inhibitor of the membrane-bound metal-
lopeptidases neutral endopeptidase (NEP) and endothelin-converting enzyme
(ECE), both of which are known to cleave bradykinin at this site (10,11). In
addition to the BK1–7 and BK8–9 fragments, BK1–5, BK6–9, and BK1–8 were also
identified, as seen in the soluble fraction. When examining the effects of
EP24.15 and EP24.16 inhibitors, we included phosphoramidon in the reaction
to minimize degradation by NEP and ECE (see Note 19). As with the soluble
fraction, most of the cleavage at the 5–6 bond could be attributed to EP24.16
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Fig. 2. Representative chromatograms showing the cleavage of bradykinin (BK) by
the soluble fraction of endothelial cells. Arrows indicate the substrate and major pro-
teolytic product peaks. Panel (A) shows cleavage in the absence of inhibitor, panel (B)
in the presence of the combined EP24.15/EP24.16 inhibitor cFP (the two stereoisomers
of which elute as a doublet), panel (C) in the presence of the specific EP24.15 inhibitor
Z-FPCARF, and panel (D) in the presence of the specific EP24.16 inhibitor PFPCLP-NH2.
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(see Fig. 3 and Table 1), although a slightly greater contribution of EP24.15
was observed.

4. Notes
1. Mass spectral analysis is just one of a range of methods that can be used to detect

and identify the products of peptidase cleavage. Prior to obtaining our current
LC–MS system, we routinely identified peptides by coelution with standards, if
available, and by sequencing or amino acid analysis of collected peaks. This
method, of course, requires access to these analytical techniques, which are both
costly and time consuming. Typically, product identity would be confirmed during
the preliminary stages of a study, and retention times of the resultant peaks, which
are highly reproducible, would be used on a more routine basis. We have also used
specific radioimmunoassays to detect products of peptide processing (12); this
method is labor-intensive and requires detailed characterization of the cross-
reactivity profile of the antisera used, but is extremely sensitive when measuring
endogenous peptides. Furthermore, radioimmunoassay can be used to detect
N-terminally acetylated peptides, such as various forms of α-N-acetylendorphin
(12), which cannot be sequenced by Edman degradation. Indeed, endogenous
peptides have been N-acetylated in vitro in order to maximize separation on
RP-HPLC and to exploit the specificity of N-terminally directed antisera (13–15).

Another modification is to follow the degradation of radiolabeled peptides by
HPLC separation coupled with counting of collected fractions. This alternative is
very sensitive and allows analysis of the metabolism of physiological concentra-
tions of substrate. However, only peptide fragments containing the radiolabel can
be detected, and identification can only be accomplished by coelution with stan-
dards. Furthermore, it must be verified that the radiolabel does not significantly
alter the degradation pattern or kinetics. For us, this technique has been most useful
when assessing cleavage in vivo (16–19), or in cell culture (20), where the quan-
tities of unlabelled substrate needed for analysis by UV absorbance are prohibi-
tive, and/or may elicit undesirable biological effects.

2. This method for assaying peptidase activity can be applied to other types of bio-
logical sample, such as soluble and membrane preparations of whole tissues, sub-
cellular organelles (e.g., secretory vesicles), plasma and other body fluids, and
recombinant enzymes. Furthermore, it can be extended to the examination of pep-
tidase activity in live cultured cells (20–22), although the components in standard
culture medium will often interfere with detection of substrate by UV absorption.
This can be circumvented by the use of balanced salt solutions in place of com-
plete medium, or by the use of other detection methods, such as using a fluores-
cent, radioactive or immunoreactive substrate. Similar problems can also occur
with other tissue preparations, particularly plasma, but peptidase activity is gen-
erally high enough that only small volumes of the source are necessary. Finally,
we have used such methods to assess the metabolism of radiolabelled (125I)
peptide-based EP24.15 inhibitors in vivo (17); for this purpose, plasma samples
taken at intervals following substrate administration were precipitated with
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Fig. 3. Representative chromatograms showing the cleavage of bradykinin (BK) by
the membrane fraction of endothelial cells. Arrows indicate the substrate and major pro-
teolytic product peaks. Panel (A) shows cleavage in the absence of inhibitor, panel (B)
in the presence of the neutral endopeptidase inhibitor phosphoramidon (marked by “P”),
panel (C) in the presence of phosphoramidon and the combined EP24.15/EP24.16
inhibitor cFP, and panel (D) in the presence of phosphoramidon and the specific EP24.16
inhibitor PFPCLP-NH2.
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methanol/TFA, dried, separated by LC, and eluting fractions collected for
γ-counting.

3. The described method is ideal for the characterization of purified and recombi-
nant peptidases. The specificity can be determined by using a library of peptide
substrates, and the cleavage sites verified by mass spectrometry (23). If multiple
cleavage sites exist, preferred sites can be determined by a time course analysis.
The affinity of the enzyme for its substrates can be determined by kinetic analy-
sis (see Note 4). In addition, the sensitivity of the enzyme to general and specific
inhibitors can also be assessed, as is described in this chapter for EP24.15 and
EP24.16 inhibitors. We have previously used similar methods (without mass spec-
tral analysis) to characterize a recombinant form of rat EP24.15 (24).

4. Kinetic parameters of substrates such as affinity constant (Km) and maximal veloc-
ity (Vmax) can be determined using HPLC analysis methods (24). Generally, opti-
mal conditions (i.e., amount of enzyme and incubation time) in which less than
10% of substrate is degraded are determined in preliminary studies at a range of
substrate concentrations ([S]) spanning two orders of magnitude around the
expected Km. The Km of most peptidases for their endogenous substrates is in the
low micromolar range, thus typical concentrations assayed in kinetic analysis are
submicromolar to submillimolar. For kinetic analysis, the highest concentrations
must be saturating; this is apparent when the observed velocity (moles degraded
per unit enzyme per unit time = V ) is plotted against [S]. Once an appropriate range
of [S] is determined, a minimum of five concentrations are selected for the analy-
sis. Digestion of substrate by enzyme at each [S] is then performed in triplicate,
analyzed by HPLC, and the velocity derived and averaged. Because
Michaelis–Menten analysis assumes first-order kinetics (generally less than 10%
degradation), it is advisable to perform the experiment as a time course; one can
then select the most appropriate time point samples to include in the analysis,
remembering to adjust the velocity derivation accordingly. Once the data are col-
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Table 1
Inhibition of Bradykinin Cleavage at the Phe5-Ser6 Bond by Specific
Inhibitors of Endopeptidases 24.15 and 24.16

Inhibitor Peptidase Soluble Membrane

cFP (10 µM) EP24.15/EP24.16 81.1 ± 0.3% 71.0 ± 0.8%
JA2 (10 µM) EP24.15/EP24.16 75.7 ± 1.3% 58.9 ± 3.4%
Z-FPCAKM (50 nM) EP24.15 <5% 16.6 ± 2.1%
Z-FPCARF (50 nM) EP24.15 <5% 18.0 ± 1.7%
PFPCLP-NH2 (10 µM) EP24.16 81.7 ± 1.0% 78.1 ± 1.1%
Pro-Ile (5 mM) EP24.16 61.8 ± 1.7% 53.8 ± 1.8%

Values are mean ± s.e.m. (n = 9) derived from three experiments for each preparation. Percent
inhibition was determined from the area of the product peaks in the presence or absence of each
inhibitor at the concentration indicated.
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lated, Km and Vmax can be derived from a double-reciprocal (Lineweaver–Burk)
plot of 1/V vs 1/S, in which the x-intercept is –1/Km and the y-intercept is 1/Vmax.
Similarly, the method can be used to determine Ki values for inhibitors, as well as
establish the nature of inhibition (i.e., competitive or noncompetitive) (5).

5. The characterization of peptidase activity need not be confined to naturally occur-
ring peptide substrates. Many pharmacological tools, including receptor agonists,
antagonists and enzyme inhibitors, are peptide-based, and as such, are potentially
susceptible to cleavage. We have used HPLC-based techniques similar to those
described here to assess the stability of novel EP24.15 inhibitors in vivo (17–19)
and in vitro (5,17), as well as that of a receptor antagonist in vitro (16).

6. Membranes may be solubilized at this point by incubating in 1% Triton X-100 (in
TBS) for 60 min at 4°C with frequent vortexing. The solubilized membranes are
then centrifuged as above; the supernatant contains solubilized protein, and the
insoluble pellet is discarded.

7. The simplest way to assess peptidase activity in a new preparation is to set up a
time course of digestion. Typically, a convenient volume of cellular material is
combined with synthetic substrate, incubated at 37°C, and the digest is sampled
at defined time intervals. Each time point requires a readily detectable amount of
substrate; in the case of bradykinin (and most peptides), 10 µg is more than suf-
ficient. Thus, the digest would contain at least 50 µg peptide, and usually extra to
allow for slight errors in pipetting.

8. Precipitation of any particulate matter is crucial prior to HPLC, as such material
may obstruct the column. This is especially important when assaying crude mem-
brane preparations; it is often beneficial to spin such samples twice, to ensure par-
ticulates are removed.

9. Recovery of peptides is generally improved by partial, rather than complete drying;
therefore, samples are removed once the volume is less than the original sample
volume (100 µL), at which point all the organic solvent has evaporated. For most
hydrophilic peptides, such as bradykinin, recovery is excellent, even if samples
are dried to completion. For more hydrophobic peptides, absolute recoveries
should be formally determined; if recovery is low, strategies such as resuspension
in a low-percentage organic solvent (below that needed to elute the peptide from
the reverse-phase column) can be explored.

10. Once samples have been analyzed by LC–MS, the optimal time of incubation can
be determined. For the current purpose, an incubation time in which 25–50% of
the substrate has been digested is chosen. This time is then used for further exper-
iments designed to identify the peptidases involved in substrate cleavage. In our
example, we found that 50 µL of the soluble fraction of endothelial cells (≈20 µg
protein) incubated with 10 µg bradykinin for 60 min in 100 µL final volume TBS
resulted in roughly 30% cleavage, based on the area of the bradykinin peak. Thus,
in subsequent experiments, these conditions were replicated in the absence or pres-
ence of each of the inhibitors.

11. Similarly, bradykinin (10 µg) was also incubated with crude endothelial mem-
branes (10 µL ≈ 40 µg protein) for 120 min in 100 µL TBS in the presence of
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10 µM phosphoramidon (to inhibit neutral endopeptidase present in the mem-
branes) with or without each of the EP24.15/16 inhibitors.

12. In general, the experiment should be repeated at least twice with different cell
preparations, and the results pooled. In this example, we performed the experi-
ment three times in triplicate.

13. Although most peptidase inhibitors are high affinity with fast on-rates, there are
some instances where inhibitors are relatively slow-acting. In these circumstances,
or when in doubt, the enzyme source should be preincubated with the inhibitor
for a longer time prior to addition of substrate.

14. The exact HPLC conditions (solvents, gradient, column) used must be optimized
for the specific substrate and products being studied. Details of the theory and
implementation of LC/MS are described in Chapters 1, 2, and 9.

15. Solvents are best if made fresh daily, but can be used for up to three days before sig-
nificant changes in solvent quality are noticed. Calculate the required volume by
multiplying the number of samples by the gradient duration (50 min) and the flow
rate (0.15 mL/min), e.g., for 21 samples, plus a blank run, a total of 165 mL is needed.
To ensure adequate volumes, prepare 250 mL of both solvent A and B; it is better
to waste some solvent than to risk running out. Glassware must be ultraclean, thus,
use dedicated measuring cylinders, filter apparatus and flasks, and never wash with
detergents. After use, rinse with acetonitrile, followed by HPLC grade water and
allow to air-dry. Cover or invert to prevent introduction of dust particles.

16. Although detection of peptides by UV absorption is most commonly monitored
at 214 nm (the wavelength at which double bonds, such as the peptide bond,
absorb), detection at other wavelengths can be used to confirm the presence of aro-
matic residues (at 280 nm or 254 nm), or in the case of quenched fluorescent sub-
strates, the presence of the fluorophore in cleavage products. For these purposes,
a diode array detector, which can detect absorption over a range of wavelengths
simultaneously, is extremely useful.

17. In addition to the speed of on-line mass spectral analysis, the technique allows
for virtually unequivocal identification of fragments of known peptide sequences
based on mass. However, there are occasionally situations in which mass
alone cannot verify a peptide’s identity. The cleavage of bradykinin by membrane-
bound enzymes is a case in point: as arginine is found at both the N- and
C-terminals, the products of aminopeptidase P and carboxypeptidase M activity
(BK2–9 and BK1–8, respectively) would have the same mass. In this circumstance,
it is necessary to confirm peak identity with peptide sequencing and/or coelution
of standard.

18. The choice of which peak (substrate, product 1, and product 2) to use in calcu-
lating inhibition depends on the cleavage pattern observed. For example, if the sub-
strate is cleaved at only one site, and those products are stable, then any peak can
be used. If, however, multiple cleavages occur, then analysis is obviously com-
plicated. In our example, bradykinin is cleaved by the soluble fraction at two major
sites: the 5–6 bond and the 8–9 bond. Because we are particularly interested in
the former cleavage, we wish to focus on the BK1–5 and BK6–9 products. As both
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products are stable, and not further degraded, we can use either for determining
inhibition. A further consideration is the “cleanliness” of the peak; that is, are there
any background components (e.g., inhibitors) that coelute with a product and
may interfere with accurate quantitation?

19. One limitation of the method becomes evident when examining an array of pep-
tidases present in a biological sample. The extent of cleavage at a single peptide
bond by a given peptidase will depend not only on the abundance of that pepti-
dase and its affinity for the substrate, but also on the abundance and affinities of
competing enzymes acting both at the same site and at different sites. Judicious
use of specific inhibitors alone, and in combination, can elucidate which enzymes
are present, and can give some indication as to their relative contribution to sub-
strate degradation. However, in a complex system, absolute numbers (e.g., 65%
of substrate A degradation is due to peptidase X, 20% by peptidase Y, and 15%
by peptidase Z) cannot be determined, in part because inhibition of one enzyme
will increase substrate availability for other peptidases. Thus, when reporting the
results from such experiments, it is prudent to use conservative terminology (e.g.,
substrate A is primarily degraded by peptidase X, but peptidases Y and Z also con-
tribute significantly). However, it is important to report the numerical data (as in
Table 1), to allow the reader to reach his own conclusions.
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Isolation and Characterization 
of Naturally Processed MHC-Bound Peptides 
From the Surface of Antigen-Presenting Cells

Anthony W. Purcell

1. Introduction
The human major histocompatibility complex (MHC) is located on the short

arm of chromosome 6 and encompasses approx 4 Mb, or 0.1%, of the genome.
This region is, by far, the most polymorphic of the human genome. More than
220 genes have been identified in this region and at least 10% of these genes
have a direct function in immune responses. The human MHC can be divided
into three regions that encode the class I, class II, and class III human leuko-
cyte antigen (HLA) gene products. These HLA molecules demonstrate tremen-
dous polymorphism, which reflects the natural evolution of these genes in
response to various microbial pathogens in different ethnic populations. HLA
class I molecules are expressed on all nucleated cells and associate with short
peptides (8–11 amino acids in length) derived from both self and foreign anti-
gens. These peptide ligands are primarily generated in or transported into the
cytoplasm and subsequently translocated into the endoplasmic reticulum (ER)
where they assemble with nascent MHC class I molecules. These mature, pep-
tide-loaded, complexes are then transported to the cell surface where they are
scrutinized by CD8+ cytotoxic T lymphocytes (CTL). Should the peptide ligand
be derived from a pathogen and be recognized as foreign in an immunocom-
petent host, the cell is killed via the cytotoxic armory of the CTL. The expres-
sion of HLA class II molecules is confined to a small subset of highly
specialized cells called antigen-presenting cells (APCs). The class II molecules
associate with longer peptides (9–25 amino acids in length) than class I mole-
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cules and this association occurs in late endosomal compartments, a distinct and
separate cellular compartment to the ER-Golgi route inhabited by assembling
MHC class I molecules. Class II molecules are recognized by CD4+ T helper
cells and functional recognition of these complexes is intimately involved in
both the humoral and cellular immune response. MHC class I and class II mol-
ecules form membrane-distal structures that comprise a cleft in which the anti-
genic peptide ligands reside (1–3). The T-cell receptor (TCR) on CD4+ or CD8+

T cells recognizes MHC molecules in the context of both the class I or class II
molecule and the peptide antigen presented in the antigen binding groove of
these cell surface molecules (4). Technologies that allow the direct isolation and
identification of peptide antigens associated with class I or II molecules have
highlighted the ligand specificity of different MHC molecules and allowed
direct identification of naturally processed and presented antigens derived from
infectious micro-organisms as well as self-peptides associated with autoimmune
disorders and cancers.

Several different approaches have been used to isolate MHC-bound peptides
from cells, these include analysis of acidified cell lysates (5–7), elution of pep-
tides from the cell surface (8,9), and immunoaffinity purification of the MHC-
peptide complexes from detergent solubilized cell lysates (10,11). Each
approach has advantages, with the latter providing the best chance of epitope
identification owing to the additional specificity of the immunoaffinity chroma-
tography step and subsequent simplification of the range of cellular peptides
isolated. However, they all share common features: (i) that upon cell lysis, pep-
tides bound to MHC molecules (and other chaperones/receptors) are protected
from intracellular and extracellular proteolysis; and (ii) acid treatment disso-
ciates bound peptides from their MHC complexes. In the first approach, pep-
tides are extracted from whole cell lysates following treatment with
trifluoroacetic acid (TFA). The presence of TFA also aids in the precipitation
of larger proteins leaving a complex mixture of intracellular and extracellular
polypeptides, a proportion of which were bound to and protected from prote-
olysis by MHC molecules. Typically, these preparations are fractionated by
reversed-phase high-pressure liquid chromatography (RP-HPLC) and screened
with an immunological readout, such a T-cell assay to confirm the presence of
a particular T-cell epitope or to quantitate known T-cell epitopes in different
cell types (5–7). An alternative to this method utilizes a nonlytic approach for
recovering cell surface-associated peptides. The cells are washed in an isotonic
buffer containing citrate at pH 3.3, the acidic nature of this buffer facilitates
dissociation of MHC-bound peptides from the cell surface without affecting
cell viability (8). The great advantage of this technique is that the same cells
may be harvested daily in an iterative approach for obtaining MHC-bound
material. Again, although the specificity of this process is a little better for
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MHC-bound material than whole cell lysates, some form of biological readout
is generally necessary to locate peptides of interest prior to attempts at
biochemical characterization.

The use of immunoaffinity chromatography dramatically improves the speci-
ficity of the peptide extraction process. The use of appropriate monoclonal anti-
bodies can select a single MHC allele and some antibodies can even select a
subpopulation of MHC molecules with defined molecular or functional prop-
erties (12,13). The use of immunoaffinity chromatography to isolate specific
MHC molecules provides the most appropriate material for identifying indi-
vidual peptide ligands restricted by a known MHC allele. Furthermore, in all
the approaches discussed, the complexity of the eluates/lysates can be reduced
by using cell lines that express reduced numbers of HLA alleles (e.g., homozy-
gous lymphoblastoid or mutant cell lines, such as C1R which express very low
levels of endogenous class I molecules, but support high-level expression of
transfected class I molecules [14]). This property makes these cells very attrac-
tive for examining endogenous peptides presented by individual class I alleles
under normal physiological conditions (15–18) or during infection (19,20).

This chapter explores methods for the direct isolation of MHC class I or II
molecules and focuses on the use of immunoaffinity chromatography and the
subsequent separation and identification of the bound peptide antigens.

2. Materials
2.1. Generation of Cell Lysate by Whole Cell Lysate Method

1. A pellet of 1–5 × 108 cells (may be stored frozen for up to 6 mo at –70°C). The cells
should express high levels of the class I or II molecule of interest (see Note 1).

2. Lysis buffer: 0.1% TFA (HPLC grade) v/v in Milli-Q H2O.

2.2. Generation of Cell Lysate by Citrate Shock Method

1. Cells live in culture (either adherent or suspension) 1–5 × 108 cells are sufficient.
2. Citrate shock buffer: 0.131 M citric acid, 0.066 M Na2HPO4, 150 mM NaCl, pH 3.3.

2.3. Detergent Lysate for Immunoaffinity Chromatography

1. A cell pellet of between 5 × 109 and 5 × 1010 cells (may be stored frozen for up to
6 mo at –70°C). The nature of the cell type predicates the nature of the
immunoaffinity matrix employed in subsequent purification steps and the ease with
which individual peptides may be sequenced (see Notes 1 and 2).

2. Lysis buffer: 0.5% NP-40 (IGEPAL 630 from Sigma (St. Louis, MO) is the equiv-
alent), 50 mM Tris-HCl, pH 8.0 (from a 1 M stock solution composed of Tris-HCl
base (121.1 g/L) with 42 mL conc. HCl), 150 mM NaCl, protease inhibitor cock-
tail (Total Protease inhibitor from Roche or equivalent, should be made up fresh
each time), Milli-Q H2O (make sure this is freshly drawn and is filtered).
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2.4. Preparation of Immunoaffinity Column

1. Purified monoclonal antibody at 1–10 mg/mL in Protein A loading buffer. Ideally,
the mAb should only recognize the class I or II allele of interest, although affin-
ity and specificity issues frequently require a compromise (see Note 2).

2. Suitable column (e.g., disposable plastic Econo-Column from Bio-Rad).
3. Protein A loading buffer: 0.05 M borate buffer pH 8.0 (composed of 500 mL

of a 0.1 M boric acid/0.1 M KCl stock solution plus 39.7 mL 0.1 N NaOH and
460.3 mL Milli-Q H2O).

4. Protein A wash buffer: 0.2 M triethanolamine, pH 8.2 at room temperature (RT)
(prepare this solution fresh and pH just prior to use).

5. DMP cross-linker: 40 mM DMP-2HCl (Pierce), 0.2 M Triethanolamine, pH 8.2
(38 mL), pH to 8.3 with NaOH. Bring to 40 mL with 0.2 M triethanolamine
pH 8.2 (do not filter).

6. Termination buffer: ice-cold 0.2 M Tris-HCl, pH 8.0.

2.5. Immunoaffinity Purification of MHC Class I/Class II Molecules

1. Wash buffer 1: 0.005% NP-40, 50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 5 mM
ethylene diamine tetraacetic acid (EDTA), 100 µM phenyl mehtyl sulfanyl fluo-
ride (PMSF), Sigma (0.1 M stock in absolute ethanol), 1 µg/mL Pepstatin A,
Sigma (1 mg/mL stock in iso-propanol), in Milli-Q H2O.

2. Wash buffer 2: 50 mM Tris-HCL, pH 8.0, 150 mM NaCl in Milli-Q H2O.
3. Wash buffer 3: 50 mM Tris-HCl, pH 8.0, 450 mM NaCl in Milli-Q H2O.
4. Wash buffer 4: 50 mM Tris-HCl, pH 8.0 in Milli-Q H2O.
5. Elution buffer: 10% acetic acid in Milli-Q water (use best grade glacial acetic acid,

e.g., Sigma ACS grade).

2.6. RP-HPLC Fractionation

1. Buffer A: 0.1% TFA in Milli-Q (filtered with a 0.22-µm filter).
2. Buffer B: 0.09% TFA in neat acetonitrile (HPLC grade, filtered with a 0.22-µm

filter).

3. Methods
3.1. Generation of Cell Lysate (Whole Cell Lysis)

1. Cells (5 × 108 to 1 × 109) can be grown in spinner flasks, small bioreactors, or
roller bottles to appropriate numbers and harvested by centrifugation (2000g,
10 min at 4°C). If necessary, the cells may be harvested by centrifugations and
stored at –80°C for up to 6 mo.

2. Wash cells twice in phosphate-buffered saline (PBS).
3. Lyse cells in 0.1%TFA at a cell density of 5 × 107 per mL.
4. Clarify cell lysate by centrifugation and ultrafiltration (e.g., Ultrafree 15 cen-

trifugal filter with a 5-kDa cutoff membrane, Millipore).
5. Concentrate flowthrough (i.e., <5 kDa fraction) by vacuum centrifugation, taking

care not to allow the sample to dry completely.
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6. Reconstitute in 0.1% TFA (or equivalent and compatible RP-HPLC equilibration
buffer) and fractionate by RP-HPLC (see Subheading 3.6.).

3.2. Generation of Cell Lysate (Citrate Shock)

1. Adherent cells can be treated while still in a tissue-culture flask or attached to
microbead/ceramic disk carriers in spinner flask or bioreactor. Suspension cells
(5 × 108 to 1 × 109) can be grown in spinner flasks, small bioreactors, or roller
bottles to appropriate numbers and harvested by centrifugation (2000g, 10 min at
4°C) and resuspended directly in citrate shock buffer.

2. Wash cells twice in PBS.
3. Resuspend cells in citrate shock buffer (at approx 1 × 108 cells/mL density for cells

cultured in suspension or enough to just cover adherent cells (e.g., 2–5 mL for
T175 flask, 15 mL for rollerbottle with continued rolling).

4. Incubate cells at RT for up to 15 min (less time if you want to retain maximum
viability of the cells, typically around 5 min is sufficient for most cell types).

5. Wash cells twice in PBS and resuspend in fresh culture media. They will be ready
for reharvesting in 12–24 h, depending on cell type and duration of the previous
citrate shock.

6. Spin harvested citrate wash to remove cellular debris, filter with a 0.22-µm filter
and then ultrafilter (e.g., Ultrafree 15 centrifugal filter with a 5-kDa cutoff mem-
brane, Millipore).

7. The citrate wash is then desalted by passage over a solid phase extraction column
(e.g., C18 Sep-Pak cartridge [Waters]), washed with 0.1% TFA, and bound pep-
tides eluted with 60% acetonitrile/0.09% TFA.

8. The eluate is then dried by vacuum centrifugation, taking care not to totally dry
the sample, and reconstituted in 0.1% TFA or equivalent.

9. The reconstituted SPE eluate is then subjected to RP-HPLC fractionation (see
Subheading 3.6.).

3.3. Generation of Cell Lysate (Immunoaffinity Isolation)

1. Cells (5 × 109 to 1 × 1010) can be grown in spinner flasks, bioreactors or roller
bottles to appropriate numbers and harvested by centrifugation (2000g, 10 min at
4°C). Cells may be harvested iteratively and the washed cell pellet stored frozen
at –80°C for up to 6 mo.

2. Prepare a 2X concentrated Lysis buffer.
3. Determine the amount of lysis buffer required. Cells are lysed at 1.25 × 108 cells

per mL of (1X) lysis buffer.
4. Add correct volume of 2X lysis buffer to the frozen cell pellets and thaw the pel-

lets quickly in a bath of tepid (i.e., RT) water. The temperature of the material
should remain cold to touch, so do not let the material equilibrate, thaw until small
ice clumps are left, and add ice-cold Milli-Q to a final volume so as the lysis buffer
is now at 1X strength.
• Tip: Check volume of cell pellet, if the volume of the cell pellet is close or over

50% of the final volume required, you may need to lyse at a lower cell density.
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5. Give mixture a brief homogenize (e.g., using a Polytron Disperser) to disperse any
left over ice pellets.

6. Mix the lysate by end-over-end mixing at 4°C for 1 h.
7. Centrifuge lysate for 10 min at 2000g (4°C). This step removes the nuclei.
8. Centrifuge supernatant for 30 min at 38,000g at 4°C—Sorvall high-speed cen-

trifuge, SS34 rotor, 18,000 rpm.
9. Take supernatant from previous step and spin for 1 h 15 m in a Sw28 rotor,

Beckman ultracentrifuge 25,000 rpm (100,000g) at 4°C. Multiple spins at
steps 7 and 8 may be necessary to fully clarify the lysate.

10. Collect the supernatant. It should be clear. If there is an unclear layer at top of the
tubes carefully remove this layer and filter through a 0.8-µm and a 0.45-µm filter.

3.4. Preparation of Cross-Linked Immunoaffinity Column

3.4.1. Swelling Resin and Packing Column

1. Add 3.0 g of protein A-sepharose beads (Pharmacia CL-4B) per 10 mL column
bed volume to a 50-mL tube and swell resin in Milli-Q water.

2. Wash twice in Milli-Q and create a 50% slurry.
3. Pour the slurry into column and allow to settle by gravity—check for air bubbles

at this stage and agitate the slurry if necessary to remove air bubbles.
4. Equilibrate in Protein A loading buffer.

3.4.2. Adding Antibody to Column

1. Wash column in 10 column volumes (c.v.) of borate buffer.
2. Load antibody onto column at a flow rate of approx 0.5 mL/min.

3.4.3. Washing the Column of Unbound Material

1. When all of the antibody has gone through twice, wash the column with at least
20 c.v. of buffer or until the UV280nm returns to baseline level.

2. Wash column with 15 c.v. of 0.2 M triethanolamine, pH 8.2 at RT (prepare this
solution fresh and pH just prior to use).

3.4.4. Cross-Linking the Sepharose Protein A 
to the Fc Region of the Monoclonal Antibody

1. Prepare dimethyl pimelimidate (DMP) cross-linker solution.
2. Save a small aliquot of beads before cross-linking to run on a sodium dodecyl sul-

fate polyacrylamide gel electrophoresis (SDS-PAGE) gel to check for efficient
antibody capture by the protein A Sepharose resin.

3. Pump 5 c.v. of DMP crosslinker through the column at RT leaving a meniscus just
over the Sepharose column bed.

4. Seal the bottom of the column and allow to sit at RT for 1 h.
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3.4.5. Termination of the Cross-Linking Reaction

1. Add 10 c.v. of ice-cold 0.2 M Tris-HCl, pH 8.0.
2. Pump through 10 c.v. of ice cold 0.1 M borate buffer, pH 8.0. (It may be conve-

nient to stop here—Wash and store the column in Borate buffer, pH 8.0 supple-
mented with 0.02% NaN3.)

3.5. Immunoaffinity Purification of MHC Class I/Class II

1. Load cell lysate onto a 0.5 mL protein A Sepharose precolumn that has been
preequilibrated in wash buffer 1.

2. Multiple columns may be required and should be replaced upon clogging. These
steps are done either by gravity or using a peristaltic pump in the cold room.

3. Collect precleared lysate and load onto the mAb column slowly—use peristaltic
pump because gravity feed is too quick, at least initially.

4. For maximal yield, the lysate should be run through the columns twice (this may
or may not be practicable!).

5. Wash the columns in the following order:
• Wash buffer 1: 20 column volumes.
• Wash buffer 2: 20 column volumes (to remove detergent).
• Wash buffer 3: 20 column volumes (to remove nonspecifically bound

material).
• Wash buffer 4: 20 column volumes (removes salt to prevent crystal formation).

6. Take a 25-µL aliquot of column for SDS-PAGE analysis.
7. Elute MHC molecules in 5 c.v. of elution buffer.
8. Dispose of column.
9. As soon as possible, run the eluates over an an centrifugal ultrafiltration device

(e.g., Ultrafree 15 centrifugal filter with a 5-kDa cutoff membrane, Millipore) (the
filter should be prewashed with 5 mL of 10% AcOH and the acid flowthrough
removed).

10. Retain the retentate for SDS-PAGE analysis (–70°C).
11. Freeze flow through which contains the eluted peptides at –70°C (or progress

straight on to RP-HPLC fractionation).

3.6. RP-HPLC Fractionation

1. Concentrate flowthrough either by: (i) freeze-drying overnight; or by (ii) cen-
trifugal vacuum centrifugation (this is preferable, but take care not to dry the
sample too long using this method). Ideally, the sample volume should be reduced
up to 95%, but not to complete dryness, because this results in unacceptable
sample loss caused by adsorption to the plasticware.

2. Take concentrated filtrate and fractionate on a HPLC system. A minimum of two
dimensions of RP-HPLC will be necessary to achieve sufficient separation for bio-
chemical studies, however, a single RP-HPLC step may be sufficient if using an
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immunological readout to assay fractions. For mass spectrometric-based analy-
sis of fractions, use a rapid gradient of buffer A to B, which results in 2–3 pep-
tide-containing fractions (see Fig. 1). Using this approach, a single fraction
contains greater than 95% of the peptides, whereas the latter fractions contain

298 Purcell

Fig. 1. Rapid isolation of MHC-bound peptides concentrates the eluate and removes
contaminants that interfere with MS and cellular-based assays. Purification of HLA mol-
ecules from cell lines was performed as described in methods. In this case, human B-
LCLs were grown in miniPERM bioreactors (HEREAUS, Hanau, Germany) in EXCEL
610 serum free media (CSL, Melbourne, Australia) supplemented with 1% fetal bovine
serum (CSL). 5 × 109 cells were lysed at 4°C in 0.5% Nonidet P-40, 20 mM Tris-HCl,
and 150 mM NaCl (pH 7.4) supplemented with complete protease inhibitor cocktail
(Roche). Cell lysates were clarified by two rounds of centrifugation, and the supernatant
was filtered and passed over a Tris-blocked Sepharose 4B precolumn. The precleared
lysates were then applied to columns containing 2 mL of W6/32 affinity matrix, and the
columns were washed in buffer containing 50 mM Tris-HCl, 150 mM NaCl, and 0.005%
Nonidet P-40 (pH 8.0). The columns were subsequently washed extensively with 50 mM
Tris-HCl and 150 mM NaCl (pH 8.0), a high salt buffer, to remove nonspecifically bound
material (50 mM Tris-HCl and 500 mM NaCl [pH 8.0]), and finally, into 50 mM Tris-
HCl (pH 8.0). Bound HLA-peptide complexes were eluted with 10% acetic acid, which
also facilitates dissociation of the peptide ligands. The eluate was then passed through
a Centricon 3 membrane (Millipore), and the flowthrough was concentrated by vacuum
centrifugation to a final volume of 300 µL This ultrafiltered peptide flowthrough
(<3 kDa) was fractionated by RP-HPLC using a SMART system HPLC (Pharmacia
Biotech, Uppsala, Sweden). Peptides were separated using a µRPC C2 /C18 (2.1 mm
[id] × 10-cm column; Pharmacia Biotech, Uppsala, Sweden) and resolved from conta-
minating detergent polymers by employing a rapid gradient from 0 to 60% acetonitrile
in 0.1% aqueous TFA (12%/min, 200 mL/min). This material is suitable for pool Edman
sequencing (46) and matrix-assisted laser desorption ionization–time-of-flight/mass
spectrometry (MALDI-TOF/MS; as shown in Fig. 3).
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NP-40 polymers which hamper MS analysis severely and β2-microglobulin (class
I purification only).

3. Further fractionation can be afforded using optimized RP-HPLC protocols. These
can vary from allele to allele and are best modeled using synthetic mixtures of
known ligands of the class I or II molecule. An example following a general
approach is shown in Fig. 2. At this stage, further LC–MS or matrix-assisted laser
desorption/ionization time-of-flight mass spectometry (MALDI-TOF/MS) should
be attempted.

4. Where a specific ligand is targeted, fractions can be screened by 51Cr-release,
cytokine assays (e.g., ELISPOT) or proliferative responses using TCR systems.
The design and execution of such screening assays requires a great deal of
immunological expertise and care must be taken to minimize sample toxicity to
T cells. Typically, assays involve T-cell line, clone or T–T hybridoma recognition
of fraction-pulsed APC. Several excellent recent reports that use these assays are
referred to for more detail (21–38).

MHC-Bound Peptides from APCs 299

Fig. 2. Optimized RP-HPLC separation of peptide-containing fractions reveals the
complexity of HLA-bound peptides and is a portal to their ultimate biochemical and
immunological characterization. Peptide-containing fractions from initial RP-HPLC
based isolation (see Fig. 1) were further purified using an optimized gradient based on
the RP-HPLC retention behavior of a number of synthetic analogs of known naturally
presented peptide ligands. Peptides were separated using a µRPC C2/C18 (2.1 mm (id)
× 10-cm column and SMART system HPLC (Pharmacia Biotech) and resolved using
linear gradient from buffer A (0.1% TFA) to 40% B (acetonitrile/0.09% TFA;
1.3%/min), then 40% B to 60% B (4%/min) at a flow rate of 150 µL/min. Fractions
(75 µL) were retained and analyzed by MALDI-TOF/MS. This material can subse-
quently be used for MS-based sequence analysis of individual species, screening for
T-cell recognition or can be further fractionated using different RP-HPLC modalities
and narrow-bore or capillary columns.
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300

Fig. 3. Examples of biochemical analysis of peptides eluted from MHC class I and II molecules. Peptides eluted from (A) human
class I (HLA B*2705) and (B) murine class II (I-Ag7) MHC molecules following one round of RP-HPLC separation and visual-
ized by MALDI-TOF/MS.
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Fig. 3. (C) PSD-MALDI and (D) ESI-ion trap MS2 based fragmentation and sequence assignment for a B*2705-restricted self
peptides isolated from the surface of human B-lymphoblastoid cells following two dimensions of optimized RP-HPLC separation
(40,41).
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5. Additional fractionation can be afforded using either narrow bore or capillary
HPLC systems preferably with on-line liquid chromatography–tandem mass
spectroscopy (LC-MS/MS) capabilities (see Note 3).

3.7. Analysis of Fractions Using MS

Although outside the scope of this chapter, most forms of modern MS can
be applied directly to fractionated material produced using these protocols.
MALDI-TOF/MS can be performed directly by combining 0.5 µL of fraction
with 0.5 µL of matrix (e.g., α-cyano-4-hydroxycinnamic acid, 10 mg/mL in
ethanol) to give highly informative insights into fraction complexity and ligand
repertoire (39,40). Moreover, for instruments fitted with a reflectron and post-
source decay capacity, individual ligands may be sequenced as recently
reviewed (41). The use of electrospray ionization or, more aptly, nanoelectro-
spray ionization-based instruments can also be applied directly to the analysis
of fractionated MHC ligands (40). Several of these types of instrumentation are
also excellent means to obtain sequence information on individual species,
including ion-trap, triple quadrupole, and Qq-TOF-based instruments (41,42).
Some examples are shown in Fig. 3 (pp. 300, 301).

4. Notes
1. Choice of cell type: In order to maximize the yield of MHC class I or II mole-

cules, the cell line used must be given serious consideration. Epstein Barr virus
transformed B cell lines that express high levels of HLA A, B, or C class I mole-
cules or HLA DR, DQ, or DP molecules are easily sourced from depositories such
as ATCC, and can be used to great effect in biochemical studies of bound ligands.
These B lymphoblastoid cell lines (B-LCLs) grow to high density in cell culture
and express high levels of HLA gene products. Homozygous cell lines for most
common class I or II alleles are well documented and have been used for years by
the tissue typing community. The use of B-LCLs dictates the use of a discrimi-
nating antibody should a single allele be required to be purified. In the absence
of such an antibody, the ideal cell type for these experiments would express a single
MHC molecule and have intact antigen processing and presentation pathways.
Several mutant cell lines have been generated that approximate such a cell type.
The B-lymphoblastoid cell line Hmy2.C1R was generated by gamma irradiation
of LICR.LON.Hmy2 (43) and selected with antibodies against HLA A and HLA B
alleles and complement. This resulted in a cell line with no detectable HLA
A or B gene products, yet with intact antigen processing and presentation path-
ways (44). Thus, these cells are able to support high level expression of individ-
ually transfected HLA A, B, or C gene products (44). Similar cell lines exist for
class II elution studies. For example, the murine cell line M12.C3 lacks endoge-
nous Ia and functional I-Ak expression can be restored by introduction of I-AK α
and β chains via transfection (45). It should be noted, however, that not all cells
express class II molecules endogenously, thus restricting the array of antigen pre-
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senting cells amenable to mutagenesis for the creation of appropriate cell lines.
It is for this reason that B-LCLs homozygous at the DR, DQ, and DP locus are
used in studies of human class II ligands whereas splenocytes and lymphomas are
typically used in murine studies.

2. Choice of monoclonal antibody: Closely allied to the choice of cell line, and its
impact upon the complexity of the total pool of bound peptide ligands, is the speci-
ficity and efficacy of the monoclonal antibody/antibodies used in the immunoaffin-
ity isolation of MHC molecules. Monoclonal antibodies with specificity toward
classes of MHC molecule, families of MHC molecule, individual alleles of MHC
molecules, and even subsets of molecules of an individual allotype have been gen-
erated over the years and are hybridomas are readily accessible commercially
through bodies such as the ATCC (www.atcc.org).

3. Column and mobile phase choice for multidimensional RP-HPLC are dictated by
sample composition, but considerations should include altered ion pair agent,
altered mobile phase pH, altered stationary phase ligand or mode of chromatog-
raphy. A detailed discussion of these considerations can be found in Chapters 1,
2, and 12.
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Australian Funnel-Web Spider Venom Analyzed
With On-Line RP-HPLC Techniques

David Wilson and Paul Alewood

1. Introduction
Venoms have attracted significant study in recent years as a reservoir of com-

plex libraries of natural products possessing a wide range of biological activi-
ties. Moreover, venoms contain specific and potent molecules that may be
utilized in pharmaceutical development and in the production of environmen-
tally friendly insecticides. The compositions of venoms are typically highly
complex and contain a variety of molecules including proteins, peptides, and
numerous types of small molecules. This complexity requires highly sensitive
techniques to allow separation of these components for study. The techniques
should also be able to accommodate large variations in sample size to account
for the differences in venom available from different creatures (e.g., some
snakes can supply up to 500 mg of crude venom from a single milking, whereas
some small insects, such as ants, supply submicrogram amounts [1] ). These
qualities have been found and continue to be advanced in the technique high-
performance liquid chromatography (HPLC), in particular reversed-phase
HPLC (RP-HPLC). This technique combined with a variety of detection meth-
ods can allow the collection of a significant amount of data from very small
venom samples.

Early analytical studies of whole venom samples used techniques such as gel
electrophoresis, size exclusion, and ion exchange chromatography (2,3).
Although these techniques are still useful today, they provide limited informa-
tion. Gel electrophoresis provides an idea of the overall size distribution of the
protein components of the venom that typically have masses greater than
15 kDa. However, gel electrophoresis is limited in the separation it can provide
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for closely related homologs and components containing noncharged post-
translational modifications. Furthermore, the amount of sample required for gel
electrophoresis is typically larger than that required for HPLC analysis (at least
5–10-fold; see Note 1) and recollection of separated components for further
analysis is relatively labor intensive. Perhaps the greatest limitation of this
technique is the poor accuracy of molecular weight estimation. Masses are esti-
mated from a standard curve generated from a molecular weight marker ladder
run alongside the sample and are often very inaccurate. By comparison, size
exclusion chromatography has an advantage that it may be performed using
small columns, though the inability to provide satisfactory component separa-
tion remains.

More recently, advances in HPLC support the high resolution separation of
complex mixtures and, thus, provide a desirable technique for venom analysis.
Current HPLC systems, in contrast to the early systems, provide great separa-
tion of very small quantities of complex mixtures at low flow rates, resulting
in improved sample recovery.

1.1. Liquid Chromatography–Mass Spectrometry 
as a Venom Fingerprinting Technique

The detectors typically used with HPLC are nondestructive UV or diode
array, but mass spectrometers can also be used and this technique is referred to
as liquid chromatography–mass spectrometry (LC–MS). In fact, if set up cor-
rectly, both UV and MS data can be collected from a single run (see also
Chapter 9).

Because a majority of venom toxins are peptidic or proteinaceous in charac-
ter, there is a direct link between the toxin component expressed and the genetic
coding of the particular specimen. The genetic coding of a group of individual
specimens belonging to a particular species should have identical or very simi-
lar physicochemical properties with each toxin (peptide/protein) having a defined
protein sequence, molecular weight and chromatographic retention time in
RP-HPLC analyses. Therefore, the collection and comparison of this data pro-
vides a means of establishing a venom component profile for a particular species.
The usefulness of this approach of identification through venom profile analy-
sis is illustrated in many recent RP-HPLC/matrix-assisted laser desorption
ionization time-of-flight mass spectrometry (RP-HPLC/MALDI-TOF) (see
Note 2) examples including bacteria (4–8), snake venom (9), cone snail venom
(10–12), scorpion venom (13), and tarantula venom studies (14–16).

The Australian Funnel-web spiders are a group of venomous arachnids com-
prising more than 35 species from two genera (Atrax and Hadronyche), which
are located predominantly along the southeast coast of Australia. The current
taxonomy of the Australian Funnel-web spiders is shrouded in confusion and,
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as a result, species identification based on morphology can prove challenging.
The venom of the Australian Funnel-web spiders is complex, containing
between 40 and 100 peptide components (see Fig. 1). Furthermore, the com-
position of the venom from certain species of these spiders has been shown to
differ between the male and female specimens (17). In this chapter, we inves-
tigate the peptidic venoms of selected Australian Funnel-web spiders using

Spider Venom Analysis 309

Fig. 1. (A) RP-HPLC/ESI-MS chromatogram. (B) RP-HPLC/UV chromatogram of
venom from an Australian Funnel-web spider illustrating the number of components
and complexity.
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RP-HPLC techniques, including RP-HPLC/electrospray ionization mass spec-
trometry (ESI-MS) (see Note 3), in order to identify their complexity, the types
of molecules present and the extent to which this approach can identify and char-
acterize different species of the Australian Funnel-web spiders.

2. Materials
2.1. Venom Collection

1. Polyethylene/polypropylene pipet tips and collection tubes (e.g., 1.5–2 mL
Eppendorf) (see Note 4).

2. 10–100 µL Pipet with tip ejection arm (e.g., Gilson P100).

2.2. RP-HPLC/ESI-MS
1. HPLC grade acetonitrile and trifluoroacetic acid (TFA).
2. Solvent A: 0.1% TFA in water.
3. Solvent B: 0.09% TFA in 90% acetonitrile/10% H2O.
4. RP C18 analytical column (Vydac; 2.1 × 250 mm, 5 µm particle size, 300 Å pore

size) (see Note 5).
5. Hewlett Packard Series1100 HPLC pump system (Hewlett Packard, Australia) or

similar low flow-rate HPLC pump system such as Applied Biosystems 140B
solvent delivery system.

6. Electrospray ionisation mass spectrometer with turbospray facility (e.g.,
PE-SCIEX triple quadrupole mass spectrometer (PE-SCIEX, Canada) equipped
with an Ionspray atmospheric pressure ionization source and Turbospray interface)
(see Notes 1, 2 and 3).

7. Applied Biosystems 785A programmable absorbance detector.

2.3. RP-HPLC
1. HPLC grade acetonitrile and TFA.
2. Solvent A: 0.1% TFA in water.
3. Solvent B: 0.09% TFA in 90% acetonitrile/10% H2O.
4. Polyethylene/polypropylene pipet tips and collection tubes (14 mL Falcon or

1.5–2 mL Eppendorf).
5. Waters 600 HPLC controller.
6. Waters 486 tunable absorbance detector.
7. RP C18 analytical column (Vydac; 4.6 × 250 mm, 5 µm particle size, 300 Å pore

size).

3. Methods
3.1. Venom Collection

1. Collect the venom from live specimens (see Note 6). Funnel-web spider venom
is “milked” from the tips of the fangs of an aggravated specimen using a pipet
equipped with a polyethylene/polypropylene tip. Collect, handle and store the
venom using polyethylene/polypropylene materials (e.g., pipet tips, Eppendorf
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tubes, and so on) (see Note 7). Wash the “milked” venom from the pipet tip with
800 µL of 0.1% TFA/H2O and lyophilize in a Savant Speedvac (see Note 8).

3.2. Online RP-HPLC/ESI-MS
1. Reconstitute the lyophilized venom samples to a concentration of approx 1 mg/mL

in approx 30% acetonitrile/water (v/v) (see Note 9).
2. Spin the venom samples in a bench centrifuge for approx 30 s at maximum speed

to pellet all insoluble and particulate material (dirt, cell membrane in the case of
dissections) (see Note 10).

3. Set up the mass spectrometer (i.e., turn mass spectrometer on and set data col-
lection parameters) and turbospray to warm up.

4. Equilibrate the RP-HPLC column by running 100% solvent A through at the flow
rate to be used for 20–30 min, but without the column eluent attached to the mass
spectrometer (see Note 11). For the final 5–10 min of equilibration, attach the output
of the RP-HPLC column to the mass spectrometer and monitor the mass spectrom-
eter signal to make sure the signal is clean and free of contaminants (see Note 12).

5. Inject samples (10 µL) onto an on-line RP C18 analytical column and simultane-
ously start both the chromatography gradient and mass spectrometer data collec-
tion (see Note 13). Elute the venom constituents with a flow rate of 130 µL/min
using a linear gradient of 100% solvent A: 0% solvent B to 60% solvent B over
60 min. The data analysis and subsequent processing is performed using the
Biomultiview (PE-SCIEX, Canada) software package. Electrospray mass spectra
are acquired in positive ion mode by direct flow of the column eluent into a
PE-SCIEX API III triple quadrupole mass spectrometer (PE-SCIEX, Canada)
equipped with an Ionspray atmospheric pressure ionization source and Turbospray
interface. The full scan data for each venom sample is acquired at an orifice poten-
tial of 80 V over a mass range of 400–2100 Daltons with a step size of 0.2 Dalton
(see Note 14).

3.3. Analytical RP-HPLC
1. Dissolve lyophilized crude venom in 0.1% TFA/H2O to a concentration of approx

1 mg/mL.
2. Load the venom using a 10–20 µL injection from a Waters 717 Autosampler onto

a C18 analytical RP-HPLC column (Vydac 4.6 × 250 mm, 300 Å pore size, 5 µm
particle size).

3. Elute the venom components with a linear 1% gradient from 0 to 80% Solvent B over
80 min at a flow rate of 1 mL/min governed by a Waters 600 Controller. Monitor the
UV absorbance at 214 nm using a Waters 486 tunable absorbance detector.

3.3.1. Venom Profiling of Australian Funnel-Web Spider Venom

The RP-HPLC/UV and RP-HPLC/ESI analysis of venom from juvenile
male, mature female, and mature male specimens from two species of the Atrax
genus of Australian Funnel-web spiders illustrates the complexity of these
venoms, the gender differences evident in some species, and how the venom
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profile can be used as a taxonomic tool. Furthermore, the study illustrates the
importance of both RP-HPLC/UV and RP-HPLC/ESI data when establishing
the venom profile.

3.3.1.1. RP-HPLC-BASED VENOM MASS PROFILE ANALYSIS

OF THE SYDNEY ATRAX ROBUSTUS: SYDNEY SPECIMENS

The venom of the Sydney Funnel-web spider (Atrax robustus: Sydney) has
been extensively studied and thus was used primarily as a “control” to establish
the viability of the methodology developed in these studies. As a result of the
commonly known gender difference between the venom composition of this
species (17), venom samples of juvenile male, mature female, and mature
male specimens were investigated. The analysis of the venom samples by
RP-HPLC/UV and RP-HPLC/ESI (see Fig. 2) showed a number of obvious
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Fig. 2. A comparison of the RP-HPLC/ESI-MS and RP-HPLC/UV chromatograms
from the female, and juvenile and mature male venom of Atrax robustus: Sydney.
RP-HPLC/ESI-MS (left panel) and RP-HPLC/UV (right panel) chromatogram data
obtained for the (A) female Atrax robustus: Sydney venom sample. (B) Mature male
Atrax robustus: Sydney venom sample. (C) Prematuring moult of juvenile male Atrax
robustus: Sydney venom sample. (D) Postmaturing moult mature male Atrax robustus:
Sydney venom sample. Components of note are highlighted.
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differences between the chromatograms, and further confirmed the gender-
related venom composition differences. Closer examination of the mass data
combined with the elution time data (see Table 1) revealed a number of com-
ponents common to both genders, but also further highlighted the differences in
venom composition. The most obvious difference is the dominating presence of
the molecule δ-ACTX-Ar1 eluting at approx 42 min in the RP-HPLC/UV and
RP-HPLC/ESI chromatograms of the male specimen venom samples. In the
juvenile male venom sample this component is evident, but at lower levels.
Likewise, the female venom sample does not contain the molecule δ-ACTX-Ar1,
but possesses two components with Mr = 1022 Daltons not observed in the male
venom profile. Several other differences are also evident upon examination of
the mass data and are illustrated in Table 1. The obvious differences between
the corresponding peak intensities of the RP-HPLC/UV and RP-HPLC/ESI-MS
chromatograms illustrate the importance of data collection from both detectors.
As the intensity of the component peaks in the RP-HPLC/ESI-MS chromatogram
are related to the component’s capacity to ionize in the mass spectrometer, it does
not provide a adequate representation of the relative abundances of each com-
ponent. In contrast, the RP-HPLC/UV data are directly related to the compo-
nent concentration and, thus, provide a better profile of the relative abundances
of the components in the venom profile. Furthermore, the RP-HPLC/UV data
provide evidence of molecules not detected by the mass spectrometer owing to
masses outside the scanned mass range or their inability to ionize (see Note 15).

3.3.1.2. RP-HPLC-BASED VENOM MASS PROFILE ANALYSIS

OF THE ATRAX SP.: ILLAWARRA SPECIMENS

Analysis of the venom of a second species of Atrax Funnel-web spider (Atrax
sp.: Illawarra) provided an excellent example of the differences in venom com-
position observed between specimens belonging to a distinct species.
RP-HPLC/UV and RP-HPLC/ESI analysis of the venom of mature male, mature
female, and juvenile male (which matured in captivity and provided pre- and
postmaturing moult samples) specimens revealed a very different venom com-
position to the Atrax robustus: Sydney specimens, and possessed some degree
of gender-related venom composition differences.

The RP-HPLC/ESI-MS analysis (see Fig. 3) revealed that the venom com-
position of the male and female Atrax sp.: Illawarra specimens is very similar.
Close inspection of the RP-HPLC/ESI-MS mass data revealed some subtle
gender-related differences such as the presence of the molecules Mr = 5666
Daltons, Mr = 3820 Daltons, Mr = 4519 Daltons, Mr = 4911 Daltons, and
Mr = 4181 Daltons in the venom of the male specimens only (see Table 2).
Likewise, the components Mr = 4410 Daltons and Mr = 4361 Daltons were only
evident in the venom of the female specimens (see Table 2). The RP-HPLC/UV

Spider Venom Analysis 313

CH21,307-322,16pgs  10/30/03  7:15 PM  Page 313



314 Wilson and Alewood

Table 1
Venom Mass Profile “Descriptor”a Molecules Determined
for Male and Female Specimens of Atrax robustus: Sydney

Elution time Female components Male components
(min) (Mr = Da) (Mr = Da)

Approx 26 4004 4004
Approx 28 4395
Approx 29 3879 3879
Approx 2.5 4379 4379
Approx 31 1022
Approx 33 1022
Approx 34 7155
Approx 35 7139 7139
Approx 36 4615
Approx 38.5 4498
Approx 40 4469
Approx 40.5 7946
Approx 41 4811
Approx 41.5 7915
Approx 43 4120 4848
Approx 43.5 7136 7138
Approx 44 7286 7287
Approx 44.5 4547 7235
Approx 45 4223
Approx 46 7213 7213
Approx 46.5 3791
Approx 47 4527 4526
Approx 48 4205 4206
Approx 49 4050
Approx 56 3510
Approx 58 3991
Approx 58.5 6793
Approx 60 4022

aThe “descriptor” molecules are components exclusive to the venom of a particular group (e.g.,
species group, species, or species gender). In general, “descriptor” molecules are components
present in the majority of venom samples collected from a particular group and giving rise to a
definitive mass spectral peak. However, in cases where only a single venom sample is obtained,
the “descriptor” molecules are based solely on that single sample. Owing to the relationship of
some of the Australian Funnel-web spiders, certain “descriptor” molecules are common to the
specimens belonging to the species group, whereas other “descriptor” molecules are specific for
a particular species variant or gender.

bComponents common to the venom (i.e., possessing identical mass and retention time infor-
mation [Mr ± 3 Daltons] ) of both male and female specimens are highlighted in italics.
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analysis (see Fig. 3) was only performed on the female and juvenile male
venom samples owing to sample limitations of mature male venom.

The RP-HPLC/UV and RP-HPLC/ESI-MS analyses of the venom from
Atrax sp.: Illawarra specimens illustrated that the composition of these venom
samples is substantially different to the venom of the Atrax robustus: Sydney
specimens. Furthermore, the venom of the juvenile male, mature male, and
female Atrax sp.: Illawarra specimens is very similar in composition overall,
but also contains a number of distinct differences.

The development of a venom mass profiling technique using RP-HPLC/UV
and RP-HPLC/ESI-MS data, as illustrated above, has proven to be a useful tool
for taxonomic distinction of different species variants of Australian Funnel-web
spider belonging to the Atrax genus. The method also provides a method to dis-
tinguish between genders, and can distinguish between two very closely related
specimens.
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Table 2
Venom Mass Profile “Descriptor” Molecules Determined
for Male and Female Specimens of Atrax sp.: Illawarra

Elution time (min) Components (Mr = Da)

Approx 30 3944
Approx 38 4472
Approx 39 4579
Approx 40 7600
Approx 40.5 7105
Approx 41.5 7443
Approx 42.5 4850
Approx 44 4102
Approx 44.5 5666 (male only)
Approx 46 4221
Approx 47 3820 (male only + juvenile male)
Approx 48 4519 (male only)
Approx 49 3948
Approx 49.5 4911 (male only)
Approx 50 4181 (male only)
Approx 50.5 3851
Approx 56 4410 (female only)
Approx 57 4278
Approx 58 4361 (female only)
Approx 63 5355
Approx 68 5338
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4. Notes
1. An important aspect in venom analysis is to minimize the loss of sample. This is

even more important in cases where the study is performed on individual speci-
mens, as a single specimen may only supply one venom collection before it dies,
and some specimens may be very difficult to obtain (e.g., a particular species, or
gender of a particular species or geographical variant). In these cases, as much
information as possible has to be extracted from the solitary sample. Remember,
once it’s gone, it’s gone for good!

2. MALDI-MS allows high-sensitivity analysis of large molecular weight com-
pounds, including biomolecules such as proteins. MALDI involves ionization
and transfer of a sample from a condensed phase to the gas phase by vaporization
of a non-volatile solid matrix with laser radiation (18). This type of ionization is
termed as “soft” ionization and results in molecule ionization without molecule
fragmentation. The primary advantage of “soft” ionization is the ability to observe
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Fig. 3. A comparison of the RP-HPLC chromatograms from the juvenile, female,
and mature male venom of Atrax sp.: Illawarra. (A) RP-HPLC/ESI-MS (left panel) and
RP-HPLC/UV (right panel) chromatogram data obtained for the female Atrax sp.:
Illawarra venom sample. (B) RP-HPLC/ESI-MS and RP-HPLC/UV chromatogram
data obtained for the juvenile male Atrax sp.: Illawarra venom sample. (C) RP-
HPLC/ESI-MS chromatogram data for the venom sample obtained from the Atrax sp.:
Illawarra postmaturing moult mature male specimen.
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biomolecules in their native state. The principal disadvantage of MALDI-MS, for
rapid venom profile analysis, is the requirement of matrix addition to the sample
eliminating the possibility of on-line infusion RP-HPLC coupled mass spec-
trometry (RP-HPLC/MS). Venom profile analysis by MALDI-MS does not permit
accurate mass/retention time correlation determination because of the necessity
to acquire the RP-HPLC fractions first, followed by lyophilization and addition
of the solid matrix of the fractions prior to mass spectrometry analysis.
Furthermore, the reproducibility of MALDI-MS experiments on an individual
sample suffers from variations in ionization of components. This variation results
from inconsistent component crystallization with the matrix between crystals.
Therefore, the mass spectrum obtained varies with respect to ion presence from
crystal to crystal, and consequently the point of focus of the ionizing laser.

3. ESI-MS is also a “soft” ionization technique and involves the production of
gaseous ionized molecules from a liquid solution (18). This is achieved by creat-
ing a fine spray of sample laced solvent in the presence of a strong electric field
resulting in the formation of highly charged droplets. The charged droplets are
electrostatically attracted to the inlet of the mass spectrometer where dry gas
evaporates the solvent from the surface of the drops causing ions to leave the par-
ticle as the droplet size decreases. ESI results in the formation of multiply charged
ions and, because the mass spectrometer measures the mass-to-charge ratio (m/z),
allows the observation of relatively large molecules using a comparatively small
mass range analyzer. Deconvolution of the multiply charged ion series can then
be performed by a computer package and providing an accurate mass through aver-
aging (18). The addition of a turbospray interface supplies heat and a greater dry
gas flow to the solvent droplets and assists in the evaporation of the solvent. This
increases the sensitivity of the mass spectrometer (up to 100×)*, particularly at
higher solvent flow rates, and allows sufficient data collection from sample
amounts down to a fraction of a single venom milking sample (<10 µg of crude
venom). Because ESI-MS involves sample delivery in a solvent and a very “soft”
ionization, on-line RP-HPLC coupled mass spectrometry of biomolecules can be
performed (18). This ability to couple the RP-HPLC on-line with the mass spec-
trometer is the biggest advantage of RP-HPLC/ESI-MS over RP-HPLC/MALDI-
TOF analysis of venom samples. RP-HPLC/ESI-MS allows direct flow of the
eluting components to the mass spectrometer, in contrast to RP-HPLC/
MALDI-TOF, which requires separate sample collection, lyophilization, and
matrix preparation prior to MS. The ability to incorporate on-line RP-HPLC into
the analysis of complex mixtures, such as venom samples, greatly improves the
sensitivity of detection by removing problems associated with the dynamic range
of the detector. This problem results from ion saturation arising in analysis of com-
plex samples possessing components of different concentrations. The maximum
detection intensity resides with the most intense ion in the spectrum. A saturated
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*Applied Biosystems homepage (http://www.appliedbiosystems.com/ab-mds_sciex/
products/ionsources/turboionspray.html).
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ion will, therefore, result in the suppression of weaker concentration or less ion-
izable components, suppressing the signal into the baseline noise. Separation of
the components prior to mass spectral analysis (as in RP-HPLC/ESI-MS) reduces
the effects of ion suppression as each component is analyzed individually. Despite
the advantages of RP-HPLC/ESI-MS over RP-HPLC/UV, the UV data is still
required, as the intensity of the mass spectrometer peaks depend on the ability of
the component to ionize in the mass spectrometer and not the relative concentra-
tion of the component in the venom.

4. The venom collection container must be suitable for the creature in question (e.g.,
snakes require much larger venom collection containers than Funnel-web spiders do).

5. It is important when choosing a column for RP-HPLC/ESI-MS that the sample
will not overload or underload the RP-HPLC column because this results in a loss
of resolution. Furthermore, it is important to ensure that the amount of compo-
nent eluting from the RP-HPLC column will not saturate the ESI-MS signal. This
would lead to decreased sensitivity of low abundance molecules and decreased
resolution in the RP-HPLC/ESI-MS chromatogram. Because detection by MS is
far more sensitive than UV, the column choice and resultant flow rates are criti-
cal in the experimental setup. The experimental setup should always cater for the
minimum amount of sample likely to be used, as this will always be the lower limit
for detection (the detection of components eluting off RP-HPLC columns does
not rely solely on the initial concentration of the sample added; the actual quan-
titative amount of sample and the solvent flow rate are important) and it is far easier
to dilute concentrated samples than increase the concentration when only small
amounts of sample are available. The experimental setup used should be kept as
constant as possible to aid in the reproducibility of results and to also aid in the
direct comparison of different samples.

6. Live or freshly dissected specimens are preferred because some venomous crea-
tures can expel the venom from their venom glands upon freezing, and some
specimens can be difficult to dissect frozen. Furthermore, dissection or freezing
involves killing the specimen and limits the amount of venom that can be obtained
from that specimen to a single collection. Venom extraction from dissected venom
glands is also fraught with contamination problems (such as contaminating cel-
lular byproducts and contents), providing a venom profile of the expelled venom
that is not completely accurate. It has also been shown that the venom composi-
tion of Cone snail venom (19) and Funnel-web spider venom (20) differs between
the venom gland and the expelled venom. “Milking” venom (collection of venom
expelled by the creature from the venom duct) is the most preferred method, but
can also have its problems with contamination. Very few venomous creatures are
willing to expel venom in a manner such that it can be easily collected (snakes
and the Australian Funnel-web spiders are the exception). Tricks have been devel-
oped to coax creatures such as Stonefish and Cone snails to be milked, however,
the majority remain difficult. Electrical stimulation of the venom glands has
become a popular method of “milking” venom and works by providing a pulsed
electrical current to the area housing the venom apparatus (16,21). This current
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causes rapid pulsed contraction of the muscles controlling venom output of the
venom apparatus. In creatures where the venom apparatus is close to the mouth
region (such as spiders) care must be taken to avoid contamination of the venom
sample with regurgitated digestive tract material.

7. The use of polyethylene/polypropylene materials avoids problems associated with
sample loss owing to the affinity of some venom molecules for glass. Although it
is possible to avoid this problem by using silanized glassware, polyethylene/
polypropylene is preferred because its hydrophobic nature results in more com-
plete sample transfer.

8. Lyophilization of the sample is preferably performed in something like a Savant
speedvac to pellet crude venom. Standard driers without the added centrifugation
step provided by the speedvac tend to result in lyophilized peptide up the sides of
the tube, making reconstitution in small volumes difficult. Venom to be analyzed
at a later date should be lyophilized and stored at –20°C, however, most highly
disulfide bonded peptides are stable at room temperature for several days and even
longer (lyophilized or in 30% organic solvent).

9. When reconstituting the sample to the desired analysis concentration, use a 30%
solution of the organic solvent used in RP-HPLC. This concentration generally
caters for all the hydrophilic and hydrophobic molecules, falling in the midrange
of the extremes of typical component elution.

10. Where a group of molecules outside the range of interest are likely to interfere
with those in the analysis range, the venom should be run through a size exclu-
sion column (e.g., Microcon). However, this has the potential to alter the venom
composition slightly through components binding to the column and should be
avoided unless absolutely necessary.

11. The mass spectrometer signal must be very clean, with no contaminating
flowthrough from the RP-HPLC columns, so the column must be washed thor-
oughly before use. Prior to commencing the RP-HPLC/ESI-MS analysis, it is a
very good idea to attach the equilibrating RP-HPLC column to the mass spec-
trometer and equilibrate for a short period to ensure the column and mass
spectrometer are clean. The mass spectrometer should also be calibrated prior to
analysis. The narrow bore tubing used between the LC column, UV detector, and
mass spectrometer should be suitable for the flow rate to be used (dependent on
the column bore and packing) and kept as short as possible to ensure good corre-
lation between retention times in the UV and MS data.

12. Contaminants dominating the signal intensity at either end of the mass range can
be eliminated by reducing the mass scan range to just exclude the contaminating
signal.

13. For RP-HPLC systems that routinely run at less than 200 µL/min with a small bore
column (id <2.1 mm), a 5-µL injection of a 1 mg/mL solution gives very good
data, therefore, acceptable data can be safely obtained from loading 3–5 µL of
sample.

14. HPLC offers a couple of alternatives regarding the data that can be obtained. The
UV detector can be removed if only MS data are required, however, it is typically
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desirable to incorporate the UV data. It is also possible to introduce a flow split-
ter in-line following the UV detector. This allows larger amounts of sample to be
loaded and run at higher flow rates on larger bore columns. By splitting the flow
so only a small portion goes to the mass spectrometer, the remainder can be
directed for fraction collection providing the scientist with the UV data, mass spec-
trometer data, and fractionation in one step. The time frame for collection of all
this data fits into the normal time frame taken to run the RP-HPLC/UV, vastly
improving productivity. Furthermore, the homogeneity of the isolated fractions is
known from the mass spectrometer data and can be used in further experiments
such as reduction/alkylation leading to amino acid sequencing.

15. If a peak is evident in the RP-HPLC/UV chromatogram and not the RP-HPLC/
ESI-MS data, try scanning a wider mass range, or ionization in negative ion mode
to obtain a mass.
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HPLC and Mass Spectrometry
of Intrinsic Membrane Proteins

Julian P. Whitelegge

1. Introduction
High-performance liquid chromatograpghy (HPLC) separations of mem-

brane proteins can be conveniently divided into two categories. First, there are
many methods available for isolation of functional membrane proteins.
Typically, the proteins are maintained in configurations as close to their native
state as possible through the use of mild detergents that provide solubility with-
out denaturation, allowing convenient ion-exchange or size-exclusion chro-
matography, for example. Proteins or complexes isolated in this way are
subsequently used for functional analysis or crystallization, and so on. These
isolation techniques have been well reviewed and readers are referred to liter-
ature specific to the protein of interest. The second category of separations are
those used to separate membrane proteins from detergents and salts for the pur-
pose of protein chemistry; although tempting to call these methods “denatur-
ing” there is substantial evidence that this is not always the case. The focus of
this chapter is to review the latter category of HPLC techniques with specific
reference to those methods that provide conditions compatible with mass
spectrometric analysis, especially on-line electrospray ionization.

1.1. Biological Mass Spectrometry

The discovery of mild ionization techniques for mass spectrometry (MS) of
biological macromolecules has revolutionized HPLC, because it is now con-
venient to monitor elution profiles not only by UV absorbance, but by MS as
well. Matrix-assisted laser desorption ionization–time-of-flight (MALDI-TOF;
1) uses samples cocrystallized with a small UV absorbing matrix molecule to
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transfer molecules from a dried solid phase to the gas phase, and is thus not
directly compatible with HPLC though spotting small aliquots (0.5 µL) of
sequential fractions for MALDI-TOF remains a useful option. However, it was
the application of electrospray-ionization (ESI; 2) that introduced the option
of coupling HPLC directly to MS and the first liquid chromatography–mass
spectrometry (LC–MS) experiments provided an exciting breakthrough in tech-
nology (3). The HPLC eluent is directed straight to the ESI source for contin-
uous ionization while the mass spectrometer measures mass to charge ratio (m/z)
of ions detected during the course of a scan through the m/z range; a process
that typically takes from 1 to 10 s. The read-out of mass spectra with time is
thus complementary to the UV profile providing the opportunity to rapidly dis-
tinguish between proteins and other UV absorbing molecules, for example. As
a consequence of the very low tolerance of MS to salts, LC–MS has been most
widely applied to reverse-phase (RP)-HPLC with volatile solvents (e.g., ace-
tonitrile) and ion-pairing agents (e.g., TFA) though success is also achievable
with size-exclusion HPLC provided salts are excluded. Variants of these meth-
ods have been successfully applied to a wide range of intrinsic membrane pro-
teins with structures containing up to fifteen transmembrane helices (4–7).

1.2. MS of Membrane Proteins

Both ESI and MALDI-TOF have been applied to membrane proteins and
peptides derived from them (4–13). The focus of this discussion will be ESI in
the context of on-line LC–MS because it provides superior mass accuracy and
resolution compared to MALDI-TOF, especially for intact proteins. The abil-
ity to use ESI-MS for analysis of intrinsic membrane proteins was first demon-
strated in 1993 (9,10) using flow-injection methods. LC–MS was applied in
1997 (14) though the gradient elution with undiluted formic acid can be
regarded as somewhat extreme and mass accuracies in the 0.01–0.05% range
were lower than obtained for water-soluble proteins. The adoption of a reverse-
phase system involving elevated concentrations of aqueous formic acid (60%)
and gradient elution with isopropanol allowed routine achievement of 0.01%
accuracy (4). A size-exclusion LC–MS method for intrinsic membrane proteins
was reported in 1999 (5) and has proved broadly applicable (6,7) again with
routine achievement of 0.01% accuracy (+/- 9 Da at 90 kDa). Figure 1 shows
the results of a size-exclusion LC–MS experiment performed upon bacteri-
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Fig. 1. (see facing page) ESI-MS of bacteriorhodopsin via online size-exclusion
HPLC. Bacteriorhodopsin (Sigma, 50 µg) suspended in 1 mM CHAPS was acidified
by addition of two volumes of formic acid/isopropanol (1/1, v/v) and loaded immedi-
ately onto an HPLC system with a size-exclusion column (Super SW 2000, 4.6 × 300 mm;
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Fig. 1. (continued) Tosohaas) equilibrated in chloroform/methanol/1% aqueous
formic acid (4/4/1, v/v; 250 µL/min.; 24°C). Eluent was passed through a UV detec-
tor and directly to an electrospray-ionization source (Ionspray™) of a triple quadru-
pole mass spectrometer (API III, Applied Biosystems). The instrument was operated
with an orifice potential of 65 V and scanned from m/z 600–2300 with a step size of
0.3 and a dwell of 1 ms to give a scan time of 6 s. Scans collected during the elution of
the first major protein peak were averaged (A) and processed by computer to generate
a zero-charge spectrum (B). Multiple charging during the electrospray process gener-
ates a cluster of ions that differ in m/z as a consequence of the number of charges (pro-
tons) associated with a particular protein molecule, in this case, from 15 to 29 with the
most abundant at M + 24 H+. The singly charged CHAPS molecules presumably
remained associated with the protein during chromatography but were separated during
ionization. Minor signals at the center of the mass spectrum result from minor isoforms
of the protein that are more clearly visualized in the molecular weight spectrum (B).
Note resolution of lesser subpopulations of all species that measure 16–18 Da larger
and probably correspond to singly oxidized species (+ O, 16 Da) or possibly carry a
single bound water (+ 18 Da). Running the column at the usual operating temperature
of 40°C results in predominance of the apoprotein.
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orhodopsin. The mass spectrum (see Fig. 1A) collected during elution of the
protein shows a characteristic cluster of multiply-charged ions corresponding
to the protein itself (15–29 H+) and the singly charged ion derived from the
detergent CHAPS. A computerized reconstruction of the zero-charge molecu-
lar weight spectrum (see Fig. 1B) shows predominance of the holoprotein
(27051 Da; calculated 27050.06 Da), a small amount of apoprotein (26787 Da;
calculated 26783.64 Da) and other minor species that probably correspond to
incompletely processed forms of bacteriorhodopsin that have nevertheless
bound the retinal cofactor.

1.3. Proteomics

Whereas most proteomics studies are using 2D gel electrophoresis as the
primary separation technology, there are recognized disadvantages of applying
these methods to some classes of intrinsic membrane proteins (15). Therefore,
alternative technologies are sought with HPLC separations playing a potentially
important role. Figure 2 shows a modification of LC–MS for use in proteomics.
By inserting a liquid-flow splitter between HPLC and mass spectrometer it is
possible to collect fractions concomitant with MS (LC–MS+) which can be used
in downstream experiments for protein identification and characterization of
posttranslational modifications. This approach was applied successfully to the
cytochrome b6 f complex from higher plants, identifying a ninth subunit as
ferredoxin/NADP+ oxidoreductase (FNR; 16). Because typical membrane
preparations are too complex to fully resolve by a single chromatographic sep-
aration, it is suggested that subfractions should be employed (17).

1.4. Solubility and Aggregation of Membrane Proteins

Following extraction from bilayers, membrane proteins have an extreme
tendency to aggregate and precipitate unless stabilized in detergent micelles.
For HPLC separations in the absence of detergent, it is then necessary to find
solvent conditions compatible with both solubility and disaggregation of the
analyte. During attempts to isolate hydrophobic peptides derived from prote-
olytic cleavage of the photoaffinity-labeled D1 herbicide receptor (18) it was
observed that the labeled peptide of interest would only be retained in size-
exclusion HPLC using 50% formic acid, 50% methanol as mobile phase. The
observation that the peptide eluted in the void when 50% aqueous formic acid
or 50% aqueous acetic acid or 50% acetic acid, 50% methanol were used as
mobile phase emphasized that both solubility and disaggregation were neces-
sary for chromatographic separation. Although formic acid is a very useful
reagent for solubilization/disaggregation, it should be recognized that at high
concentrations it will modify proteins with formyl groups that appear as mul-
tiple +28-Da adducts in the mass spectrum. Consequently, more recent proto-
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cols, although using high concentrations of formic acid for initial solubiliza-
tion, emphasize immediate transfer to more inert solvents.

2. Materials
2.1. Hardware

1. HPLC pumps/plumbing: The techniques described here use standard HPLC sys-
tems, with syringe pump instruments for flow rates less than 200 µL/min. High
concentrations of formic acid (60–90%) are rinsed promptly from pumps/syringes
but are probably no more corrosive than 1 M NaCl, for example. High-pressure
lines use stainless steel tubing and ferrules but lower pressure lines use Peak(tm)
tubing and Fingertight(tm) fittings (< 2000 psi). Fused-silica capillaries
(PolyMicro) are used to interface LC to the ESI source using minimal length
connections owing to the possibility of chromatography on the inner glass sur-
face. All systems are modified to minimize liquid paths and dead volumes of con-
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Fig. 2. LC with mass spectrometry and fraction collection (LC–MS+). Use of a
flow splitter after the HPLC detector allows concomitant mass spectrometry and frac-
tion collection. Fractions can be analyzed after analysis of intact protein mass spectra
to allow increased confidence of identification and characterization of posttransla-
tional modifications.
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nections. Absorbance is measured at 214 m or 280 nm if solvent background is
prohibitive at 214 nm (high [formic acid]; chloroform, and so on). Note that some
flow cells are sensitive to excessive backpressure and that it is sometimes neces-
sary to use splitters or wider bore tubing to avoid expensive accidents. HPLC sys-
tems typically need servicing after 2–3 yr of moderately heavy use. An oven is
often used in order to run columns at elevated temperatures.

2. Syringe pumps: HPLC systems with syringe pumps are typically used for LC–MS
at lower flow rates. Well-serviced machines provide good performance provided
care is taken to ensure buffers/solvents are thoroughly degassed. Pistons and seals
are replaced when necessary. Syringes are typically purged empty at the end of
the day. Sometimes specific problems can be overcome by appropriate modifica-
tion. For example, an ABI 120A being used for LC–MS work had a static mixer
(a small C18 column) placed before the purge valve that resulted in an overpres-
sure condition when purging high viscosity solvents such as 60% formic acid/iso-
propanol. The static mixer column was consequently situated after the purge valve
such that it was eliminated from the purge cycle.

3. Columns: For RP chromatography, polystyrene-divinylbenzene copolymer is pre-
ferred over silica-based columns. This media can be regenerated more thoroughly
and run at higher temperatures. PLRP/S (Polymer Labs) provides excellent chro-
matographic performance while PRP (Hamilton) provides an acceptable less-
expensive alternative. For size-exclusion chromatography, the SW series of silica
supports (Tosohaas [now Tosoh Biosciences]) provides the only suitable media.
Several other companies have advertised equivalent performance but tests have
shown that only the Tosohaas product performs adequately in chloroform/
methanol/1% aqueous formic acid (4/4/1). Elevated concentrations of formic acid
shorten column life significantly. Virgin columns provide ultimate chromato-
graphic resolution.

4. Grounding and safety: Use of electrospray ionization involves high potential dif-
ferences between source and mass spectrometer that can be conducted down sol-
vent lines. Thus, the HPLC stack must be grounded to the mass spectrometer.
Furthermore, source voltage must be removed prior to manipulation of solvent
lines to protect the operator. Protective clothing and eyeware must be used when
working with pressurized solvents and acids. An extractor at the ESI source is also
useful to avoid accumulation of solvent/acid vapors.

2.2. Chemicals

The use of MS with HPLC makes the operator very aware of the quality of
solvents and chemicals being used. Remarkable differences in chemical back-
ground can be observed with different suppliers. Thus, different batches or alter-
native supplies are tested carefully in the chromatographic systems of interest
to ensure low background.

1. TFA is from Pierce (1 mL sealed ampules of Ionate™ grade).
2. Formic acid is from Fisher (90%, ACS grade) and is not stored for long periods

(see Note 1).
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3. Water is double distilled in Quartz or from a Millipore reverse osmosis system
(>18 ΜΩ).

4. Organic solvents are from Fisher; methanol is HPLC grade, acetonitrile is Optima
grade and chloroform/isopropanol are ACS grade. Solvents are mixed in glass (try
LC–MS with a chloroform containing solvent that was mixed in plastic for your
amusement) and degassed by sonication under vacuum. Solvent mixtures con-
taining chloroform or isopropanol are made up daily whereas standard TFA buffers
may be kept for at least 1 wk. Note that halogenated solvent waste is generated
by nearly all the methods described and should be disposed of properly.

3. Methods
3.1. Sample Purification

There are numerous methods for isolation of membrane fractions, membrane
protein complexes and monomeric membrane proteins, but these are not the
focus of this chapter and are covered by many other authors.

3.2. Sample Preparation

Once a membrane protein fraction has been isolated in a functional state, it
is typically accompanied either by native lipids or detergents. Sometimes it may
be possible to load a sample in this state and use the chromatography to sepa-
rate the protein from these contaminants. Often, however, small amphiphiles
remain associated with and/or coelute with the protein and interfere with chro-
matography/mass spectrometry. Thus, it is usual to precipitate the protein with
organic solvents in order to remove contaminating lipids/detergents, or at least
deplete them, prior to chromatography.

3.2.1. Precipitation With Acetone

Acetone precipitation is achieved at 80% concentration by volume at –20°C.
Either add acetone to 80% or add 80% acetone to a small sample volume.
Stocks should be at –20°C. Precipitation usually occurs rapidly within 10 min
at –20°C, but can take longer. Concentrated samples may work better if
aliquoted out whereas minute samples may be lost. Some lipids will remain
associated with precipitated protein. Detergents interfere with acetone precip-
itation dramatically and should be avoided. If detergents are present, protein
should be precipitated at the interface of a chloroform/methanol/water phase
separation. Precipitates are recovered by brief centrifugation (10,000g; 1 min).

3.2.2. Precipitation With Chloroform/Methanol/Water Phase Separation (19)

The protocol, modified from Wessel and Flugge (19), for this precipitation
is shown in Fig. 3 and represents an important breakthrough in membrane pro-
tein chemistry. Precipitation at the interface is usually efficient even in the pres-
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ence of 2% SDS/1% Triton X-100™ in the sample. Of course overall yields
vary with sample type and amount of detergent. More lipid is removed than with
acetone precipitation though some may remain. The most hydrophobic of pro-
teins can partition into the lower phase; these are the proteolipids and can be
recovered by size-exclusion chromatography (see Subheading 3.3.) or by pre-
cipitation with ether at low temperature.
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Fig. 3. Chloroform/methanol/water phase separation for precipitation of protein
and removal of lipids and detergents. Protein can be precipitated from remarkably high
concentrations of detergents. Procedure modified from Wessel and Flugge (19).

CH22,323-340,18pgs  10/30/03  7:16 PM  Page 330



3.2.3. No Precipitation

Precipitation can be disadvantageous and even lead to covalent modification
of the sample. A good example is bacteriorhodopsin, a seven-transmembrane
protein that carries a Schiff base linked retinal cofactor that is central to its func-
tion as a light-driven proton pump (20). Initial success in analysis of the pro-
tein by LC–MS was achieved after precipitation of purple membrane with
acetone, solubilization in formic acid/water/isopropanol, and LC–MS in the
60% formic acid/isopropanol system (see Subheading 3.2.) though the major-
ity of the protein was recovered as the apoprotein. When the sample, instead of
acetone precipitation, was dispersed in detergent (1 mM CHAPS) and acidified
with formic acid/isopropanol (three volumes of 1�1) prior to LC–MS, nearly
complete recovery of the holoprotein resulted. It is believed that stabilization
of the Schiff results because of retention of some secondary/tertiary structure
(4), despite what seem rather harsh conditions.

3.2.4. Dissolution

Following precipitation with organic solvents, samples are typically dried for
about 2 min at room temperature and atmospheric pressure. This is to allow
evaporation of excess organic solvents but not water. Thorough drying at this
stage results in pellets that are more resistant to redissolution. A small aliquot
of solvent (50–100 µL) is added to the “wet” pellet for immediate redissolu-
tion and injection to HPLC. The solvent used most frequently is 60% formic
acid, but 90% formic acid was necessary to dissolve the Escherichia coli lac-
tose permease. Acetic acid can often be substituted for formic acid. TFA
(50–100%) is also effective for solubilization though there is increased tendency
for backbone hydrolysis in this strong acid. Solubility is sometimes influenced
by additions of organic solvents, such as isopropanol, trifluoroethanol, or hexa-
fluoroisopropanol at this stage, though it should be noted that such additions
may lead to decreased, as well as increased solubility. Conditions for specific
samples are best determined empirically. Furthermore, solubility is influenced
by the precipitation protocol used, which influences degrees of denaturation and
delipidation, as well as specifics such as the actual concentration of protein
during precipitation. It is suggested that extreme attention to detail is applied
to all aspects of the sample preparation protocol with any storage steps mini-
mized especially after removal of lipids/detergents (see also Note 3).

In cases where samples were not precipitated, it is usual to acidify the sample
prior to injection, with an equal volume of formic acid, for example. If the
sample is not acidified it will, in specific cases, remain bound to the column
until an aliquot of the appropriate acid is passed down the column. This behav-
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ior can be used to advantage for on-column delipidation or detergent removal,
for example.

3.3. RP-HPLC

The compatibility of the solvent systems used in RP with LC–MS, combined
with the often superior chromatographic resolution, makes this a frequently used
option for HPLC of intrinsic membrane proteins, especially when a mixture is
present. Many have described standard RP chromatographic systems and the
first system to be described here is the author’s version that includes a poly-
meric stationary phase and has given satisfactory results for many intrinsic
membrane proteins.

3.3.1. TFA/Acetonitrile System

Although many intrinsic membrane proteins elute efficiently from a RP sta-
tionary phase with the TFA/acetonitrile system, there are some proteins that
have very low elution efficiencies such that little or no protein is observed to
elute at all. These are typically the most hydrophobic, such as bacteri-
orhodopsin. However, it should be appreciated that this behavior provides the
opportunity to wash proteins of lipids and detergents on-column and to specif-
ically enrich these molecules on-column, for subsequent elution with secondary
gradients of more powerful eluents.

1. Buffer A is 0.1% TFA in water, buffer B is 0.1% TFA in acetonitrile. Buffers are
degassed prior to use, typically by sonication and vacuum aspiration (with trap).

2. Column (PLRP/S, Polymer Lab.s; 300 Å, 5 µm; 2 × 150 mm; 40°C) is equilibrated
in 5% B for 25 min (100 µL/min.)

3. Sample injection (100 µL loop) initiates gradient program. 5% B for 5 min fol-
lowed by a linear gradient from 5–100% B over 60 min. System runs at 100% B
for 5 mins and returns to 50% B (syringe pumps) or 5%B (regular pumps) over
5 min. Gradient may be adjusted for optimal separations of specific samples.

4. A preliminary run with no injection should show a flat baseline. A second pre-
liminary run with injection of formic acid (100 µL) will then reveal potential ghosts
from previously retained proteins as well as UV absorbing material contaminat-
ing the formic acid. Mass spectrometry (ESI-MS) can be used to distinguish
ghosts from UV absorbing material of nonprotein origin. If ghosts are detected,
the column must be regenerated/replaced.

5. Dual wavelength detection at 214 and 280 nm.
6. Column regeneration (see Note 2).

3.3.2. TFA/Acetonitrile/Isopropanol System

The addition of isopropanol to acetonitrile has been known to improve elu-
tion efficiency of many intrinsic membrane proteins in reverse-phase chro-
matography for many years (21), enabling the purification of rhodopsin, for
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example. Bacteriorhodopsin elutes quite efficiently allowing fully resolved
spectra of many different isoforms of widely varied abundance.

1. As above, but buffer B is 0.05% TFA in acetonitrile/isopropanol (1�1 by volume).
Buffer B is prepared freshly daily in glass by mixing equal volumes of 0.1% TFA
in acetonitrile and isopropanol. Use glass stoppers on HPLC bottles rather than
plastic lids that will leach plasticizers.

2. Gradients may be adjusted to focus upon the 50–100% B part of the chromatogram
where the most hydrophobic of the intrinsic membrane proteins elute.

3. Column regeneration (see Note 2).

3.3.3. Formic Acid/Isopropanol System

Although addition of isopropanol to acetonitrile often improves elution effi-
ciency, there will most usually be some residual intrinsic membrane protein
remaining column bound. A solvent system with elevated formic acid concen-
tration in the polar phase and isopropanol as the eluting solvent was originally
described for separation of poliovirus proteins with quantitative recovery of
material (22). Most intrinsic membrane proteins elute with close to 100% effi-
ciency in the 60% formic acid/isopropanol system described here though
exceptions are possible. The major subunit of Torpedo Vo ATPase (four trans-
membrane helices) has reduced elution efficiency and the lactose permease
(twelve transmembrane helices) from E.coli was not recovered at all under these
conditions. In both examples, elevation of formic acid concentration to 90%
allowed full recovery of the proteins. The major disadvantage of the technique
is the potential for protein formylation that results in multiple +28 Da adducts,
very apparent in protein ESI mass spectra. Protein exposure to formic acid
should be minimized or avoided. Acetic acid may provide a suitable alterna-
tive in some cases.

1. Buffer A is 60% formic acid, buffer B is isopropanol. Buffers are degassed prior
to use, typically by sonication and vacuum aspiration (with trap).

2. Column (PLRP/S, Polymer Labs, 300 Å, 5 µm; 2 × 150 mm; 40°C) is equilibrated
in 5% B for 10 min (100 µL/min.)

3. Sample injection (100 µL loop) initiates gradient program. 5% B for 5 min followed
by a linear gradient from 5–100% B over 40 min. System runs at 100% B for 5 min
and returns to 50% B (syringe pumps) or 5% B (regular pumps) over 5 min. Extended
runs should be avoided because of the potential for sample formylation.

4. Detection is at 280 nm.
5. Column regeneration (see Note 2).

3.4. Size-Exclusion Chromatography (HPLC-SEC)

Whereas the 47 kDa E.coli lactose permease could be eluted in RP by increas-
ing the formic acid concentration to 90%, the resulting mass spectrum showed
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multiple formylation adducts resulting in overestimate of mass by 100–150 Da.
Thus, an alternative chromatographic separation was sought that would permit
separation of the purified permease from residual detergent/lipid and the mul-
titude of small molecules contaminating 90% formic acid. John E. Walker had
previously reported success with ESI of mitochondrial inner membrane proteins
using a solvent system containing chloroform/methanol/1% aqueous formic
acid (4/4/1, v/v; 13) though separations were performed off-line prior to ESI-
MS. Based upon previous success in size-exclusion HPLC with Tosohaas (now
Tosoh Biosciences) silica SW media using formic acid/methanol (1/1, v/v; 18),
the Walker solvent system was substituted. The precipitated permease was dis-
solved in 90% formic acid and immediately injected onto a SEC LC–MS system
using an SW2000 column equilibrated in the 4/4/1 solvent mixture. Instead of
precipitating, the protein was quickly transferred to the running solvent. Small
molecule contaminants were retained and the permease eluted before them,
close to the void, allowing spectra to be recorded with excellent signal/noise
ratio (5). The SEC-MS system described has proved robust allowing general
success with a variety of membrane and other proteins (6,7). The main limita-
tion of the technique is the lack of chromatographic resolution afforded by SEC
such that samples must be quite highly purified. The thylakoid cytochrome b6 f
complex provided a good example of the complexity of the mixture that could
be resolved. Five larger subunits coeluted but could be recognized in the rather
complex mass spectrum because small subunits and small molecule contami-
nants were more highly retained and, thus, eliminated from the spectrum
(16,23). A typical elution profile is shown in Fig. 4. Protein elutes first followed
by smaller UV absorbing molecules (see Fig. 4A). The total ion chromatogram
is a read-out of total mass spectrometer signal with time and shows the sepa-
ration of the protein (concomitant with A280) from other small molecules that
give strong signals during mass spectrometry and would spoil the protein mass
spectrum unless removed.

1. Buffer is chloroform/methanol/1% formic acid in water (4:4:1; by volume) and
degassed as above. The solvent is prepared freshly each day and mixed/stored in
glass containers.

2. Column (Tosohaas [now Tosoh Biosciences], Super SW2000, 4.6 × 300 mm; 40°C)
is equilibrated for several column volumes (250 µL/min.) until ESI-MS reveals
complete drop in chemical background. Note that the columns ship in sulfate/phos-
phate containing buffers which must be thoroughly washed away with water prior
to transfer of the column first to 80% methanol and then the final solvent.

3. Sample is introduced with a 100 µL loop initiating the run which is complete
within 35 min unless large amounts of small molecules such as detergents have
been introduced. Complete removal of excessive sodium dodecyl sulfate (SDS)
or salt contamination can take days of washing.
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4. Columns may be connected in series for improved chromatographic resolution.
5. Detection is at 280 nm.
6. Column regeneration (see Note 2).

3.5. UV Detection With MS

The availability of mass spectrometers able to tolerate a continuous flow of
liquid to the source enabled the advent of liquid chromatography mass spec-
trometry (LC-MS; 3). Not only has this development revolutionized biological
MS but also HPLC. The eluent from the HPLC UV detector is directed to the
electrospray ionization source of the mass spectrometer that thus becomes an
on-line detector (see Fig. 1). The combination of UV and mass spectral data
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Fig. 4. Elution profile during size-exclusion liquid chromatography mass spec-
trometry (LC–MS). A protein sample (100 µg KcsA in 25 µL; a kind gift of Chris Miller,
Brandeis University) was acidified (75 µL 90% formic acid) and subjected to size-
exclusion chromatography mass spectrometry on Super SW2000 (Tosohaas; 4.6 × 300 mm)
equilibrated in chloroform/methanol/1 aqueous formic acid (4/4/1; v/v) at a flow rate
of 250 µL/minute and 40 ˚C. The absorbance profile at 280 nm (A) is compared to the
total ion chromatogram (B). The total ion chromatogram is generated by summing
the total signal in one scan of the mass spectrometer (6 s) and plotting against time. Note
the appearance of strong mass spectrometric response concomitant with the first UV
peak as the protein elutes. The forward shoulder on the UV profile is probably a result
of some protein running in an aggregated or oligomeric state and thus eluting in the void.
The protein is clearly separated from other molecules that absorb UV light and exhibit
strong response in mass spectrometry, with retention times greater than 10 min.

CH22,323-340,18pgs  10/30/03  7:16 PM  Page 335



provides vastly improved detection because proteins are not only visualized by
their general UV profile but also their unique mass spectral profile including
covalent heterogeneity. Many protein modifications can change retention prop-
erties and thus mass spectral information becomes essential for interpreting
data. An excellent illustration of this point is provided by a study that used
changes in retention time to conclude that formic acid treatment leads to reduc-
tion of disulfide bonds within insulin and other proteins (24). When insulin was
treated with formic acid there were changes in retention time to values similar
to the individual α- and β-subunits. However, repetition of these experiments
using LC–MS reveals formylation of the intact insulin molecule with corre-
sponding changes of retention time (Tjon, Stevens, Faull, and Whitelegge,
unpublished data). Reliance upon retention time alone had led to complete
misinterpretation of the data. Though listed as a strong reducing agent by the
Merck index, we have found no evidence of disulfide reduction by formic acid
in several different proteins.

Many are tempted to collect fractions and perform mass spectrometry later.
Although such an approach may be tolerated where necessary, many benefits
of LC–MS are lost. Perhaps the most significant of these is the very low chem-
ical noise that a well set up LC–MS system provides, though loss of material
owing to adsorption, loss of solubility, and covalent modification can all con-
tribute to dilution of benefits.

3.6. Sample Recovery and Tertiary Structure

If it is necessary to collect fractions for further experiments, the benefits of
LC–MS can be retained through the use of a splitter as described (LC–MS+;
Subheading 1.3.). If yield must be maximized, then the whole sample can be
collected at the expense of mass spectrometric detection. For structural mea-
surements, samples can be dried onto Germanium chips for attenuated total
reflectance Fourier transform infra red (ATR-FTIR) spectroscopy; both bacte-
riorhodopsin dried down from the 60% formic acid/isopropanol system
(Whitelegge and Waring, unpublished), as well as the lactose permease dried
down from the chloroform /methanol/1% aqueous formic acid system
(Whitelegge, le Coutre, and Kaback, unpublished) showed FTIR spectra indica-
tive of substantial α-helix, supporting the possibility of retention of structure
in these solvents.

3.7. The Future

Although the techniques/protocols above provide a sound starting point for
quite highly purified preparations, there is a great need for techniques that pro-
vide superior resolution in separations of all intrinsic membrane proteins and
especially crude mixtures. There are a wealth of different surface chemistries
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and solvent mixtures available for HPLC and LC–MS providing a huge prac-
tical area for further exploration.

4. Notes
1. Formic Acid. Considerable attention should be paid to formic acid stocks used for

protein chemistry. The reagent should be clear and colorless as supplied. Aging
in the laboratory leads to a yellowish/brown appearance than can become intense
after prolonged storage. Unfortunately, formic acid is typically shipped in plastic
bottles that leach plasticizers readily. UV 280 absorbing contaminants as well as
molecules that ionize readily during ESI accumulate steadily with storage, con-
tributing to chemical background. Whereas chromatographic separations can be
relied upon for separation of such contaminants from molecules of interest, it is
preferable to replace stocks regularly and to test each new stock in case it sat in
a warehouse for some months before delivery. Different sources of formic acid
show varying potentials for protein formylation and the relationship between this
activity and contaminants is not clear. Despite these drawbacks, formic acid is nev-
ertheless most useful for membrane protein chemistry.

2. Column Regeneration. RP columns were originally regenerated by running gra-
dients of formic acid/isopropanol (A: 90% formic acid, as supplied by Fisher, undi-
luted; B: isopropanol) from 5% B to 100% B with prolonged washing for 1 h at
100% B. Although effective for regenerating the columns, this protocol shortens
the life of polymeric columns substantially. Now RP columns are equilibrated first
in 80% methanol and then chloroform/methanol/1% aqueous formic acid (4/4/1).
Aliquots of undiluted formic acid are injected in a repetitive fashion until LC–MS
shows that such injections give no further release of protein. For regeneration of
the silica Tosohaas SEC columns, the same latter protocol is used. If protein con-
tamination is particularly tenacious with substantial elution of protein even after
five formic acid injections, the column can be regenerated with 90% formic
acid/[chloroform/methanol/water; 4/4/1] (8�1, v/v) for one column volume,
though this wash is avoided accept where absolutely necessary.

3. Pressure-Assisted Solubilization. During analysis of samples of bovine rod out-
ersegment membranes, highly enriched in the G-protein coupled receptor
rhodopsin, it was common to observe a dramatic increase in system pressure upon
injection of sample. Typically 2000–2500 psi could be reached before a sudden
return of the system to standard operating pressure occurred. Although we have
not investigated this phenomenon further, a reasonable explanation is that elevated
pressure played a role in transferring the rhodopsin protein to the soluble/retained
phase prior to successful elution in the gradient.
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IgG Purification

Maree S. Powell and Bruce D. Wines

1. Introduction
Immunization with a foreign antigen causes B cells of the immune system

to produce antibodies of exquisite specificity toward the challenging antigen.
This specific reactivity has made antibodies an essential tool for the detection
and purification of protein in all fields of biological research. IgG is the most
predominant class of serum antibody and is an integral part of many applica-
tions within the laboratory. The need to purify monoclonal or polyclonal anti-
bodies is largely determined by the intended application of the antibody.
Unpurified antibody is well suited to use in indirect flow cytometry assays, most
enzyme-linked immunosorbent assays (ELISAs), for cytotoxicity assays or
Western blot analyses. Purified antibody must be used, however, when accu-
rate concentrations are required, chemical modifications such as labeling with
fluorescent or radioactive probes are needed, when fragmentation of the anti-
body is required for binding or crystallization analysis or when antibody is
directly coupled to a matrix for immunoaffinity chromatography.

The key determinants when choosing an antibody purification procedure will
not only be influenced by what the intended use of the antibody is, but the
available laboratory resources. Outlined are two protocols frequently used in
the laboratory which will result in antibody of high purity; ion exchange
chromatography (see Subheading 3.1.) and affinity chromatography using pro-
tein A or protein G (see Subheading 3.2.).

2. Materials
2.1. Ion Exchange Purification of IgG

This protocol purifies polyclonal IgG from rabbit serum using the non-
denaturing protocol of ion-exchange chromatography (see Note 1).
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2.1.1. Crude Fractionation by Precipitation

1. Saturated ammonium sulfate solution. This is prepared by warming 500 mL of
double-distilled water, adding approx 450 g of ammonium sulfate and allowing
to cool to room temperature. The presence of ammonium sulfate crystals when
cooled to room temperature indicates the solution is saturated.

2.1.2. Dialysis

Buffer exchange into the chromatography buffer requires:

1. Dialysis tubing (e.g., Spectra Por, Spectrum Laboratories, TX). A molecular
weight cutoff 6,000–8,000 Dalton, 8 cm width is ideal for various applications
involving samples of several hundred mL.

2. A magnetic stirrer for mixing.

2.1.3. Column Equipment

1. DEAE-Sephacel (Amersham Biosciences, Australia).
2. A sintered glass funnel that fits a vacuum flask with side arm and access to a

vacuum line is needed for washing and equilibrating the ion exchange media.
3. A glass column of approximate dimensions 30 cm long x 4 cm diameter is ideal

for ion-exchange chromatography and are supplied by companies specializing in
chromatography equipment, such as Amersham Pharmacia Biotech, Bio-Rad (CA)
and Amicon (MA).

4. Tubing to plumb the chromatography system.
5. A fraction collector is the minimum requirement for this protocol. However, the

inclusion of a peristaltic pump and an ultraviolet (UV) monitor makes for a more
convenient and better controlled system.

2.1.4. Buffers

1. 500 mM Ethylenediaminetetra-acetic acid (EDTA) pH 8.0.
2. Five liters of 20 mM sodium phosphate pH 7.0.

2.2. Affinity Purification of IgG

This protocol describes the purification of IgG using protein A or protein G
Sepharose affinity chromatography. Protein A and protein G are both bacterial
proteins (from Staphylococcus aureus and Group G Streptococcus, respec-
tively), which bind to the Fc portion of polyclonal, and monoclonal antibodies
(3–6). Immobilized onto Sepharose, they form extremely useful absorbents for
the purification of monoclonal and polyclonal IgG classes, offering high bind-
ing capacity and ease of use (see Table 1). The protocol requires that the anti-
body is applied to the column at pH 7.0–8.0 and eluted from the column using
a lower pH. The antibody is neutralized and then dialyzed against phosphate-
buffered saline (PBS).

342 Powell and Wines

CH23,341-350,10pgs  10/30/03  7:16 PM  Page 342



2.2.1. Buffers

1. Saturated ammonium sulfate: 450 g ammonium sulfate into 500 mL warm double-
distilled water (ddH20).

2. 500 mM EDTA pH 8.0.
3. 5 mM EDTA pH 8.0.
4. 20 mM sodium phosphate pH 7.0.
5. PBS: 3.5 mM NaH2PO4, 16 mM Na2HPO4, 150 mM NaCl.
6. 0.1 M Glycine or 0.1 M citrate at pH appropriate for the subclass of antibody.
7. 2 M Tris-HCl pH 8.0.
8. 3 M Potassium thiocyanate.

2.2.2. Equipment

The equipment required for the purification of IgG can vary from the basic
column run under manual conditions to columns run on an automated system
that offer regulated flow rates and more reproducible separations.

1. The minimal requirements for the purification of IgG are the use of a column and
fraction collector.

2. A peristaltic pump to load the ascites or tissue-culture supernatant is also extremely
useful.
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Table 1
Binding Capacities of IgG Proteins

Antibody Protein A Protein G

Human IgG S S
Human IgG1 S S
Human IgG2 S S
Human IgG3 W S
Human IgG4 S S
Mouse IgG S S
Mouse IgG1 W M
Mouse IgG2a S S
Mouse IgG2b S S
Mouse IgG3 S S
Rat IgG1 W W
Rat IgG2a NB S
Rat IgG2b NB W
Rat IgG2c S S

W, weak binding; S, strong binding; M, medium binding; NB,
no binding.

CH23,341-350,10pgs  10/30/03  7:16 PM  Page 343



3. Similarly, the collection of the eluted product with the use of an UV detector and
chart recorder attached to the column is convenient but not always necessary.

2.2.3. Column

There are several varieties of column matrices available for the purification
of IgG. Protein A and protein G Sepharose are supplied as freeze-dried pow-
ders, swollen gels, or as prepacked columns. The choice of column matrix is
important as the binding capacity, flow rates, and resolution of eluted product
can vary between products. For example; fast flow matrices offer the convenience
of high binding efficiency (typically 20–40 mg for human IgG and 3–10 mg
for mouse IgG per mL of packed gel) and flow rates (approx 10 mL/min)
but the resolution of eluted protein peaks can be diminished. This is in contrast
to Sepharose CL-4B, which binds equivalent amounts of IgG but has a slower
flow rate (approx 2 mL/min) and offers improved resolution of the eluted pro-
tein peaks. It is recommended that suppliers such as Bio-Rad, Pharmacia, or
Pierce be consulted for specific product information when preparing a column
for use. Subheading 3.1.4. provides some general guidelines for packing
columns.

2.2.4 Sample

The high affinity and specificity of protein A or G makes this method suit-
able for the purification of human and mouse immunoglobulin from ascites or
cell culture supernatant. Refer to Table 1 to determine which subclasses of IgG
binds most efficiently to protein A or G. For example, protein A binds poorly
to mouse IgG1 and is purified more efficiently using protein G. IgG binds to
protein A and G at near physiological pH and ionic strength. PBS is recom-
mended as the binding buffer.

3. Methods
3.1. Ion-Exchange Purification of IgG

This method is adapted from that of Fanger and Smyth (1) and Mage (2).
IgG is a relatively robust protein and can be routinely purified at room tem-
perature. It is not suitable for the purification of rat or mouse IgGs. These can
be purified using other ion-exchange techniques but are more conveniently
purified using protein A or G affinity chromatography (see Subheading 3.2.).

3.1.1. Precipitation

1. Transfer the rabbit serum to a measuring cylinder, add saturated ammonium sul-
fate in the ratio 2�3 (v/v), seal the cylinder with parafilm, and mix by inversion.
(This step is equivalent to adding solid ammonium sulfate to 40% saturation, but
minimizes the mixing required; see Note 2).
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2. Transfer the sample to centrifuge buckets, balance, and collect the ammonium sul-
fate precipitated proteins by centrifugation at 10,000g for 20 min.

3. Discard the supernatant and note the color of the pellet. Usually, the pellet will
be pink in color, rather than white. This indicates the presence of hemoglobin in
the precipitate and that the precipitation step needs to be repeated to remove
impurities.

4. Dissolve the pelleted proteins in 20 mM sodium phosphate pH 7.0 by adding
aliquots of buffer to the centrifuge tube, which is then capped and gently inverted
or swirled. The original volume of the serum sample should not be exceeded and
vigorous mixing to dissolve the pellet is to be avoided as the resulting frothing of
a protein solution is indicative of denaturation of the protein.

5. Transfer the redissolved proteins to the measuring cylinder add saturated ammo-
nium sulfate to the sample in the ratio 2�3 (v/v) and mix gently.

6. Again, transfer the sample to centrifuge buckets, centrifuge to pellet the precipi-
tated proteins, and discard the supernatant. If the pellet appears white, proceed to
dialysis of the sample, but if it is still pink, the precipitation step will need to be
repeated again.

3.1.2. Dialysis

1. Dissolve the pellet in buffer approx one-third the volume of the original serum
sample. This will give a more concentrated IgG preparation and reduce the number
of fractions that need to be collected.

2. Cut a piece of dialysis tubing to accommodate approximately twice the volume
of the sample to avoid bursting the tubing during dialysis.

3. Boil a solution of 5 mM EDTA and place the tubing in this for 2 min to remove
glycerin and metals. Tubing prepared in this way can be stored at 4°C in 20%
ethanol for future use.

4. Close one end of the dialysis tubing by tying a knot or using a dialysis clip.
5. Transfer the sample to the tubing using a pipet or funnel. Air can be expelled from

above the liquid in the tubing by pressing the sides of the tubing together. Secure
the top of the tubing with a knot or clip.

6. Perform the dialysis in a beaker containing about 20 times the sample volume
(1 L is ideal) with stirring at 4°C. The dialysis buffer can be discarded every 6 h
and renewed at least three times over a 24-h period. A single dialysis against a
larger buffer volume is usually not sufficient (see Note 3).

3.1.3. Preparation of DEAE Sephacel

1. It is convenient for rapid equilibration of the DEAE-Sephacel to use a sintered
glass funnel (see Note 4). Transfer the DEAE-Sephacel slurry to a sintered glass
funnel on a buchner flask with side arm attached to a vacuum line.

2. Drain the storage buffer from the media by briefly applying the vacuum.
3. Resuspend the media in the chromatography buffer and after 1 min measure the

pH of the suspension. DEAE-Sephacel is a soft ion-exchange media and thus has
considerable buffering capacity as the amino groups are titrated as the pH is
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adjusted, and so several washes of buffer will be required before the media is equi-
librated to pH 7.0 ready for chromatography.

4. Continue cycles of draining the slurry using the vacuum and resuspending in
buffer until the media is adjusted to the required pH. This can be accelerated if
the media is far from the desired pH by equilibrating with a stronger buffer solu-
tion (e.g., higher concentration of phosphate) or by directly adjusting the pH with
0.5 M HCl or NaOH, remembering to wear safety glasses and take care.

5. Fully equilibrate the media in 20 mM sodium phosphate pH 7.0.

3.1.4. Packing of the Column

1. Ion-exchange columns for low-pressure chromatography are relatively easy to
pack with the aim being to create a column with an even bed of media without
cracks or channels. Warm the media to room temperature to avoid the formation
of bubbles in the column bed.

2. Set up the empty glass column vertically on a retort stand. Attach tubing to the
outlet.

3. Swirl or gently suspended the slurry of equilibrated media with a stirring rod (never
with a magnetic stirrer, which may damage the media), and pour into the column.

4. Drain the buffer from the outlet tubing by gravity or by using the peristaltic pump
at a flow rate of at least 2 mL/min.

5. Add fresh media to top up the column as the media settles and the buffer drains.
This needs more frequent attention as the column is progressively filled to the
required level. If the column has an adjustable plunger, it is not important what
this level is exactly, but if the top fitting is simply a fixed end the column will need
to be filled to the top to avoid a dead space in which the loaded sample would be
diluted.

6. Stop the buffer flow by using a clip/value or by raising the outlet tubing.
7. Place a 1-L reservoir of chromatography buffer on a shelf above the column, and

insert the inlet tubing into the buffer and hold it in place by taping, or threading
into a Pasteur pipet. Start buffer siphoning using a pipet or syringe.

8. Join this tubing to the column top end fitting (or plunger) and as buffer drips from
the fitting attach it to the column. There should be only a small gap between the
top end of the column and the media bed.

9. Allow buffer to flow from the outlet tubing and make a final check of the pH of
the eluate to ensure the column is fully equilibrated (see Note 5).

3.1.5. Chromatography

The chromatography system used depends on equipment availability (see
Note 5). The minimum requirement is a fraction collector. The flow rate through
the column can be set by attaching to a peristaltic pump or by adjusting the
height of the buffer reservoir above the end of the outlet tubing to control the
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siphon. In the latter case, collect the eluate over 10 min into a small measuring
cylinder to calculate flow rate. A flow rate of about 1 mL/min is required.
Check plumbing and program the fraction collector for 5-mL fractions.

1. Clarify sample by centrifugation at 10,000g for 15 min.
2. Transfer the supernatant into a measuring cylinder. Place the inlet tubing into the

bottom of the measuring cylinder to load the sample. Set a stopwatch timer to alert
15 min before the sample should be completely loaded. The final loading of the
sample needs to be closely monitored. If the sample completely empties, air will
be introduced into the column, cracking the column bed and ruining the separa-
tion. Stop the buffer flow as the last of the sample loads into the inlet tubing by
stopping the pump or, if using a siphon, by raising the end of the outlet tubing or
using a clip/value.

3. Transfer the inlet tubing from the empty sample reservoir to the reservoir con-
taining the chromatography buffer. Recommence the buffer flow and start the frac-
tion collector.

4. The IgG does not bind to the ion exchange column but most other serum proteins
from the ammonium sulfate precipitate will bind or be retarded. Thus, the break-
through peak contains the purified IgG. Once this first peak has been obtained,
the chromatography is completed. This is easily assessed if the system includes a
UV monitor and chart recorder, if not, the peak fractions will need to be tested
manually by determining the absorbance at 280 nm using a spectrophotometer.
Following the elution of IgG, proteins retarded on the column are eluted, first
serum albumin, and depending on the separation these impurities will contami-
nate the “tail” of the IgG breakthrough peak.

5. The fractions across this peak should be pooled as purified IgG, remembering the
later “tail” of the peak will be increasingly contaminated with other serum pro-
teins. This can be monitored by sodium dodecyl sulfate-polyacrylamide gel elec-
trophorese (SDS-PAGE).

6. A solution of IgG with an absorbency of 1.0 contains 0.71 mg/mL of antibody.
For most applications this provides IgG of sufficient purity.

3.1.6. Clean Up

1. Dissassemble the column and transfer the DEAE-Sephacel to the sintered glass
funnel on the vacuum flask.

2. Wearing safety glasses (see Note 6), suspend the media in several volumes of
0.5 M HCl, wait 5 min and briefly apply the vacuum to drain the wash solution.

3. Suspend the media in several volumes of water and drain.
4. Then resuspend in 0.5 M NaOH, wait 5 min and again briefly apply the vacuum

to drain. Repeat this NaOH wash twice more.
5. Rinse the media several times in water and finally resuspend the slurry in 20%

ethanol for storage.
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3.2. Affinity Purification of IgG
1. For ascites, remove lipid by passing ascites through a funnel lined with filter paper.

Clarify the sample by centrifuging the filtered ascites for 30 min in a SS34 rotor
at 13,000 rpm (20,000g) at 4°C. Decant and save the supernatant.

2. For monoclonal antibody produced in tissue culture, centrifuge the media con-
taining antibody at 13,000 rpm (20,000g) at 4°C for 30 min, decant, and save the
supernatant.

3. Dialyze the ascites or supernatant in previously prepared dialysis tubing (boiled
for 2 min in 5 mM EDTA pH 8.0). The dialysis should be performed against
20 times the sample volume in PBS at 4°C. The dialysis buffer should be discarded
every 6 h, with the dialysis buffer renewed at least three times. Alternatively, if
the ascites or supernatant is a small volume (typically less than 10 mL) dilute the
sample 1�10 with PBS. If the sample is turbid filter the sample through a 0.45 µM
filter to avoid clogging the column.

4. This method can be performed at room temperature or 4°C.
5. Equilibrate column in 5 column volumes of PBS.
6. Apply the sample to the column using a peristaltic pump or by gravity flow and

allow the sample to enter the column. Reserve the eluate from the loading of the
sample to ensure that the all the antibody has bound to the column and has not
been overloaded.

7. Wash the column with approx 10 column volumes of PBS to remove unbound con-
taminants and to ensure that baseline has been reached.

8. Elute the antibody from the column using 5 column volumes of 0.1 M glycine or
0.1 M citrate at a suitable pH (human IgG subclasses pH 3.0; mouse IgG1 pH 6.0;
IgG2a pH 4.5–5.0; IgG2b 2.5–3.5; IgG3 pH 2.5). Collect 2.5 mL fractions.

9. Neutralize protein-containing fractions by adding approx 50–100 µL 2 M Tris-
HCl pH 8.0 to the collection tube. The addition of 2 M Tris-HCl can be done prior
to the elution of the IgG or if the system includes a UV monitor and chart recorder
the 2 M Tris-HCl pH 8.0 can be added as the IgG is being eluted. It is important
to note that prolonged exposure of the IgG to acidic pH can damage the protein.
Thus, it is important to neutralise the protein promptly after elution from the
column.

10. Identify fractions corresponding to the eluted IgG using the UV monitor trace
or by reading the absorbance at 280 nm (A280) of the individual fractions using a
spectrophotometer.

11. Assess the purity of the eluted IgG by SDS-PAGE and pool the protein contain-
ing fractions. IgG run under non-reducing conditions on a SDS-PAGE gel will
appear as a 150-kDa band. Alternatively, under reducing conditions the heavy and
light chains of IgG appear as 50- and 25-kDa bands (see Note 7).

12. Place the eluant into dialysis tubing and dialyse against 20 times the sample
volume in PBS for 24 h with 3–4 changes of buffer.

13. Determine the concentration of the purified IgG. A solution of IgG with an A280

of 1.0 contains 0.71 mg/mL of antibody. For most applications this provides IgG
of sufficient purity for all future applications. If, however, the concentration of
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the pooled IgG is not sufficient a concentration device can be used to concentrate
the protein. It is recommended that suppliers such as Millipore be consulted when
determining what concentration membrane and device is best suited to the IgG
preparation.

14. Regenerate the column using 5 column volumes of 3 M potassium thiocyanate.
15. Reequilibrate the column with 10 column volumes of PBS. When not in use, the

column should be stored in PBS containing an antibacterial agent, e.g., 0.02%
sodium azide.

3.3. Concluding Comments

Ion exchange or affinity chromatographies are the classic methods for the
purification of IgG. As purified IgG has such a broad spectrum of applications
within the laboratory, there are many other techniques and products available
to purify this protein. Therefore, it is highly recommended that the product range
of suppliers such as Bio-rad, Pharamcia, or Pierce be regularly consulted for
new products that offer alternatives to these methods that maybe better suited
to the individual needs of the researcher. For example, MEP Hypercel (Bio-rad),
a hydrophobic interaction chromatography media has recently been introduced
for the purification of antibodies.

4. Notes
1. Polyclonal IgG can be prepared from the serum of other species using this method.

For human IgG, substitute the chromatography buffer for 20 mM sodium phos-
phate pH 8.0 (2).

2. As an alternative to using ammonium sulfate, use the addition of solid ammonium
sulfate to 40% w/v or anhydrous sodium sulfate at 25°C to 18% w/v with stirring.
For large samples, this is more convenient than increasing the volume by addition
of saturated ammonium sulfate solution. It is important not to cool the sodium sul-
fate solution, avoiding the use of a chilled centrifuge, as the sodium sulfate itself
will precipitate. The crude IgG fraction prepared by precipitation may be suffi-
cient for some applications.

3. The time taken to exchange a buffer for the sample will depend on the sample size
and dimensions of the tubing. A sample in tubing with a large diameter will equi-
librate more slowly than a sample in thin tubing. If in doubt, it is better to make
another change and leave the dialysis overnight. Too much salt or the wrong pH
will ruin an ion exchange separation.

4. This method is structured assuming the DEAE-Sephacel has been regenerated at
the end of its last use and only requires equilibration in the chromatography buffer.
If it has not, or you are unsure of the history of the media, proceed first to
Subheading 3.1.6., clean up, to regenerate the media before equilibration. A
column that is already packed can have the media equilibrated by passing chro-
matography buffer through the column. These steps would then take longer than
equilibrating batch wise using the sintered glass funnel.
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5. The more expensive automated chromatography workstations will have in line
conductivity and pH monitors. Although these are luxury items for this simple
method, they do provide important information on the chromatography conditions
that makes troubleshooting easy. For example, column not equilibrated, sample
insufficiently dialyzed, buffer incorrectly made up, and so on.

6. Regenerating a used packed column with acid or base washes is not recommended
because of the risk of spray from a leaky fitting. A packed DEAE Sephacel column
that has not been used extensively can be regenerated with several column vol-
umes of 2 M NaCl.

7. There may also be trace contamination of serum albumin (66 kDa) in the eluted
protein. This can be further purified by ion-exchange or gel-filtration chromatog-
raphy depending on how pure the IgG needs to be. Typically, the small amounts
detected do not interfere with chemical modifications or fragmentation of the anti-
body but this may have significant effects on crystallisation of the protein.
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DNA–Binding Proteins

LC–MS to Identify Key Domains
in RNA Polymerase–Promoter Interactions

Malcolm Buckle

1. Introduction
Many cellular processes are ultimately regulated by protein: DNA interac-

tions at the level of transcription. It is increasingly evident that accessing the
information stocked in the genetic code is in itself an intrinsic part of the reg-
ulation of gene expression. The basal transcription machinery consists of a pro-
moter sequence that is recognized by its cognate RNA polymerase and begins
to processively copy the template strand of the DNA into RNA (1,2). Evolution
has modeled this process so as to enable modulation at one or more of a number
of control points. In most cases, this involves the participation of accessory pro-
teins that bind to specific DNA sequences and affect either the initial recruit-
ment of RNA polymerases or ensuing isomerisations and rearrangements that
lead to a functional transcription complex.

In prokaryotes, RNA polymerase is a relatively large multisubunit enzyme
consisting of three subunits [(α)2β’β] in the core enzyme) and four subunits
[(α)2β’β, σ] in the holoenzyme. The core enzyme (378,784 Da) consists of the
two β (150,625 Da) and β’ (155,145 Da) subunits and the dimeric form of the
α (36,507 Da) subunit involved in interactions with activators and specific
regions on the DNA. The holoenzyme (449,044 Da), the form that actively rec-
ognizes promoter sequences responsible for housekeeping genes contains the
σ70 subunit (70,260 Da). The mechanism by which a σ70 containing RNA poly-
merase operates in order to locate its DNA counterpart, locally separate the two
DNA strands, and precisely position the catalytic center at the start site for tran-
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scription, is not understood at the molecular level. Without a σ subunit,
Escherichia coli (E. coli) RNA polymerase is unable to recognize a promoter
sequence (1–3). In agreement with the direct contact model originally proposed
by Losick and Pero (4), several genetic studies have indicated that σ70 interacts
in a bipartite manner, via its conserved regions 2.4 and 4.2, with two hexam-
eric consensus sequences (separated by 17 [±1 bp]) located around positions
–10 and –35 relative to the transcription start site. More recent biochemical evi-
dence has corroborated the interaction with the –10 region (5,6) and direct
crosslinking data have revealed the presence of intimate contacts made by σ70

with the DNA in the –35 region (7). Whereas the nature of contacts on the
nucleic acid is becoming increasingly clear, direct evidence for those subunits,
domains, or amino acids of the protein that are involved in the interactions is
still lacking despite several biochemical studies (8,9). The elucidation of the
three-dimensional structure of RNA polymerases at increasing degrees of res-
olution (10–13) gives useful insights into how the enzyme may interact with
the DNA. However, because the assembly of a functional transcription appa-
ratus is a kinetic, dynamic process no static analysis (for example, X-ray crys-
tallography) will ever completely describe the situation prevalent at the outset
of transcription. Time-resolved analysis (7,14) using nonperturbing crosslink-
ing techniques gives access to key intermediates in a process and thus allows
characterisation of rat limiting steps in the overall process. In general, however,
such techniques generate small (fmole) quantities of material that then require
isolation and characterization. This, therefore, requires unambiguous identifi-
cation and sequencing of the resulting peptide domains.

In general, in a multisubunit protein-DNA complex, three major questions
need to be addressed?

1. Which protein or subunit is in contact with the DNA?
2. Which peptide domains are involved in the interaction?
3. Which amino acids are involved in the contacts?

The judicious use of specific crosslinking techniques provides a relatively
easy procedure to address the first of these questions. Provided that one has con-
fidence in the crosslinking procedure then a comparative sodium dodecyl sul-
fate polyacrylamide gel electrophoresis (SDS-PAGE) analysis of the products
of the reaction should allow identification of the domains or subunits involved.
A particularly elegant demonstration of this is given in (7) where after crosslink-
ing (using a high energy ultraviolet [UV] laser) the DNA was digested to leave
a single radioactively labeled nucleotide covalently bound to the protein. This
base did not affect the subsequent migration of the attached subunit which
could be identified by autoradiography.

The answers to the latter two questions require a more precise and resolu-
tive approach that realistically is currently accessible through isolating the
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resulting crosslinked peptide then either sequencing the peptide (Edman degra-
dation) or using an accurate and sensitive mass spectrometry technique
(liquid chromatography–mass spectroscopy [LC–MS], trandem mass spec-
troscopy). In either case, present available state-of-the-art analytical methods
require pmole quantities of relatively pure material.

Because of the relative ease of manipulation of nucleic acids, and the rapid-
ity with which molecular biology has advanced, much of the work on these key
nucleoprotein complexes has centered on the nucleic acid component. Con-
sequently, in general, it is relatively straightforward to identify globally pro-
tein binding sites on DNA by genetic and biochemical procedures. It is equally
feasible to determine by footprinting techniques those bases that are in contact
in a given complex, and even, because of the advent of time-resolved foot-
printing (15), to follow changes at the nucleic acid level during the formation
of a complex. On the other hand, direct knowledge of those amino acids, pep-
tide domains, subunits, or even protein components of a multiprotein complex
has proven difficult to obtain. The reasons for this are in part owing to the com-
plexity of the proteins involved, the lack of the equivalent of end labeling and
direct sequencing techniques available for DNA and RNA, the difficulties of
detecting and analysing subpicomolar quantities of material and the inade-
quacy of separation techniques to resolve complex mixtures of proteins, pep-
tides and nucleoprotein complexes. Although separation methodologies have
changed relatively little, large improvements have been made in the chemistry
and, thus, the resolving power of many of the supports available for separation,
especially in reversed phase chromatography. The architecture of separation
columns has also improved accommodating a larger range of flow rates, load-
ing capacities, pressures, and so on. Chromatographic systems have similarly
evolved to be more sensitive, more modular, and thus, more flexible and adapt-
able to on-line attachment to a variety of emerging separation and detection
techniques. In my laboratory, we have used a state-of-the-art high-performance
liquid chromatography (HPLC) Ettan LC™ (Amersham Biosciences) interfaced
with a surface plasmon resonance (Biacore) apparatus or an electrospray mass
spectrometer. In this chapter, I will illustrate the use of the HPLC to analyze
peptides derived from RNA polymerase and describe the strategy to identify
domains of the holoenzyme that are involved in the recognition of promoter
sequences.

2. Materials
2.1. Preparation of RNA Polymerase

1. Stock Solutions:
a. 1 M Tris-HCl, pH 8.0 (1 L).
b. 1 M Imidazole (200 mL).
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c. 1 M MgCl2 (100 mL).
d. 0.5 M NiSO4 (200 mL).
e. 10 M Isopropyl-D-thiogalactopyranoside (IPTG) kept at –20°C.

2. Luria Broth (LB): 1%(w/v) tryptone, 0.5% (w/v) yeast extract, 1% (w/v) NaCl,
pH 7.0.

3. Buffer A (disruption buffer): (100 mL) 50 mM Tris-HCl, pH 8.0, 5% glycerol,
300 mM NaCl, 1 mM Di-isopropylfluorophosphate or PEFA block, 0.05%
deoxycholate.

4. Buffer B (binding buffer): (500 mL) 20 mM Tris-HCl, pH 8.0, 10 mM MgCl2,
300 mM NaCl.

5. Buffer C: (200 mL) 200 mM NiSO4.
6. Buffer D (elution buffer): (500 mL) 20 mM Tris-HCl, pH 8.0, 10 mM MgCl2,

300 mM NaCl, 0.5 M imidazole.
7. Buffer E (Size exclusion buffer): (1 L) 20 mM Tris-HCl, pH 8.0, 200 mM NaCl,

5% (v/v) glycerol, 1 mM ethylene diamine tetraacetic acid (EDTA), 100 mM
dithiothreitol (DTT).

8. Buffer F (anion-exchange gradient buffer): (1 L) 20 mM Tris-HCl, pH 8.0, 1 M
NaCl, 5% (v/v) glycerol, 1 mM EDTA, 100 mM DTT.

9. Buffer G (storage buffer): (1 L) 20 mM Tris-HCl, pH 8.0, 150 mM NaCl, 50%
(v/v) glycerol, 1 mM EDTA, 100 mM DTT.

2.2. SDS-PAGE

1. Solubilizing buffer (X2): 20 mM Tris-HCl, pH 8.0, 2 mM EDTA, 5% SDS,
10% 2-mercaptoethanol, 0.02% bromophenol blue.

2. SDS gels: A range of precast polyacrylamide gels (13 mm stacking gel zone and
32 mm separating gel zone with an overall thickness of 0.45 mm) containing
0.112 M acetate, 0.112 M Tris-HCl, pH 6.4 are available (Amersham Biosciences);
in general, a wide range (20–150 kDa) proteins may be separated using a gradi-
ent gel (10–15% or 8–25% acrylamide). PhastGel SDS buffer strips of 3% agarose
containing 0.2 M tricine, 0.2 M Tris-HCl, pH 8.1, and 0.55% SDS supply the run-
ning buffer.

3. Coumassie brilliant blue stock solution (0.2%): dissolve one tablet of PhastGel
Blue R (Amersham Biosciences) in 80 mL of distilled H2O, add 120 mL methanol,
and filter across a 0.45-µm filter. Take one part (100 mL) stock solution and dilute
with one part (100 mL) 20% acetic acid in H2O.

4. Destaining solution: 30% methanol, 10% acetic acid, 60% H2O.
5. Preserving solution: 10% glycerol, 10% acetic acid.

2.3. In Situ Tryptic Digestion

1. 1 M Ammonium bicarbonate.
2. Trypsin 5 mg/mL in 1 mM HCl frozen and stored at –20°C.
3. 2% Tween-20.
4. 10% Trifluoroacetic acid (TFA).
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2.4. HPLC Separation of Peptides Produced From Tryptic Digest

1. Equilibration buffer: 3% acetonitrile, 0.05% TFA.
2. Elution buffer: 70% acetonitrile, 0.05% TFA.

3. Methods
3.1. Preparation of RNA Polymerase

3.1.1. Preparation of pRL663 (C-(His) 6–β′) Cells
for RNA Polymerase Purification

To prepare 2 L of culture:

1. Take a Petri dish containing isolated cultures of pRL663 (16) and remove a single
culture spot using a sterile toothpick. Resuspend the bacteria in a small (5 mL)
volume of LB and then inoculate a 2-L Erlenmeyer flask containing 100 µg/mL
of ampicillin. Agitate at 37°C until the optical density at 560 nm is around
0.2–0.4 (approx 1 h after inoculation). Remove a small aliquot (50 µL) for sub-
sequent SDS-PAGE analysis.

2. Add IPTG to a final concentration of 1 mM. (Stock solution = 10 M thus add
50 µl/500 mL of culture.) Agitate vigorously and monitor the optical density at
550 nm to 0.75. Recover the wet cells by centrifugation (16,000g, 15 min @ 4°C).

3. Rapid freeze the cells in liquid nitrogen and store at –20°C.

3.1.2. Isolation and Purification of RNA Polymerase

3.1.2.1. CELL DISRUPTION

1. Resuspend the frozen cells (10 g) in Buffer A (20 mL) and disrupt the cells by
means of a French press.

2. Place the resulting viscous mixture in a beaker and gently stir at room tempera-
ture. Add a cocktail of DNase I (2 µg/mL) and Benzonase (2 µg/mL) (Boehringer-
Mannheim) and stir the mixture for 60 min (see Note 1). Remove cellular debris
by centrifugation at 16,000g for 60 min at 4°C.

3.1.2.2. NI2+ AFFINITY FRACTIONATION

1. Filter the supernatant from the previous step across a 0.45-µm filter and apply to
a Hitrap Ni2+ chelating column (Amersham Biosciences) in the following manner
using an AKTA™prime (Amersham Biosciences). Arrange the input tubes as fol-
lows: Port 1: Buffer B; Port 2: H2O; Port 3: Buffer C; Port B: Buffer D.

2. Place a HiTrap I mL Ni2+ chelating column (Amersham Biosciences) in the
AKTA™prime apparatus (see Note 2). Use the program shown in Table 1. Set
the flow rate to 1 mL/min, collection is 1 mL per tube and the OD280 maximum is
1.0. Apply a gradient of 0 to 500 mM imidazole over 20 mL. S in Table 1 refers
to the applied sample volume.
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3. Use SDS-PAGE to determine those fractions that contain the RNA polymerase
holoenzyme and precipitate pooled fractions by the addition of ammonium sul-
phate (35 g/mL) and stir at 4°C overnight.

3.1.2.3. GEL PERMEATION CHROMATOGRAPHY ON SEPHACRYL 300

1. Centrifuge the precipitated protein at 14,000 rpm for 30 min at 4°C.
2. Resuspend the pellet in buffer E (<4 mL final volume)
3. Centrifuge at 10,000 rpm for 10 min at 4°C.
4. Apply the supernatant (<4 mL) at a flow rate of 0. 5 mL/min to a Sephacryl S300

column (Amersham Biosciences) preequilibrated in buffer E.
5. Collect fractions (3 mL/tube).
6. Pool fractions containing RNA polymerase holoenzyme.
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Table 1
Program for Binding and Elution of Proteins to a Chelating Column
Using the AKTA™prime Systems

Buffer Inject
Volume Conc. %B Flow Fraction valve valve Comment

0 100 40 0 Pos 2 WASTE Priming
25 100 40 0 Pos 2 WASTE End priming
25 + 0.1 0 40 0 Pos 2 WASTE Priming Port 2
60 0 1 0 Pos 2 LOAD H2O column wash
65 0 40 0 Pos 3 WASTE Priming buffer C
100 0 1 0 Pos 3 LOAD Ni2+ application 

to column
101 0 40 0 Pos 2 WASTE Priming H2O
116 0 1 0 Pos 2 LOAD H2O column wash
121 0 40 0 Pos 1 WASTE Binding buffer
156 0 1 0 Pos 1 LOAD Equilibration
166 Auto zero
166 0 1 0 Pos 1 INJECT Sample 

application
166 + S 0 1 0 Pos 1 LOAD Binding buffer 

Wash
176 + S 0 1 1 Pos 1 LOAD Elution
196 + S 100 1 1 Pos 1 LOAD Elution wash out
213 + S 100 1 0 Pos 1 LOAD End Wash
213.1 + S 0 40 0 Pos 2 WASTE Priming H2O
228 + S 0 1 0 Pos 2 LOAD Re-equilibration
233 + S End Method
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3.1.2.4. ANIONIC CHROMATOGRAPHY ON MONO Q

1. Directly inject the pooled fractions from the S 300 column containing the RNA
polymerase holoenzyme to a Mono_Q_HR_5/5 column preequilibrated in buffer
E on an AKTA Purifier system (Amersham Biosciences). The elution buffer is
buffer F. Apply the method outlined in Table 2.

2. Pool fractions containing the holoenzyme and dialyse overnight at 4°C against
1 L of storage buffer (buffer G).

Typical profiles from the Sephacryl 300 and MonoQ columns are shown in
Fig. 1.

3.2. SDS-PAGE of Isolated RNA Polymerase and In Situ Tryptic
Digestion of Isolated Subunits

3.2.1. SDS-PAGE Separation and Band Excision

SDS-PAGE is carried out using the PhastGel electrophoresis system
(Amersham Biosciences) on 10–15% acrylamide gels.

1. Suspend samples (2 µL) in 2 µL of solubilizing buffer.
2. Apply samples using the direct contact combs and run according to a preset

method for 10–15% acrylamide gels. A typical gel is shown in Fig. 2.
3. After staining in coomassie carefully remove the gel containing the band of inter-

est is from the back plastic support of the gel and transfer to a sterile 1.5-mL
Eppendorf tube.
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Table 2
Program for Purification of Proteins 
on a Mono_Q_HR_5/5 Column Using an AKTA Purifier

Volume (mL) Instruction Value

0.00 Flow 1 mL/min
0.00 Wavelength 280 nm, 254 nm
0.00 SetCondScale0% 15.7 mS/cm
0.00 SetCondScale100% 72.800 mS/cm
0.50 AutoZeroUV
1.00 Injection Valve Inject
8.00 Injection Valve Load
10.00 Gradient 100.00% B, 40.000 mL
11.00 Fraction Collector 0.5 mL
52.00 Fractionation Stop
62.00 End
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3.2.2. In-Gel Digestion of Isolated Subunits

There are a number of techniques available for this depending upon the goal
of the experiment (17–20). The technique described is one that we are devel-
oping for the analysis of RNA polymerase subunits (see Note 3).

1. Add a volume of 0.2 M ammonium bicarbonate 0.2% Tween-20; sufficient to cover
the gel slices in an Eppendorf (centrifuge to put slice at bottom of the tube).
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Fig. 1. Gel permeation and anionic exchange chromatography of fractions contain-
ing RNA polymerase. (A) Sample (4 mL) is applied to a sephacryl S300 column (pre-
equilibrated in Tris-HCl 20 mM pH 8.0, NaCl 200 mM, glycerol 5% (v/v),
ethylenediamine tetraacetic acid (EDTA) 1 mM, dithiothreitol (DTT) 100 mM) on an
AKTA Purifier system at a flow rate of 0. 5 mL/min. Fractions (1 mL) containing the
RNA polymerase are shown by the arrow. (B) The combined fractions from the S300
chromatography shown in (A) are applied to a Mono_Q_HR_5/5 column preequili-
brated in Tris-HCl 20 mM pH 8.0, NaCl 200 mM, glycerol 5% (v/v), EDTA 1 mM, DTT
100 mM on an AKTA Purifier system. Elution is effected by applying a linear gradient
of the same buffer to 1 M NaCl. Fractions containing the RNA polymerase holoenzyme
are pooled. Note that DNA fragments elute at the end of the gradient.
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2. Incubate for 1 h at 30°C with agitation.
3. Remove the supernatant and repeat wash.
4. Dry the gel in a speed vac.
5. Dilute the trypsin solution in 0.2 M ammonium bicarbonate to give a final con-

centration of trypsin of 0.5 µg/mL.
6. Add 100 µL per gel slice.
7. Incubate overnight at 30°C with shaking.
8. Add TFA to final 0.1%
9. Remove and keep supernatant.

10. Extract the gel slices twice with 500 µL of acetonitrile (60%)/ 0.1% TFA for 1 h
at 30°C with shaking.

11. Remove supernatant, dry in speed vac.
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Fig. 2. SDS-PAGE analysis of RNA polymerase. RNA polymerase isolated as
described is applied to a 10–15% acrylamide gel that allows separation of the four sub-
units [(α)2β’ β, σ). Approx 0.5 µg of total protein is present in each lane. The gel is
visualized by staining with Coomassie blue.
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3.3. Reverse Phase Separation of Digested Peptides

The dried supernatant from the digest is resuspended in 100 µL of equili-
bration buffer and applied to a µRPC_C2/C18_SC_2.1/10 column (Amersham
Biosciences) on an Ettan™ LC (Amersham Biosciences). The following pro-
tocol (Table 3) is used where buffer A is the equilibrium buffer and buffer B
the elution buffer.

Samples are collected in a FRAC 950 fraction collector containing 4,
8 × 12, well microtiter plates. A typical digest pattern for the sigma subunit
of RNA polymerase is given in Fig. 3. For further fractionation and identifica-
tion (see Notes 3 and 4) the eluted fractions are evaporated to dryness and indi-
vidually resuspended in the equilibration buffer and applied to a 5-µL 200 Å,
0.3 mm × 150 mm C18 MAGIC column (Michrom Bioresources, Inc.) on an
Ettan™ LC using a flow splitter after the pumps and before the columns. The
protocol is shown in Table 4.

A typical separation of four peptides is shown in Fig. 4 with the resulting
mass analysis on the Ettan LC–MS spectrometer.

4. Notes
1. Use of nucleases in the isolation of DNA-binding proteins. This may, at first sight

seem strange. However, in reality many of the proteins present in a cell, even when
the protein is overexpressed may be associated with DNA, which is going to com-
pete with many classical chromatographic procedures. Many techniques use com-
peting charged macromolecules such as heparin or polyamines. The disadvantages
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Table 3
Programs for the Separation of Peptides on a Reverse
Phase Column on an Ettan™ LC

Time (min) Instruction Value

0.00 Flow 0.100 mL/min
0.00 Wavelength 215 nm
0.00 SetCondScale0% 0.48 mS/cm
0.00 SetCondScale100% 2.58 mS/cm
0.00 AutoZeroUV
0.20 Injection Valve Inject
5.00 Injection Valve Load
15.00 Gradient 100.00% B, 180.000 min
15.00 Fraction Collector 0.50 mL
200.00 Fractionation Stop
220.00 End
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I have found with these techniques are that binding to weaker cations, such as
heparin, is not always an efficient way of displacing native DNA and conversely,
while strong anions such as polymine efficiently compete DNA, subsequent
removal of the polyamine introduces long and tedious chromatographic steps. The
solution of using a cocktail of endonucleases we have found to be very efficient
and reduces the DNA into short chains of <5 nucleotides. These small nucleotides
and the endonucleses themselves are subsequently removed by the size exclusion
and anionic exchange procedures, respectively.

2. Our laboratory is equipped with the AKTA range of chromatographic apparatus
and it is thus natural that the protocols detailed here are for use with these. Of
course, the techniques are generally transferable to most standard chromato-
graphic platforms. A point to stress is that a key ingredient in all these separations
is speed. The judicious arrangement of subsequent steps so as to transit rapidly
between different separation procedures obviates at least in all the proteins that
we are studying, the necessity to work at low temperatures, to carry out lengthy
dialysis or ammonium sulphate precipitations.

3. In-gel digestion. In cases where a great deal of protein is available (i.e., strong
colouration with Coomassie on a gel thus in the region from 0.5 to 1 mg/mL) one
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Fig. 3. Separation of tryptic digest of the sigma subunit of RNA polymerase by RP
chromatography. Samples in 3% acetonitrile, 0.05% TFA are applied to a
µRPC_C2/C18_SC_2.1/10 column (Amersham Biosciences) on an Ettan LC. A linear
gradient to 70% acetonitrile, 0.05 % TFA allows separation of the around 72 tryptic
products which can be collected or analyzed directly on MS.
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generally obtains efficient digestion in the sense that the detection procedure can
visualize the expected peptide products. However, it is our experience that when
small amounts (<pmole) of protein are present in a gel it becomes extremely dif-
ficult to identify unambiguously specific products against a background of partially
digested protein. In this case, it is worth trying a number of different recipes chang-
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Table 4
Program for Separation of Peptides 
on a 0.3-mm × 150-mm C18 MAGIC Column 
on an Ettan LC

Time (min) Instruction Value

0.00 Flow 0.200 mL/min
0.00 Wavelength 215 nm; 205 nm
0.00 SetCondScale0% 0.48 mS/cm
0.00 SetCondScale100% 2.58 mS/cm
0.00 AutoZeroUV
1.0 Injection Valve Inject
5.00 Injection Valve Load
15.00 AutoZeroUV 
25.00 Gradient 70%B, 15 min
60.00 End

Fig. 4. Separation of peptides by RP chromatography. A mixture of peptides (2.0 µL
of 10 ng/µL) is applied to a 5 µL 200 Å, 0.3 mm × 150 mm C18 MAGIC column
(Michrom BioResources Inc.) on an Ettan LC. The gradient from 3% acetonitrile,
0.05% TFA to 70% acetonitrile, 0.05% TFA allows separation of the following
peptides which in this instance are identified on line using an ESIToF mass spectro-
meter from Amersham Biosciences. 883 Da, RVYVHPI; 917 Da, RVYVHPF; 931 Da,
RVYIHPF; 1282 Da, QRVYVHPFHL; 1296 Da, QRVYIHPFHL.
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ing the rehydration/solvation procedures, and the extraction techniques. Further-
more the presence of adducts such as a crosslinked DNA molecules on a protein
alter the accessibility to proteases even under denaturing conditions, and greatly
change the separation characteristics of the peptide on chromatographic supports.
One hint on how to aid separation and identification is to decrease as much as pos-
sible the size of the crosslinked adduct by the use of endonucleases in the case of
DNA (see [7] ) or more simply a cocktail of RNAses in the case of RNA.

4. Separation of peptides. It is laudable but ambitious and often impossible to try to
separate and identify all the peptides in a given digest of a specific protein espe-
cially one such as the sigma subunit of RNA polymerase which produces in excess
of 70 peptides. It is far more practical, especially when the detection system is an
electrospray mass spectrometer, to collect grouped peptides from a preliminary
separation on RP-HPLC and then subject each of these to a more resolutive sep-
aration allowing less unambiguous identification of the separate peptides. This is
especially important in the case of peptides carrying a cross-linked adduct. In this
instance, a dedicated fraction collector that allows efficient recovery of samples
and lends itself to automation is a great asset.
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Sensitive Enzymatic Analysis 
of Histidine Decarboxylase Using HPLC

Jordi Gómez-Ramirez, Isaac Blanco, and Jordi Ortiz

1. Introduction
High-performance liquid chromatography (HPLC) can be used in enzymatic

analysis in order to achieve a good purification of the reaction product. In this
chapter, we will see how to use HPLC to measure histamine formation, a
process catalyzed by the enzyme histidine decarboxylase (EC 4.1.1.22). Often
the tissue under analysis is a poor source of this enzyme, expressed only by a
few cell types such as histaminergic neurons, mast cells, and gastrointestinal
enterochromaffin-like cells. For this reason, a method of high sensitivity is
needed to determine histamine synthesis in tissue slices or histidine decar-
boxylase activity in low homogenate volumes. However, it may be difficult to
eliminate the precursor histidine from histamine purifications because of their
similar chemical properties. The method we describe here is based on an HPLC
purification of histamine (1) that eliminates histidine much more selectively
than previous methods based on cation-exchange gravity columns (2–5). A
radiolabeled substrate is used to obtain to the maximum sensitivity and speci-
ficity of the assay.

Because decarboxylation of histidine spares the imidazole ring, a suitable
radiolabelled precursor would be commercial [2,5-3H]L-histidine.
Unfortunately, imidazole rings show a partial tautomerism that favors tritium
exchange. This causes a decomposition rate of this substrate of about 1–3% per
month or even higher according to the manufacturers. This problem can be over-
come if substrate specific activity is routinely monitored after storage. We
show in Subheading 3.1. how to purify periodically by HPLC one aliquot of
original commercial [3H]-histidine and assess its specific activity. This is also

From: Methods in Molecular Biology, vol. 251, HPLC of Peptides and Proteins: Methods and Protocols
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important because the sensitivity of histamine purification can be limited if
the blanks contain excessive disintegration per minute (dpm) from tritium
contamination.

Approximately 0.01–0.5% of the substrate histidine is converted into hista-
mine (1,4). Such a low degree of conversion may cause difficulties in the purifi-
cation of the product histamine in the presence of a large excess of substrate.
To facilitate purification of histamine, we eliminate most of the histidine after
incubation by binding to an anion-exchange resin added to deproteinized sam-
ples (see Subheading 3.3.). As the carboxylate of the histidine binds to the resin,
unfortunately there is also a low degree of nonspecific binding of histamine to
the resin. We overcome this problem by estimating histamine recovery in every
sample through the addition of nonradiolabeled histamine as an internal stan-
dard. The use of unlabeled histamine as an internal standard ensures a very high
reproducibility and also facilitates the HPLC fraction collection.

For HPLC purification of histamine, we have chosen an inexpensive reversed
phase C18 column and a mobile phase with an ion-pair reagent, but it should
also be possible to use ion-exchange HPLC. Our mobile phase has a high con-
tent of salt and methanol to facilitate quick elution of histidine in samples.
Histamine retention in the column is caused by the high ion-pair concentration
in the mobile phase which is run isocratically at low pH. The low dpm obtained
in blank samples (see Table 2) makes further development of histamine purifi-
cations using gradient elution unnecessary. The HPLC is automated by a sample
injector and a fraction collector. Collection is started by ultraviolet (UV) detec-
tion of the histamine internal standard. HPLC separation is straightforward pro-
vided that routine checks of tritium in the system and adequate clean-ups are
performed, especially if the same HPLC system has been used previously for
[3H]-histidine purification. Finally, dpm are counted in the histamine fraction
by scintillation.

Our method can also be applied with minor modifications to study histamine
synthesis and release in synaptosomes and slices. Because the tissue slices
maintain relative synaptic integrity, histidine decarboxylase activity in
homogenates may not correlate with histamine synthesis quantified in slices (6).
Slices must take up 3H-histidine into histaminergic terminals before being
decarboxylated. Also, newly formed histamine in slices could be subject to reg-
ulatory processes (7). 

2. Materials
2.1. [3H]-Histidine Purification

1. Ring-labeled [2,5-3H]L-histidine stocks (1 mCi, 50 Ci/mmol) obtained from
Amersham and stored at 4°C. Stocks can be kept for several years if they are puri-
fied 1–3 mo before use.
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2. Nonradiolabeled histidine (Sigma).
3. Mobile phase for HPLC gradient: prepare fresh solutions A and B in Milli-Q water

and vacuum filter them through nylon membranes of 0.2 µm pore size. Solution
A: 25 mM NaH2PO4 pH 3, 0.1 mM octanesulfonic acid (Sigma), and 2% methanol
(HPLC grade). Solution B: 0.1 mM octanesulfonic acid and 2% methanol.

4. HPLC system: Kontron 325 pump, Rheodyne injector model 7125 and Kontron
432 UV detector.

5. Reverse-phase C18 column, 25 × 0.46 cm (Tracer Extrasil ODS-2, of 5 µm parti-
cle size; Teknokroma, Spain), equipped with a 2 × 20 mm guard column
(Upchurch; Teknokroma).

6. HPLC cleaning solutions: 0.1 M nitric acid and methanol/Milli-Q water (70/30%)
(see Note 1.)

2.2. Enzymatic Assays and Slice Preparations

1. 10 mM Potassium phosphate buffer, pH 7.4 (stored as 1 M stock at 4°C for sev-
eral months).

2. 0.2 mM Pyridoxal phosphate (stored aliquoted at –20°C).
3. 10% (v/w) Trichloroacetic acid (stored as 50% stock solution at 4°C for months).
4. 10 mM Histamine (make 1 mL aliquots and freeze).
5. Modified Krebs–Ringer bicarbonate medium (KRM) made of 120 mM NaCl,

0.8 mM KCl, 0.67 mM MgSO4, 1.2 mM KH2PO4, 2.6 mM CaCl2, 27.5 mM NaHCO3,
10 mM glucose, dissolved in Milli-Q water (see Note 2 for precautions on prepara-
tion). Bubble O2/CO2 (95�5) through solution before use and periodically during use.

6. Depolarizing medium: 2 NaCl mM, 119 mM KCl, 0.67 mM MgSO4, 1.2 mM KH2PO4,
2.6 mM CaCl2, 27.5 mM NaHCO3 and 10 mM glucose, dissolved in Milli-Q water
(see Note 2). Bubble O2/CO2 (95�5) through solution before and during use.
(Depolarizing medium is a KRM rich in KCl and poor in NaCl to maintain iso-
molarity.)

7. McIlwain tissue chopper (The Mickle Laboratory Engineering Co., Surrey,
England).

8. Sonic-dismembrator DYNATECH model 300 (ARTEK Systems Co.,
Formingdale, NY).

2.3. Elimination of Excess Substrate

1. Amberlite IRA-900 strong anion-exchange resin (Supelco) was purchased from
Teknokroma (Spain) and stored at room temperature. It should be prepared as
described in Subheading 3.3.1. before use.

2. Microspin filter Ultrafree-MC tubes with low-binding durapore membrane
0.45 µm pore size, obtained from Millipore (Spain).

3. Eppendorf tube mixer 5432 (Netheler + Hinz GmbH, West Germany).

2.4. HPLC Purification of Histamine

1. Mobile phase: Make an aqueous solution of 0.3 M NaH2PO4 and 10 mM octane-
sulfonic acid in Milli-Q water, adjust it to pH 3.0 and store it (for months) at room
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temperature. On the day of use, mix up 79% of aqueous solution with 21%
methanol and filter it through nylon filter membranes 0.2 µm pore size. Methanol
may evaporate if mixed with aqueous solutions longer than a week before use,
which would change the retention time of histamine.

2. HPLC cleaning solution: methanol/Milli-Q water (70/30%). Add 10 mM octane-
sulfonic acid to the water to facilitate posterior equilibration of column with the
mobile phase.

3. 0.1 M Nitric acid for the HPLC autosampler (see Note 5).
4. OptiPhase “HiSafe”-3 liquid scintillation cocktail (Wallac, EG&G Company,

Turku, Finland).
5. HPLC MERCK-HITACHI: L-6200A Pump, L-4000 UV Detector, L-5200

Fraction Collector, and L-7200 Autosampler (Merck KgaA, Darmstadt, Germany).
6. Hercule 2000 Chromatography Interface with Borwin Chromatography Software

(JMBS Developments, France).
7. Reversed-phase C18 column 25 × 0.46 cm (Tracer Extrasil ODS-2 of 5 µm parti-

cle size; Teknokroma) equipped with a 2 × 20 mm guard column (Upchurch,
Teknokroma, Spain).

3. Methods
3.1. Purification of [2,5-3H]L-Histidine

1. In order to avoid excessive radiolysis and check its specific activity, ali-
quots of the commercial [3H]-histidine standard should be purified 1–3 mo before
use.

2. The HPLC system is set to perform a linear gradient from 1 to 6 mM of sodium
phosphate buffer in 12.5 min (solution A from 4% to 24%) at a flow rate of
1 mL/ min. A low percent of methanol (2%) and octanesulfonic acid (0.1 mM) are
constant throughout the gradient because they are present in both A and B solu-
tions. Under these conditions, histidine elutes at 9–10 min (see Fig. 1A).

3. Set UV wavelength at 225 nm and sensitivity at maximum.
4. Stabilize the column in initial conditions for 15 min before every injection.
5. Perform several injections of 0.2–20 nmol of nonradiolabeled histidine as exter-

nal standard. Then inject about 50 µCi (2 nmol) of [3H]-histidine. The whole
histidine fraction should be collected manually into a polypropylene tube while
watching histidine peak signal in the UV detector display.

6. Count 5 µL of the collected fraction by scintillation counting and calculate total
dpm recovered.

7. To determine the amount of [3H]-histidine, calibrate the [3H]-histidine peak area
against a linear regression of nonradiolabeled histidine areas.

8. To calculate specific activity, divide total dpm in histidine fraction by the amount
of histidine detected. Specific activity should be similar to that reported by the
vendor, of about 50 Ci/mmol. For cleaning of the HPLC, see Note 1.
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3.2. Incubation of Tissue

3.2.1. Histidine Decarboxylase Enzymatic Assay in Homogenates

1. Obtain a fresh brain from a rat, dissect the region of interest, and homogenize it
manually using a glass-Teflon homogenizer in 10 vol ice-cold 10 mM potassium
phosphate buffer (pH 7.4).

2. Determine protein content of homogenates by the method of Lowry, using bovine
serum albumin as a standard. Keep samples at 0–4°C.

3. Prepare deproteinizing mixture containing one volume of 10% trichloroacetic
acid with 2 vol 10 mM histamine to be used as internal standard. Total volume
should be at least 15 µL × total number of samples.
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Fig. 1. Chromatograms of (A) [3H]-histidine purification, (B) standard mixture, and
(C) sample.
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4. Working on ice, mix aliquots of approx 0.2 mg protein (20–40 µL of homogenate)
with 10 µM pyridoxal 5′-phosphate (5 µL 0.2 mM stock) and homogenization
phosphate buffer (pH 7.4) to make a final incubation mix of 100 µL.

5. Add to blank samples 15 µL of previously prepared deproteinizing mixture.
6. Add prepurified [3H]-histidine to all samples (to make 0.25 µM, or 1.25 µCi per

sample).
7. Incubate at 37°C for 1 h in a shaking water bath. Do not incubate blank samples,

just keep them on ice.
8. Stop incubation by placing all samples on ice and immediately add 15 µL of

deproteinizing mixture. Each sample should contain 100 nmol histamine and
0.5% trichloroacetic acid.

9. Vortex thoroughly and centrifuge at 12,000g at 4°C for 10 min.
10. Recover supernatants and treat them as described in Subheading 3.3.

3.2.2. Histamine Synthesis in Slices of Rat Brain Cortex

1. Obtain a fresh brain from a rat and place it into ice-cold modified Krebs Ringer
bicarbonate medium (KRM) for 5 min.

2. Working in a cold environment (4°C), remove meninxs, dissect both cortical lobes
and remove white matter.

3. Place cortices over the tissue chopper platform and chop at 0.3 mm.
4. Turn platform 90° and chop again to obtain miniprisms.
5. Place miniprisms in a glass bottle containing 20 mL of ice-cold KRM.
6. Wash miniprisms three times with ice-cold KRM to remove debris of damaged

cells and released proteases.
7. Finally, settle miniprisms at the bottom of the bottle and remove excess KRM.
8. Prepare a deproteinization mixture containing 2.5 vol 10% trichloroacetic acid

mixed with 1 vol of 10 mM histamine to be used as internal standard. Final volume
of mixture should be at least 35 µL × number of samples.

9. Distribute 100 µL aliquots of the slice suspension (2–3 mg protein, but see Note 3)
into polypropylene 2 mL tubes.

10. Bubble O2/CO2 (95�5) through solutions, cap and preincubate for 25 min at 37°C
in a shaking water bath.

11. Add to blank samples 35 µL of deproteinization mixture and place them on ice.
12. Then add prepurified [3H]-histidine to all samples (6.25 µCi, to make a final con-

centration of 0.5 µM) and vortex gently.
13. Five minutes later, make final volumes equal to 250 µL by adding either KRM or

depolarizing medium.
14. Maintain incubation/depolarization for 30 min unless otherwise desired. The

slices should be treated with O2/CO2 periodically during the procedure.
15. Stop incubations by placing all samples on ice and immediately add 35 µL of

deproteinization mixture. Each sample should contain finally 100 nmol histamine
and 1% trichloroacetic acid.

16. Sonicate samples for 10–20 s at 4°C.
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17. Then remove a 60-µL aliquot of each sample and determine protein content by
the Lowry method, using bovine serum albumin as a standard (see Note 4).

18. Centrifuge samples at 12,000g for 10 min at 4°C.
19. Recover supernatants and treat them as described in Subheading 3.3.

The stimulation of histamine synthesis by depolarization is shown in Fig. 2.

3.3. Elimination of Excess Substrate

3.3.1. Preparation of Amberlite Anion-Exchange Resin

The strong anion exchange Amberlite resin (IRA 900, mesh 16–50) bears a
quaternary amine that efficiently binds carboxylic groups such as that of histi-
dine. However, the functional group of the resin is originally supplied equili-
brated with chloride as a counterion, which cannot be efficiently displaced by
carboxylate ions. In contrast, carboxylates displace hydroxyl groups, so the
resin is regenerated to replace chloride by OH– as the counterion as follows:

1. Pass 20 vol of 1 M NaOH through a large resin column (50 mL) and rinse subse-
quently with 20 vol Milli-Q water.

2. Recover the regenerated resin from the column and store it in Milli-Q water at
room temperature.

3. Calibrate the efficiency of histidine removal by the resin by mixing 100 µL of resin
with nonradiolabeled histidine and histamine (see Table 1). The resulting resin
binding capacity (estimated about 0.5–1 meq/g) remains stable for six months of
storage simply in Milli-Q water at room temperature.

4. Immediately prior to use, gently rinse the resin 10× in fresh Milli-Q water.
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Fig. 2. K+ - induced depolarization stimulates histamine synthesis in rat brain
miniprisms. * p < 0.01 as compared to K+ = 2 mM. Each column represents the mean
± SEM of 4 to 12 experiments.
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3.3.2. Elimination of [3H]-Histidine

1. Pipet 100 µL of resin bed into the top half of Ultrafree microspin tubes (use a cut
yellow pipet tip as for miniprisms; see Note 3). This is equivalent to 15 mg dry-
weight resin.

2. Add the deproteinized supernatants obtained in Subheading 3.2. and vortex for
10 min in the multitube shaker at room temperature. During this step, the resin
binds most of the [3H]-histidine through its carboxylate group, thereby clearing
most excess precursor from the samples. The anion-exchange resin also binds the
trichloroacetate ion, raising the pH of the sample from 2.0 to 8.0.

3. Centrifuge the tubes at low speed (4000g) for 5 min.
4. Recover the filtrate in the bottom half of the tube, to be injected into the HPLC

system.
5. The efficiency of [3H]-histidine removal by the resin can be controlled for each

sample by counting a 10-µL aliquot prior to injecting the remainder into the
HPLC. It should be noted that resin dilution by addition of deproteinized
supernatant affects efficiency of removal. Smaller supernatant volumes (the case
of histidine decarboxylase assays) work better than bigger volumes (as is the case
for brain miniprisms).

3.4. Histamine Purification by HPLC

1. To purify [3H]-histamine formed, set up HPLC with the mobile phase for hista-
mine at 1 mL/min and let stabilize column for 30 min. Avoid using a column pre-
viously used for [3H]-histidine purification.

2. Set up detector wavelength at 225 nm (imidazole ring absorbance).
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Table 1
Histidine Removal by the Amberlite Anion-Exchange Resina

Resin volume Histidine Histamine
(µL) area (% recovery) area (% recovery)

0 1920 (100%) 1727 (100%)
20 1459 (76%) 1737 (100%)
40 1559 (81%) 1712 (99%)
60 581 (30%) 1324 (76%)
80 392 (20%) 1278 (74%)
100 305 (16%) 1256 (72%)
120 255 (13%) 1246 (72%)
140 227 (11%) 1200 (70%)

a100 nmol of Histidine and histamine were mixed with the indicated resin volume, vortexed
for 10 min and injected into the HPLC. The results are means of 2–3 injections per group. SEM
did not exceed 1.5% of the mean.
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3. Inject 100 nmol of each nonradiolabeled histidine and histamine.
4. Measure histamine peak area, as it will be used later to calculate recovery.

Histamine retention time should be 10–11 min (see Fig. 1B). If it is not, adjust
composition of mobile phase: Higher methanol content will decrease retention,
whereas higher octanesulfonic acid concentration will increase it.

5. Check dpm in the postcolumn eluate before starting sample injection (typically
less than 30 dpm/mL). In preliminary assays, it is advisable to monitor dpm base-
line by recovering fractions at different times after injection of samples contain-
ing [3H]-histamine. For routine determinations, it is sufficient to control for
residual dpm in the system by injecting one nonradiolabeled standard of histamine
every 10 samples.

6. Typical chromatograms are shown in Fig. 1C. Automated fraction collection is
started upon detection of the histamine internal standard (8 min after injection,
program will activate collection if slope exceeds 10 mV/min), and is completed
automatically when the baseline is reached.

7. At the end of the assay, mix all fractions with Optiphase scintillation cocktail and
count.

8. For each sample, compare internal standard histamine peak area with external stan-
dard histamine to obtain recovery. Use recovery to estimate dpm of histamine syn-
thesized and subtract dpm in blank samples. Use specific activity of substrate to
find out the amount of histamine synthesized. Use protein content and incubation
time to quantify histidine decarboxylase activity in homogenates or histamine syn-
thesis in slices.

The sensitivity of the assay will depend directly on the dpm in obtained for
the blank samples. Table 2 shows typical blanks obtained in homogenates and
slices of rat brain cortex. Given that the specific activity of substrate is about
80 dpm/fmol, these blanks permit us to quantify as low as 2–5 fmol of hista-
mine formed.
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Table 2
Typical dpm Obtained in Histamine Fractions Under Different Conditionsa

Nonlabeled Incubation
histamine blank Sample

Rat brain homogenate 12 ± 0.6 (6) 25 ± 0.9 (7) 633 ± 4 (7)
K+ = 2 mM K+ = 60 mM

Cortical miniprisms 123 ± 3 (13) 359 ± 2 (49) ——–———————————
1347 ± 10 (30) 2710 ± 21 (30)

aThe results are means ± SEM (N). More dpm are used in cortical miniprism experiments than
in homogenate incubations, which explains the higher blank values. Nonlabeled histamine repre-
sents dpm carried out from a HPLC injection to the next.
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4. Notes
1. To clean up the HPLC after purification of [3H]-histidine, remove the column and

flow a few milliliters of 0.1 M nitric acid (pH = 1.0) through the HPLC system.
This step will remove residual tritium in injection loops and the spectrophotome-
ter. Next, wash with filtered Milli-Q water, and then with methanol (100%), to
remove nitric acid. Check the system for residual dpm by scintillation counting.
Next, reinstall the column and clean it with methanol/Milli-Q water (70/30%) at
a flow rate of 0.8 mL/min until residual tritium is under 1000 dpm/mL. Avoid expo-
sure of the column to nitric acid which would result in loss of the C18 material. Do
not use the same column for [3H]-histidine and [3H]-histamine purifications.

2. It is possible store a solution of NaCl, KCl, MgSO4,7H2O, and KH2PO4 at 4°C for
up to 2 mo. When required, add the rest of the solid reagents of the modified KRM.
Do not add CaCl2 and NaHCO3 at the same time because Ca2CO3 will be produced
and precipitate in the solution. The modified KRM has an approx pH 7.4 after
gassing with O2/CO2.

3. Miniprisms in suspension can be pipeted into a standard yellow pipet tip cut at
1 cm from the tip. Although excessive variability should not be expected, it is still
advisable to control for pipeting accuracy by determining the protein content in
each tube after incubation. This will also be useful in order to express final results
of histamine synthesis as per mg of protein.

4. The Lowry procedure requires an alkaline medium. When samples are acidic, add
NaOH as required for the Lowry procedure and check alkaline pH with a paper
pH indicator before adding other Lowry reagents.

5. To clean up between consecutive sample injections, the system washes the injec-
tion loop, needle, and syringe five times with 0.1 M nitric acid at pH 1.0. These
washing steps do not introduce nitric acid into the column. Residual dpm carried
from sample to sample can be controlled by placing a nonradiolabeled histamine
standard to be injected in between (see Table 2). After the sample injection it is
recommended to replace nitric acid solution in the injector by Milli-Q water in
order to avoid corrosion and rusting of metals in the automatic injector. Finally,
clean the column with methanol/water with 10 mM octanesulfonic acid (70/30%)
at a flow rate of 0.8 mL/min for 2–3 h. This should remove residual [3H]-dpm from
the HPLC system, but this can be checked by counting dpm in the eluate (resid-
ual dpm are typically 20–30 dpm).
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Automated vs Manual Profiling
of Peptide Libraries by Mass Spectrometry

Jean-Louis Aubagnac, Christine Enjalbal, Jean Martinez,
Pierre Sanchez, and Gilles Subra

1. Introduction
Combinatorial chemistry (1–7) has evolved from the synthesis of very large

mixtures to the preparation of collections of isolated compounds by parallel syn-
theses. Peptides constitute ideal materials because their preparation is com-
pletely automated using solid-phase methodology allowing high throughput
syntheses.

Library profiling requires both compound identification and quantification.
In addition, the analysis must be as fast as possible to keep pace with the syn-
thesis and screening. Such requirements impart considerable constraints on the
analytical method. Specificity, sensitivity, and rapidity are prerequisite for effi-
cient control of large collections of molecules.

Among the various spectroscopic methods reported in the literature on that
topic (8–10), simultaneous ultraviolet (UV) and mass spectrometric detections
were found the most convenient. Indeed, the two techniques are complemen-
tary. UV detection is sensitive, but not specific. Furthermore, liquid chro-
matography (LC)/UV experiment allows compound quantification if a suitable
wavelength has been chosen. On the contrary, mass spectrometry (MS) exhibits
both specificity and sensitivity, but quantification is not directly achievable
because of possible discrimination during compound ionization. The recourse
to hyphenated LC–MS technique allows gathering all the aforementioned data
(UV chromatogram and mass spectrum) in a single experiment, thus reducing
the analysis time.

From: Methods in Molecular Biology, vol. 251, HPLC of Peptides and Proteins: Methods and Protocols
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Data management is of crucial importance. Specific software has been
designed to allow automatic data acquisition and interpretation. Samples
can be run continuously through the use of autosamplers able to handle vials
or plates. Optimization of such systems can be effected by diminishing injec-
tion-to-injection cycle times and increasing the sensitivity. LC columns dedi-
cated to combinatorial library analysis are commercially available. Their
reduced dimensions (50 × 2.1 mm, 3.5 µm) enable the flow rate to be decreased
from 1 to 0.25 mL/min while maintaining good chromatographic separation.
Reduced analysis time and better sensitivity in electrospray MS are thus
achieved.

Combinatorial peptide libraries are routinely analyzed by such fast LC–MS
techniques, the molecule of interest and the eventual side-products being char-
acterized but also quantified. Above a defined purity threshold, the synthesis is
considered successful whereas all experiments which failed to contain enough
compound are discarded. Such pass/fail criterion is usually visualized by green
and red spots in automated result reporting using commercially available soft-
wares. The selected samples can then be screened as such or further purified
prior to bioassays.

We found that such automated data interpretation must be considered with
caution. Provided that all ions related to the compound including adducts and
multiply charged species are monitored, a negative response should indicate an
unsuccessful synthesis. Manual inspection of such presumably failed synthe-
ses showed that the desired peptides were present but in mixtures with various
byproducts. The systematic recourse to double coupling avoids contamination
by deleted chains. However, the final deprotection step, which is conducted
rapidly to avoid oxidation of methionine residues, is not sufficient to cleave
simultaneously all side-chain protecting groups. Whereas the presence of trun-
cated peptides irreversibly affects the product purity, partially deprotected
chains can be easily converted into the desired sequences by carrying out a
second deprotection reaction. This chapter outlines a method for analysis of a
96-member library by LC–MS techniques.

2. Materials
2.1. Chemicals

1. High-pressure liquid chromatography (HPLC) grade trifluoroacetic acid (TFA) is
available from Merck (Schuchardt, Germany).

2. HPLC grade acetonitrile is available from Panreac Chimica (Barcelona, Spain) or
from Riedel-de-Haën (Seelze, Germany).

3. Water was glass-distilled in-house and further purified using a Milli-Q water
purification system (Millipore, Bedford, MA).
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4. Fmoc-protected amino acids and polystyrene Rink amide resin are available from
Advanced Chemtech (Louisville, KY).

5. HBTU is available from SENN Chemicals (Dielsdorf, Switzerland).

2.2. Solid-Phase Peptide Synthesis

1. Solid-phase synthesis is performed on an ACT 496 Ω multiple organic synthesizer
in Fmoc strategy using PS Rink amide resin (0.8 mmol/g).

2. Coupling solution (120 mmol/L Fmoc-amino acid, 120 mmol/L HBTU,
240 mmol/L DIEA) is prepared in dimethyl formamide (DMF).

3. Two successive coupling steps of 2 h are used at each stage of the synthesis to
avoid deletion products.

4. Fmoc removal is performed in 20 min with a 80/20 DMF/piperidine solution
(v/v).

5. A TFA/anisole/thioanisole/ethanedithiol/water (90/2.5/2.5/2.5/2.5, v/v) solution
is used for the final resin cleavage and side-chain deprotection step.

6. After cleavage, peptides are precipitated several times in diethyl ether and
lyophilized.

2.3. LC/ESI-MS Instrumentation

1. Identification of the peptides is performed by high performance liquid chro-
matography coupled to an electrospray mass spectrometer (LC/ESI-MS).

2. The mass spectrometer (Platform II from Waters-Micromass, Milford, MA) fitted
with a quadrupole is calibrated in the positive ion mode using a mixture of NaI
and CsI.

3. Voltages are set at +3.5 kV for the capillary and +0.5 kV for the skimmer lens.
4. The source is heated at 120°C. Nitrogen is used as nebulizing and drying gas

at 15 and 250 L/h, respectively.
5. Mass spectrometric data are acquired in the positive mode according to one of the

following methods (see Note 2):
Method A: scan mode from m/z 200 to m/z 1200 in 3 s.
Method B: scan mode from m/z 400 to m/z 1900 in 4 s.

6. Three to five scans are summed to produce the final spectrum at the selected reten-
tion time.

7. Voltage of the sampling cone is adjusted to 30 V.
8. Data are processed by Micromass MassLynx system.
9. An Alliance 2690 (Waters, Milford, MA) LC system equipped with an autosam-

pler is used to deliver the mobile phase, continuously degassed, at a flow rate of
250 µL/min.

10. The eluent is split after the LC column to reach only 35 µL/min of mobile phase
infused into the mass spectrometer source and 215 µL/min into the UV cell.

11. UV detection is set up at 214 nm.
12. The Symmetry Shield RP18 column (50 × 2.1 mm, 3.5 µm) is available from

Waters-Micromass.
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13. The best chromatographic separation is achieved at a flow rate of 250 µL/min using
a gradient from 0 to 50% acetonitrile in water containing 0.1% TFA in
10 min followed by a second rapid gradient from 50 to 80% acetonitrile in
0.5 min.

14. Isocratic elution is carried out for 1.5 min at 80% acetonitrile to flush lipophilic
compounds.

15. The initial conditions are then reached in 0.5 min and the column is equilibrated
for 4.5 min before injection of the next sample.

16. The autosampler requires 1 min to select the vial and load the injection loop. So
the overall run cycle per sample is 18 min (see Note 3).

17. All samples are dissolved in acetonitrile/water (50/50, v/v) at a concentration of
30 mmol/L.

18. Each solution is placed in one autosampler vial fitted with a 200-µL restrictor.
19. In all experiments, 1 µL of sample is injected at 25°C.

3. Methods
1. Place the vials in the autosampler.
2. Equilibrate the LC column under initial conditions.
3. Load the elution conditions file (LC file).
4. Choose the MS scan method for each sample according to the molecular weight

of the peptide: Method A for molecules possessing a molecular weight inferior to
1000 atomic mass unit (amu) and Method B for molecules possessing a molecu-
lar weight superior to 1000 amu.

5. Fill the sample list (file name, LC file that is identical for all samples, MS file that
varies according to the chosen scan mode).

6. Start the run overnight (electrospray probe into the source, gas supply on, whole
sample list selected and automatic shutdown activated) because analysis of the
whole library roughly lasts 29 h.

7. Effect manual inspection of all samples in the morning (quantification from UV
integration and identification from regenerated spectra).

In this example, a 96-member library designed to contain fully deprotected
peptides of molecular weight ranging from 700 to 3000 was analyzed by
LC–MS. Automated data interpretation was effected by targeting the protonated
and sodiated molecular ions as well as the doubly and triply charged molecule.
Approximately one-quarter of the samples were correct, i.e., the main UV
signal that was integrated corresponded to more than 80% (see Fig. 1B) was
the expected peptide. The mass spectrum regenerated at 8.87 min (see
Fig. 1C) exhibited two intense signal at m/z 970 and 647 attributed to the
doubly and triply protonated peptide, respectively. The protonated molecule was
scarcely detected and always with a very low abundance. The other samples
exhibited multiple signals in UV and TIC chromatograms as displayed in
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Fig. 1. (A) TIC chromatogram in the positive mode. (B) UV chromatogram at
214 nm. (C) Positive mass spectrum regenerated at 8.87 min showing the expected
peptide: (M+2H)2+ = 969.8 and (M+3H)3+ = 646.9.
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Fig. 2. The main peak at 8.98 min corresponded to the expected peptide [see
Fig. 3A: (M+H)+ = 1281 and (M+2H)2+ = 641] but three major byproducts were
detected at 9.66, 11.85, and 12.33 min. The first eluted byproduct at 9.66 min
[see Fig. 3B: (M+2H)2+ = 669] possessed one t-Bu protected side chain because
the mass increment on the doubly charged species equaled 28 Th. Accordingly,
the compound at 11.85 min corresponded to a sequence containing a side-
chain-protected arginine residue [see Fig. 3C: (M+2H)2+ = 774, mass increment
of 133 Th on the doubly charged species]. The more lipophilic molecule eluted
at 12.33 min contained a t-Bu and a Pmc protecting group [see Fig. 3D:
(M+2H)2+ = 802]. Most of the unsuccessful syntheses were a result of partial
removal of the Pmc protection of the guanidinium moiety, especially in the case
of arginine rich sequences (see Note 1). In some extreme cases, the desired fully
deprotected peptide was hardly detected and more lipophilic protected struc-
tures were eluted at very high concentrations of acetonitrile. In several sam-
ples, partially deprotected sequences were detected at different retention times
implying that regioisomers were present. Thus, the whole library was submit-
ted again to a deprotection step and analyzed by LC–MS a second time.

Of the samples that contained partially deprotected chains after the first syn-
thesis, only 25% of them were pure enough to undergo the screening process.
Resubmitting the collection of samples to a second deprotection procedure
raised this figure to 99%. So, the manual inspection of the data saved time by
preventing the time consumed by resynthesis of the library.

4. Notes
1. Since the Pmc protection of the arginine side chain was not completely removed

after two TFA treatments in some peptides, the Pbf moiety was preferred to mask
the guanidinium functionality due to its faster deprotection rate (11).

2. Two MS scan modes were required due to the heterogeneity of the studied library
in terms of peptide length. The low-molecular-weight sequences (<1000 amu)
exhibited mostly singly protonated molecular ion, whereas longer chains
(>1000 amu) produced to multiple ions at different charge state. A wider mass
range was thus necessary for the former samples to detect all ions. The upper limit
of 1900 amu was determined according to preliminary studies which showed that
peptides possess sufficient basic sites to promote multiple protonations thus
decreasing the recorded m/z values.

3. More efficient library profiling was achieved by using a shorter LC column. The
XTerra RP18 column (30 × 2.1 mm, 3.5 µm) was purchased from Waters and
showed comparable chromatographic separation as the Symmetry Shield station-
ary phase. The flow rate was kept at 250 µL/min but the elution was performed
faster using a gradient from 0 to 50% acetonitrile in water containing 0.1% TFA
in 6.5 min (instead of 10 min) followed by a second rapid gradient from 50 to 80%
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Fig. 2. (A) TIC chromatogram in the positive mode. (B) UV chromatogram at 214 nm.
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acetonitrile in 0.5 min. Isocratic elution was carried out for 1.0 min at 80% ace-
tonitrile to flush lipophilic compounds. The initial conditions were then reached
in 0.5 min and the column was equilibrated for 4.0 min before injection of the next
sample (1 min delay to load the injection loop). The injection-to-injection cycle
time was thus reduced from 18 to 13.5 min. The same 96-member’s library was
analyzed in less than 22 h.
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Fig. 3. (see opposite page) Positive mass spectra regenerated from the TIC chro-
matogram of Fig. 2 at different retention times: (A) 8.98 min: expected peptide,
(M+2H)2+ = 641.4. (B) 9.66 min: byproduct containing a t-Bu protecting group,
(M+2H)2+ = 669.7. (C) 11.85 min: byproduct containing a Pmc protecting group,
(M+2H)2+ = 774.6. (D) 12.33 min: byproduct containing both t-Bu and Pmc protect-
ing groups, (M+2H)2+ = 802.8.
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Proteome Analysis

Matthew J. Powell and Aaron T. Timperman

1. Introduction
1.1. General Information

A major goal of proteomics is qualitative and quantitative analysis of all the
proteins expressed in a cell, tissue, or organism. Changes in protein expression
owing to a stimulus or condition are measured in a systematic manner, and are
used to elucidate mechanisms of cell function and signaling. A strength of pro-
teomics is that a “shot-gun” approach requiring no prior knowledge of the
system is often used and does not assume a model prior to data collection.
Therefore, proteomics provides the ability to deal with the complexity of bio-
logical systems with minimal experimental bias. The complexity of biological
systems arises from the numerous parallel signaling pathways that interact
with each other. The ability to monitor many proteins simultaneously yields a
global view of protein expression and posttranslation modifications, which is
much more informative than monitoring a few proteins. Methods that follow a
few proteins and assume a model are more likely to miss interactions and yield
biased results.

For the understanding of cell function, proteomics is essential, as such mech-
anisms cannot be deduced directly from genomic data. First, it is difficult to
predict what portion of the genome actually encodes for protein and corresponds
to an open reading frame (1). Second, it has been noted recently that protein
and mRNA levels do not correlate, so increases in mRNA levels cannot be used
to predict protein levels (2,3). Third, proteins are often changed between active
and inactive forms by changes in posttranslational modifications, such as phos-
phorylation, glycosylation, and acylation. Fourth, protein–substrate binding

From: Methods in Molecular Biology, vol. 251, HPLC of Peptides and Proteins: Methods and Protocols
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events are integral to many cell signaling and function pathways. To date, there
are no means to predict protein modifications and protein–substrate interactions
directly form genomic data.

Currently, proteomics is both technology driven and technology limited.
Recently, it has become apparent that it is difficult to observe low-abundance
proteins using the most common and robust methods for proteomic analysis
(2,4–9). This inability to detect low-abundance proteins is a serious limitation,
as the proteins that are involved directly in cell signaling and function pathways
are typically low-abundance proteins. The proteins that are observable through
current methods of proteomic analysis are typically structural or housekeeping
proteins and their expression levels provide little or no information about the
mechanisms of cell signaling and function.

Because of these initial instrumental limitations of proteomics, many
researchers have moved away from such “shot-gun” approaches to proteomics
and toward more experimentally tractable and focused experiments. Examples
of such focused experiments include characterization of protein–protein inter-
actions and characterization of posttranslational modifications. Both of these
examples require the use of selective-enrichment or affinity purification to
increase the relative abundance of the protein or proteins of interest by many
orders of magnitude. With use of selective-enrichment schemes, low-
abundance proteins can be observed.

The two most commonly used methods for protein identification and pro-
teome analysis are peptide mass fingerprinting by matrix-assisted laser
desorption ionization mass spectrometry (MALDI-MS) (10–13) and peptide
sequencing by electrospray ionization tandem mass spectrometry (ESI-MS/MS)
(14). As always, each method has its advantages and disadvantages, and the rel-
ative importance of these characteristics varies with the application. The main
advantage of the peptide mass fingerprinting by MALDI-MS is that it is much
faster than capillary high-performance liquid chromatography (HPLC) ESI-
MS/MS, and sample through-put can be 100-fold greater. However, MALDI
peptide fingerprinting does not provide amino acid sequence level information
which gives rise to a number of limitations. Without direct amino acid sequence
information, MALDI peptide fingerprinting: (1) cannot be used for de novo
sequencing, and therefore the protein of interest must be in a database, (2) it is
not used for analysis of posttranslation modifications, and (3) does not work
well with protein mixtures. Recently, MALDI sources have been combined with
quadrupole time-of-flight mass analyzers (Q-TOF), and have been used to
acquire the same MS/MS spectra that the capillary HPLC ESI-MS/MS method
acquires, at the speed of the MALDI peptide fingerprinting experiments (15,16).
However, the MALDI-QTOFs are expensive and the method development is not

388 Powell and Timperman

CH27,387-400,14pgs  10/30/03  7:19 PM  Page 388



mature. Peptide sequencing has been achieved with MALDI-Q-TOFs, but some
differences in fragmentation have been noted because MALDI produces pep-
tides with lower charge states than ESI.

ESI is a most effective means of producing ions from the liquid phase (17),
and consequently has been used to couple liquid phase techniques, such as
nanospray and capillary HPLC to the mass spectrometer. Peptide sequencing
by nanospray ESI-MS/MS refers to the introduction of unseparated peptide mix-
tures into the MS at nanoliter/min flow rates (18). Since the introduction of cap-
illary HPLC-ESI-MS/MS (19–23); it has become a well-established and
commonly used method for proteome analysis, (5,24) because the capillary
HPLC separation provides substantial benefits. First, the greatest advantage of
capillary HPLC is that the peptides can be extracted from a dilute solution and
sprayed into the MS at much higher concentrations. Because ESI-MS is a con-
centration sensitive detector, the concentration of capillary HPLC provides a
concomitant improvement in the signal/noise. Second, the narrow concentrated
bands from the various peptides are injected into the MS at different times,
allowing the MS to focus on collection of the MS/MS spectra of each of these
peptides individually. Third, hydrophilic contaminants are not extracted onto
the column and are washed away before the data collection is initiated.

An overview of the methods used for proteomic analysis is shown schemat-
ically in Fig. 1. Proteomic analysis typically begins with a cell lysate, which is
a complex mixture of thousands of proteins whose individual concentrations
span six orders of magnitude. After lysis and a crude purification of the cells,
the protein mixture is separated by 2DE, and the protein spots are visualized
on the gel by staining with Coomassie blue, silver, or fluorescent dyes (see
Note 1). The protein spots are excised from the gel manually with a razor or auto-
matically with a robotic spot cutter, and each spot is placed in a separate tube.
The proteins are digested in-gel using enzymatic digestion and/or chemical
cleavage, and are eluted from the gel by liquid extraction (see Note 2; 25). The
samples are dried down and redissolved in a small volume of LCA buffer. A
pressure vessel is used to individually load the protein digests onto a capillary
HPLC column. The peptides from the digest are then separated by gradient
RP-HPLC. The MS acquires data continually in the fullscan MS mode to iden-
tify ions of high enough intensity to collect CID spectra from. When an ion
exceeds a preset threshold the MS automatically switches to the fullscan MS/MS
mode for collection of the CID spectra. After collection of the CID spectra it
returns to the fullscan MS mode. Protein identification is performed by correlat-
ing the CID spectra with theoretical spectra of known sequences from either pro-
tein or DNA databases. Additionally, de novo sequencing can be used to determine
the peptide sequence directly from the spectra without the use of a database.
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In this chapter, we will provide an overview of the entire method for
proteome analysis by capillary HPLC-ESI-MS/MS, and then we will focus on
performing the capillary HPLC separation in detail.

390 Powell and Timperman

Fig. 1. Overview of the process of proteome analysis by capillary HPLC-MS/MS.
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2. Materials
1. Deionized water, 18 MΩ , used for ALL solution preps and sample preps (Fisher

Scientific, Pittsburgh, PA).
2. HPLC—Agilent model 1100, with a binary pump, high pressure mixer, and

vacuum degasser (Agilent Technologies, Wilmington, DE).
3. HPLC buffers (see Note 3):

a. LCA buffer: 0.005% heptafluorobutyric acid (HFBA) (Sigma-Aldrich,
St. Louis, MO; cat. no. 16,419-4). Make fresh weekly.

b. 0.2% Acetic acid (cat no. 33, 882-6; Sigma-Aldrich, St. Louis, MO).
c. 4% Acetonitrile (Optima grade; Fisher Scientific, Pittsburgh, PA).
d. LCB buffer: 100% Acetonitrile (Optima grade; Fisher Scientific, Pittsburg, PA)

4. Standard fused silica capillary, 360-µm OD, 75-µm id (internal diameter) avail-
able from Polymicro (Phoenix, AZ).

5. All unions, sleeves, cross, and other accessories are available from Upchurch
Scientific (Murietta, CA).
a. Microcross with 0.006-inch through-holes plus fittings—P# P·777
b. PEEK capillary sleeves, 380-µm ID—P# F·185x.

6. Tips, fritted tips, and columns are available from New Objectives (Woburn, MA).
7. Fisherbrand Disposable Micro Pipettes (Fisher Scientific, Pittsburgh, PA).
8. Butane minitorch—model B (Microflame, Minneapolis, MN).
9. Column packing.

a. C18 beads; cat. no. 218MSB5 (Vydac, Hesparia, CA).
b. Isopropanol (Sigma-Aldrich, St. Louis, MO).

10. High-pressure device (Mass Evolution, Spring, TX).
a. For packing columns and loading samples.
b. Requires a tank of nitrogen gas and appropriate gages and fittings.
c. Alternatively, a Micro Autosampler (LC Packings, Amsterdam, Netherlands)

can be used to load samples onto the columns.
11. EIMS with Tandem MS capability.

a. LCQ-DECAXP or current model (ThermoFinnigan, San Jose, CA).
12. Microsprayer.

a. Can be obtained from MS manufacturer or Mass Evolution (Spring, TX).

3. Methods
3.1. Capillary HPLC Separation

3.1.1. Fabrication of the Capillary Columns

To fabricate the capillary HPLC column, a frit is formed at one end of a
30-cm-long capillary to form an outlet frit (26). After washing the frit, the
column is slurry packed with a suspension of C18 beads (see Note 4) in iso-
propyl alcohol to a form a 7- to 10-cm long bed (27). The slurry is injected into
the capillary at 1000 psi using the high-pressure vessel (HPV). The extra length
of the capillary allows for necessary connections to be made and to prevent the
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loss of beads, as no exit frit is used. Packed columns are prepared on the HPLC
by a 10-min rinse with 80% LCB (organic) buffer, followed by a 10-min rinse
with 0% LCB buffer. Freshly packed columns must be conditioned to optimize
column separation efficiency. Columns are conditioned with 2–3 injections of
1 pmol of a solution digest of a standard protein, such as BSA, or 1 pmol of a
peptide standard such as angiotensin. Presumably, conditioning improves
column performance by irreversibly binding to sites of specific adsorption, and
blocking these sites from future nonideal interactions. The performance of the
column is monitored by running the MS in the full scan mode and checking the
peak width. Peak full-width at half-maximum (FWHM) should be about 10 s
for the parameters suggested herein.

3.1.2. Loading and Column Prep

Dried samples are resuspended by sonication in a low volume (5–20-µL) of
LCA buffer and loaded onto the packed column at 1000-psi by use of the HPV.
The sample is placed in the HPV in a 0.5-mL Eppendorf tube, and the top to
the HPV carefully replaced and tightened securely. The column end is removed
from the cross, slid through the orifice in the top of the HPV, secured in this
position by tightening the nut with a wrench (tight enough to hold the column
without destroying the ferrule), and the HPV is pressurized to load the sample
(see Note 5). After loading the sample, the column is then reinserted into cross
(see Figs. 2 and 3 for setup information) and rinsed briefly with 100% LCA
buffer (2 min).

3.1.3. Solvent Flow Rate

Capillary HPLC and microspray interface require low rates in the 200- to
400-nL/min range (see Note 6). Most HPLC pumps in use today do not have
the capability to provide such low flow rates, requiring the use of a precolumn
splitter. The splitter is assembled from a cross, and the extra junction is used
to connect the ESI high-voltage electrode, as shown in Fig. 2. Back-pressure
is determined by the splitter capillary id and length. Small adjustments in flow
rate can be made by changing the length of the splitter, and large adjustments
are made by changing the splitter capillary id. Initially, start with a splitter length
of 1.5 m and an ID of 50-µm. The HPLC is set to the lowest flow rate that it
can produce a reliable gradient at (0.1-mL/min for the Agilent 1100). The flow
rate through the capillary column is measured directly by collecting the solu-
tion as it exits the spray tip with a graduated glass capillary for a set period of
time. Flow rates for packed columns are adjusted to approx 350-nL/min for a
75-µm id column and 200-nL for a 50-µm column.
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3.1.4. Capillary HPLC and ESI Interface

After the column has been prepared, the inlet (nonfritted end) is inserted into
the precolumn splitter cross. The outlet (fritted end) of the packed column is
attached to a microspray tip by a zero dead volume (ZDV) union housed in a
stable base on the microspray device as shown in Fig. 3B. Alternatively,
columns with pulled tips on the end are commercially available. When using
the integrated column and tip, the capillary is passed directly through the ZDV
union, and the ZDV union is simply used as stable holding device. The home-
made column with separate tip is less expensive, but the commercially avail-
able column with integrated tip is easier to use (see Note 7), when care is taken
to minimize any dead volumes in the connecting union.

Last, the spray tip must properly be aligned with the heated capillary of
the mass spectrometer for accurate spray direction, typically by means of an
x-y-z translational stage.
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Fig. 2. Schematic diagram of the precolumn splitting cross. As illustrated in the
diagram, the cross has four ports: 1, the packed column leading from the cross to the
electrospray tip; 2, the splitter capillary which regulates the backpressure at the cross;
3, the solvent transfer capillary carrying the buffer solutions from the HPLC; and
4, the ESI high voltage electrode from the MS to induce electrospray.
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Fig. 3. Schematic diagram of the HPLC-MS/MS laboratory setup. Front view (A)
and side view (B) of the capillary HPLC-MS/MS setup. As the gradient is being run,
the capillary HPLC column is connected directly to the cross as shown. For the sample
injection the inlet end of the capillary column is removed from the cross and inserted
into the HPV (2). When the sample loading is complete the HPV is depressurized and
the capillary column is returned to the cross so the HPLC-MS/MS analysis can be ini-
tiated. Shown in the sideview is a blow up of the microspray device. Notice the ZDV
union joining the packed column and spray tip. Key: 1, HPLC. 2, HPV. 3, ESI mass
spectrometer.
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3.1.5. HPLC Gradient

The HPLC gradient must be programmed with a peptide-elution gradient.
Typical gradients are 20- to 90-min in duration and include column cleaning
and reequilibration steps (see Note 8). An example of an HPLC program method
for a 50-min sample scan follow is shown in Table 1.

3.1.6. Elution and Analysis

After the sample has been loaded, the column readied in the cross, and the
HPLC method selected, the MS scan is started. The HPLC method can be
started automatically by the MS, or both instruments can be started separately.
Precise retention times are not necessary, as all information is contained within
the CID spectra. The gradient is run and data is collected in a data-dependent
manner through the CID spectra.

Once the scans are complete, analysis is begun by using a database search-
ing and correlation program, such as Sequest or Mascot, to match the acquired
spectra with predicted spectra for known sequences in a database for protein
identification. Most database searching routines will always return the peptide
sequence from the database, which correlates best with the CID spectra. It is
critical that care is taken in the data interpretation to ensure that the match is
reliable. Correlation scores are assigned to the results as an indicator of the accu-
racy and uniqueness of the sequence. SEQUEST gives a cross-correlation
scores based on the spectra’s comparison to theoretical spectra, and a cross cor-
relation score of 2.0 or greater is considered a good match with a protein in the
database. Delta correlation scores (range 0–1.0) are based on a sequences
“uniqueness,” compared to other sequences within the database. A delta corre-
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Table 1
Sample HPLC Gradient Conditions for a 50-min MS Scan Sequence

Time (min) % LCB Buffer % Acetonitrile Event initiated

0 10.0 14 Wash sample
1 10.0 14 Steep gradient
3 11.5 15 Shallow gradient
43 42.7 45 Steep gradient
45.5 58.3 60 Steeper gradient
46 79.2 80 Clean column
51 801,, 80 End column cleaning
52 101, 14 Re-equilibration
58 101, 10 Stop
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lation score greater than 0.1 usually indicates the first ranked match is much
better than the second ranked match for a large database. However, the delta
correlation score is influenced by the size of the database searched and will have
higher values for databases with fewer sequences, although the match is not any
more reliable (28). Sequences found by database searching should be carefully
examined and manually sequenced to confirm the peptide’s identity. The
reliability of a match also increases greatly if more than one peptide from a pro-
tein is matched.

Additionally, the CID spectra can be manually de novo sequenced to reveal
amino acid sequence information about the peptides and confirm the protein
identification. New de novo sequencing software to decrease analysis time is
currently in developmental stages.

4. Notes
1. When staining the gel from the electrophoretic separation of the protein mixture

to be analyzed, it is important to use staining solutions with minimal concentra-
tions of crosslinking agents, such as gluteraldehyde and formaldehyde. Silver
staining recipes that use very low concentrations of formaldehyde and are com-
patible with MS analysis have been developed (25).

2. Cleanliness before and during digestion is important because contaminant proteins
will also be digested. During protein extraction from the gel pieces after enzymatic
digestion, care must be taken to reduce contamination of the peptide collections.
Particulates can clog the packed column or spray tip, and require additional device
maintenance. To minimize clogging, centrifuge the pooled extractions for 5 min
at 10,000g, and carefully decant the top approx 80% of solution, being careful not
to disturb particulates at the bottom of the tube. The heavier contaminants are in
this remaining solution and can be discarded.

3. Solvent purity is vitally important to reduce noise in the mass spectra, as less pure
solvents will increase the background. Plastics and polymers should be avoided
when handling solvents. Glass and stainless steel syringes should be used in place
of micropipetters for measuring and handling the concentrated HFBA and acetic
acid use in making the LCA buffer.

4. Reversed-phase separation on C18 beads is the method of choice for peptide mass
spectrometry because these systems provide good separation of peptides and use
buffers that are compatible with the mass spectrometer. Vydac low TFA beads are
recommended because they require very little ion pairing agent (HFBA). Beads
should be 3- to 5-µm, and pore sizes should range from 60 to 300-Å, with 300-Å
being the most recommended selection for working with unknown peptides. In
practice, column ID should be at least ten times larger than the bead diameter being
used for the column (for a 50-µm column, beads should 5-µm or less in diame-
ter) to minimize clogging and aggregation during packing of the columns.

5. Sample loading with a HPV must be carefully performed to avoid injury. Exercise
caution with use of the HPV, as the high internal pressures of compressed gas make
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its use inherently dangerous. Always secure the HPV top securely and wear gog-
gles when using to load samples. When resolubilizing the sample in the LCA
buffer, use small volumes (6- to 20-µL) to reduce the sample solution volume
loaded, and consequently the time required for loading the sample. The capillary
should be inserted fully into the HPV so that it touches the bottom of the micro-
centrifuge tube containing the sample. Caution must be taken not to attempt to
load too much sample, as helium will be forced into the column packing mater-
ial and cause chromatography problems. In practice, some of the sample (approx
3 µL) is lost during the injection; so more than 5- to 6-µL of a 10-µL sample should
not be loaded. The volume of sample solution loaded is measured directly by col-
lecting the solution exiting the capillary tip with a graduated glass capillary.

6. It is important to maintain a consistent flow rate through the capillary and column
system. Microspray flow rates normally range between approx 200- and approx
350-nL/min for 50 and 75 µm columns, respectively. Smaller id columns yield
lower detection limits, because electrospray MS is a concentration sensitive detec-
tor, but smaller id columns are more prone to clogging. Seventy-five micrometers
columns usually provide the optimum balance between detection limits and ease
of use for silver stained spots. The volume of sample solution loaded is measured
directly by collecting the solution exiting the capillary tip with a graduated glass
capillary.

7. Spray tips must be selected with id’s in the range of 5 to 15 µm to insure low flow
rate at the tip and a narrow electrospray. These tips are commercially available,
or may be reproducibly made in the lab with a capillary laser puller. Alternatively,
tips can be produced by cutting a small length of capillary, suspending it verti-
cally with a weight (office binder clip) on the bottom end, and heating the middle
with a butane minitorch. A the capillary is heated, it will be pulled and will sep-
arate into two tapered tips. The end of each tip should be trimmed so that the id
is about 5–10 µm and wiped clean with methanol. Although these tips are suit-
able for routine work, it can be difficult to maintain a stable electropspray. Poor
chromatography and unstable spray is often a result of a clogged spray needle.

8. Proper selection of the parameters for an HPLC gradient are essential for opti-
mizing the peptide analysis. The slope of the gradient is the change in organic sol-
vent (acetonitrile) concentration divided by the time in minutes. Within upper and
lower limits, a steeper gradient slope gives better detection limits, whereas a shal-
lower gradient slope gives better resolution (29). For analysis of in-gel protein
digests, the samples are usually very complex, requiring higher resolution and a
shallower gradient. However, if the slope is too shallow it will degrade the limits
of detection.

Typical gradient times for the most active region for peptide desorption of
15–40% acetonitrile are between 15 and 90 min. Gradients for peptide elution usu-
ally consist of multiple linear segments with different slopes to optimize the time
spent in different regions of the organic solvent concentrations. Regardless of the
time spent in the 15–40% acetonitrile range, the times for the column washing
and reequilibration should remain constant, as shown in Table 1.
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401

Index

Acetic acid, 17
Acetone precipitation, 329
Acetonitrile (CH3CN), 11, 12, 77,

79, 184
Affinity chromatography, 4, 5, 166
Affinity purification of

immunoglobulin, 341, 342,
348–349

Aldehyde support, 106
Alkaline phosphatase treatment,

252, 258
Alkylation of protein, 229
Amino acid modifications, 195–196
Amino acid sequence coverage, 228
Ammonium sulphate, 46
Analytical HPLC, 183–190

acetonitrile, 184
column equilibration, 185, 198
column length, 188
computer-aided separation

optimization, 185
equipment, 184
octadecylsilica (C18), 184
sample injection, 185
sample preparation, 185
solvent preparation, 185
temperature, 186, 190
tryptic mapping, 184, 190

Anion exchange resin, 24, 27, 371
Anion-exchange chromatography,

166, 178, 179, 357
Antibody immobilization

conditions, 104, 106
Antibody, see Immunoglobulin
Antigen presenting cell (APC), 291

Automatic database searching, 130–
134

Automatic fraction collection, 243

B

Basic theory, 3–8
Batch versus column purification,

33
Binding via aspartate or glutamate

residues, 92, 95
Bioactive peptides, 275
Bradykinin, 276, 277
Buffers, see also Mobile phases;

Solvents
ion-exchange chromatography,

29–32, 33
micropreparative HPLC, 168
multidimensional HPLC, 178
preparative/semipreparative

purification of peptides,
192, 196

proteolytic peptide mapping, 239
analysis of posttranslationally

modified proteins, 247, 259
membrane protein analysis, 332
purification of immunoglobulin

G, 342, 343
Buffer salts, 79–80
Butylsilica (C4), 14

C

Capacity of ion-exchange supports,
29

Capacity factor, k', 5, 7
Capillary column loading, 392
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Capillary columns, 143, 144
Capillary HPLC and ESI interface,

393
Capillary separations (capLC), 143–

164, 391
analytical column, 147, 148
capLC columns, 143, 144
chromatographic equipment,

147–148
column connection, 150
column diameter, 145
column preparation, 148–150
detectors, 146
enzymatic digestion, 153
ESI interfaces, 146, 152, 159
flow rate, 145
flow splitting, 159
frit, 144, 158
gradient systems, 148
LC–MS, 146
multidimensional

chromatography, 147
on-line preconcentration column,

147, 149
particle size, 145
peptide mixtures, 153
slurry packing, 154, 159
switching systems, 151
TFA, 159
UV cell preparation, 151

Cation-exchanger, 24, 27
Cell culture, 278
Cell disruption, 355
Cell harvest, 279
Cell lysate, 293, 294, 295
Chelating agent, 89, 90
Chloroform/methanol/water phase

separation–precipitation,
329

Chromatographic equipment, capillary
separations, 147–148

Chromatographic system, large
scale protein
chromatography, 214, 221

Chymotrypsin, 243
Collision-induced dissociation

(CID), 111, 114
Column

cleaning, 39
connection, 150
diameter, 145
dimension, 14
equilibration, 12, 170, 185, 198,

198
geometry, 47
inlet tubing, 72
large scale protein

chromatography, 213, 220
leaking, 216
length, 188
length/width selection, 58–64
membrane protein analysis, 328
micropreparative HPLC, 168
multidimensional HPLC, 179
packing, 66, 214–216, 346
prep flow rate, 392
preparation, 36–37, 66, 148–150,

214
preparative/semipreparative

purification of peptides,
192

purification of immunoglobulin
G, 342, 344

regeneration and storage, 84
regeneration, 337
screen, 169
sensitivity, 249
set up, 214
storage, 39, 43
temperature, 10, 12, 13, 20, 46,

50, 85, 186, 190
Combinatorial chemistry, 377, 378
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Computer-aided separation
optimization, 185

Conotoxin GVIA, 202
Conotoxin MII, 202–205
Coupling of HPLC to mass

spectrometer, 119
Cu-iminodiacetic acid (Cu-IDA),

94
Cyclic-C(RSRNR), 205
Cytotoxic T cell (CTL), 291

D

Detection wavelength,
hydrophobic interaction

chromatography, 46
peptide metabolism, 287
preparative/semipreparative

puri-fication of peptides,
198, 207

reversed-phase HPLC,12, 17
Detergents, 71
Dialysis, 342, 345
DNA, 351–353
DNA-binding proteins, 351–364

anion exchange chromatography,
357

cell disruption, 355
DNA, 351–353
gel permeation chromatography,

356
in gel digestion, 358, 361
LC-MS, 353
Ni affinity fractionation, 355
nucleases, 360
RNA polymerase, 351, 353
reversed-phase separation of

subunits, 360
SDS-PAGE, 354, 357
tryptic digestion, 354

Dynamic versus static mixer, 171

E

Endopeptidase EC 3.4.24.15, 276,
277, 281, 283, 285

Endopeptidase EC 3.4.24.15, 276,
277, 281, 283, 285

Effect of pH, 25, 26, 42
Elution mode, 33
Elution strategies, 107–108
Endoproteinase Asn-C (Endo Asn-

C), 235
Endoproteinase Asp-N (Endo Asp-

N), 230, 235
Endoproteinase Asp-N (Endo Asp-

N), 266
Endoproteinase Glu-C (Endo Glu-

C), 230, 232, 235, 243
Endoproteinase Glu-C (Endo Glu-

C), 266
Enzymatic assays and slice

preparation, 367
Enzymatic digestion, 125, 153, 234–

235
Enzyme kinetic parameters, 285
Equilibration pH, immobilized

metal affinity
chromatography, 96

Equilibrium distribution coefficient,
K, 6

HPLC equipment, 12, 168, 178,
184

Erythropoietin, 266–267
ESI interfaces, 146, 152, 159
ESI-MS/MS, 388–389
Evaluation of packing, 222

F

Fc region of monoclonal antibody,
296

Fe3+-iminodiacetic acid (Fe3+-IDA),
89
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Flow cells, 173
Flow rate, 12, 13, 17, 46, 65, 145, 397
Flow splitting, 159
Fluorescence detection, 50, 287
Formic acid, 17
Formic acid/isopropanol, 333, 337
Fraction analysis, 200
Fraction collection, 181, 198, 199
Fractionation, 55
In-source fragmentation, 134
Frit, 144, 158
Functional groups, 23, 27
Funnel-web spider venom, 311–313,

318

G

Gel filtration chromatography (size
exclusion chromatography,
SEC), 4, 45, 55–73

column inlet tubing, 72
column length/width selection,

58–64
column packing, 66
column preparation, 66
detergents, 71
eluent, 64
flow rate, 65
fractionation, 55
gel media, 58
gel preparation, 66
group separation, 55
guanidinium hydrochloride, 71
hardware configuration, 65
molecular weight standards, 68,

72
partition coefficient, Kav, 71
resolution, 56
sample application, 68
sample preparation, 65
sample viscosity, 71

SDS-PAGE, 56
sodium azide (NaN3), 72
troubleshooting, 69–71
ultracentrifugation, 56
urea, 71
UV detection, 66

Gel media
Ion-exchange chromatography,

selection criteria, 27
Gel filtration chromatography,

58
Gel permeation chromatography,

356, see also Gel filtration
chromatography

Glycopeptide mapping, 265, 266,
267

Glycopeptides, glycoproteins, 263–
275

endoproteinase Asp-N (Endo
Asp-N), 266

endoproteinase Glu-C (Endo Glu-
C), 266

erythropoietin, 266–267
glycopeptide mapping, 265, 266,

267
LC–MS, 263
LC–MS/MS, 263, 268
lysyl endoproteinase (Endo lys

C), 266
proteolytic digestion, 264
trypsin, 266

Glycosylation, 246
Gradient choice, 197, 199
Gradient elution, 107
Gradient operation, 280
Gradient slope, 10, 13
Gradient systems, 148
Gradient time, 13, 20
Gradient, 395, 397
Guanidinium hydrochloride, 71
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H

Hardware configuration, 65
Heptafluorobutyric acid, 17
HIC, see Hydrophobic interaction

chromatography
High back pressures, 216
His-tagged proteins, 89, 90, 91
Histidine carboxylase, enzymatic

analysis, 365–375
anion exchange resin, 371
elimination of excess substrate,

371
enzymatic assays and slice

preparation, 367
HPLC, 365
HPLC clean-up, 374
HPLC purification of histamine,

367, 368, 372
tissue incubation, 369

Histidine interactions, 89
HPLC purification of histamine,

367, 368, 372
Hydrochloric acid, 17
Hydrophilic interaction chromato-

graphy (HILIC), 75–88
acetonitrile, 77, 79
buffer salts, 79–80
column regeneration and storage,

84
column temperature, 85
comparison to RP–HPLC, 75
interactions, 77, 79
ion-pair reagents, 86
method development, 82–84
mobile phases, 79–81, 85
organic solvent, 79–80
passivate, 84
retention factor, k', 76
sample application, 82
sample elution, 82

starting procedure, 81
stationary phases, 78–79
triethylammonium phosphate

(TEAP), 79, 81, 84, 86
weak cation exchange, 76, 78

Hydrophilic peptides, 205, 239
Hydrophobic interaction

chromatography (HIC), 4, 5,
45–53, 166

ammonium sulphate, 46
cells, 45
column geometry, 47
comparison to RP-HPLC, 75
detection wavelength, 46
flow rate, 46
fluorescence detection, 50
hydrophobic ligand, 47, 49
linear gradient, 47
membrane proteins, 45
mobile phase pH, 47
nuclear proteins, 45
polynucleotides, 45
receptors, 45
recombinant proteins, 45
salt composition, 49–50
salt type, 47, 50
sample preparation, 46
serum proteins, 45
solvent preparation, 46
solvent, 46
stationary phases, 47
temperature, 46, 50

Hydrophobic ligand, 47, 49

I

IEC, see Ion-exchange
chromatography

IgG purification, 341–350,
IMAC, see Immobilized metal

affinity chromatography
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Immobilized metal affinity
chromatography (IMAC), 89–
102

binding via aspartate or glutamate
residues, 92, 95

chelating agent, 89, 90
Cu-iminodiacetic acid (Cu-IDA),

94
equilibration pH, 96
Fe3+-iminodiacetic acid (Fe3+-

IDA), 89
His tagged proteins, 89, 90, 91
histidine interactions, 89
metal ions, 89, 90
methods, 93
Mn+-IDA, 95
Ni-nitrilotriacetic acid (Ni-NTA),

89, 91, 92, 93
washing options, 97–100

Immunoaffinity chromatography,
103–109

aldehyde support, 106
antibody immobilization

conditions, 104, 106
efficiency, 104
elution strategies, 107–108
gradient elution, 107
step elution, 106

Immunoaffinity column, 294,
Immunoglobulin (IgG) purification,

341–350
affinity purification, 341, 342,

348–349
antibody, 341
buffers, 342, 343
clean-up, 347
column packing, 346
column, 342, 344
crude fractionation, 342

dialysis, 342, 345
ion-exchange purification, 341,

344, 345
immunoglobulin (IgG,) 341, 344,

349
precipitation, 344

In-gel digestion, 358, 361
Instrument preparation, 118
Instruments, 192
Ion scanning, 255
Ion source parameters, 119
Ion-exchange chromatography (IEX,

IEC), 4, 5, 23–44, 45
anion-exchanger, 24, 27
batch vs column purification, 33
buffer preparation, 290–32, 33
capacity , 29
cation-exchanger, 24, 27
column cleaning, 39
column preparation, 36–37
column storage, 39, 43
effect of pH, 25, 26, 42
elution mode, 33
functional groups, 23, 27
gel media (IEC), selection

criteria, 27
isoelectric point, pI, 24–25, 27, 42
large volume loading, 42
linear gradients, 34
particle size, 28
pH choice, 37–38
pH gradients, 34
pore size, 28
protein titration curve, 24–25
salt concentration, 34
sample loading and injection, 38
strong ion-exchanger, 26
troubleshooting, 39–41
weak ion-exchanger, 26
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Ionic modifier, 10
Ion-pair reagents, 86
Isoelectric point, pI, 24–25, 27, 42
Isopropanol, 17, 332

L

Large scale protein chromatography,
211–223

air trapped in column, 219
chromatographic system, 214, 221
column equilibration, 198
column leaking, 216
column packing, 214–216
column preparation and

assessment, 214
column set up, 214
columns, 213, 220
evaluation of packing, 222
high back pressures, 216
mass spectrometry, 206, 207
principles of scale-up, 211–222
resin, 213, 219–220
sample pumping, 198–199
sanitization, 220
tailing or leading peaks, 219
trouble shooting, 216
uneven chromatograms, 218

Large volume loading in ion-
exchange chromatography,
42

Libraries, peptide, 377–385
automated vs manual profiling,

377
combinatorial chemistry, 377,

378
LC–MS, 379, 382
solid phase peptide synthesis,

379
Linear gradient, 34, 47

Liquid chromatography-mass
spectrometry (LC–MS),
111–139, 146, 263, 275,
308, 310, 311, 313, 315,
317, 318, 319, 353, 379,
382

analytical chromatography, 116
automatic database searching,

130–134
automation, 134
collision-induced dissociation

(CID), 111, 114
coupling of HPLC to mass

spectrometer, 119
enzymatic digestions, 125
fragmentation, 134
instrument preparation, 118
ion source parameters, 119
manual database searching, 128
mass analyzers, 112, 115
mass spectrometry, 111
mass spectrometry, 117
molecular weight, 121
nanoflow chromatography, 117
peptide mass mapping, 136
peptide mixtures, 120
protein digests, 125
protein sequence databases, 114
solvents, 135
tandem mass spectrometry (LC–

MS/MS) 111, 116, 122, 126,
128,  135, 263, 268

time-of-flight mass
spectrometers, 112

total ion current chromatogram
(TIC), 120

trypsin, 125
Lysyl endoproteinase (Endo lys C),

232, 244, 266
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M

Major-histocompatibility complex
(MHC)-bound peptides,
291–305

antigen-presenting cell (APC),
291

cell lysate, 293, 294, 295
cytotoxic T cell (CTL), 291
Fc region of monoclonal

antibody, 296
immunoaffinity column, 294,
MHC class I, 291, 297
MHC class II, 291, 297
MS analysis, 302
RP-HPLC, 275
trifluoroacetic acid, 292

MALDI-TOF, 248, 250, 258, 308,
316, 324, 388–389

Manual database searching, 128
Manual fraction collection, 173
Mass analyzers, 112, 115
Mass mapping, 231
Mass profile analysis, 312
Mass spectra calibration, 240
Mass spectrometry, 111, 117, 206,

207, 323, 324
Membrane proteins, 45, 323–339

acetone precipitation, 329
buffers, 332
chloroform/methanol/water phase

separation–precipitation, 329
column regeneration, 337
columns, 328
dissolution, 331
formic acid/isopropanol, 333, 337
isopropanol, 332
MALDI-TOF, 324
mass spectrometry, 323, 324
pressure-assisted solubilization,

337

proteomics, 326
RP-HPLC, 332
sample preparation, 329
sample purification, 329
sample recovery, 336
size exclusion chromatography,

333–335
solubility and aggregation of

membrane proteins, 326
syringe pumps, 328
trifluoroacetic acid/acetonitrile,

332
UV detection and MS, 335

Methanol, 17,
Microcolumns, 249–250
Micropreparative HPLC, 165–174

affinity chromatography, 166
anion-exchange, 166
buffers, 168
column equilibration, 170
columns, 168
column screen, 169
dynamic versus static mixer, 171
equipment, 168
flow cells, 173
hydrophobic interaction

chromatography, 166
manual fraction collection, 173
RP-HPLC, 166
sample injection and analysis, 170
sample preparation, 168
sample volumes, 166
solvent preparation, 168
trace enrichments, 173

Mn+-IDA, 95
Mobile phase pH, 47
Mobile phases, 79–81, 85
Molecular basis of HPLC

separation, 5
Molecular weight standards, 68, 72

Aguilar_Index_Final 12/17/03, 8:13 AM408



Index 409

MS analysis, 302
Multidimensional HPLC, 147, 177–

182
anion-exchange chromatography,

178, 179
buffers, 178
columns, 179
equipment, 178
fraction collection, 181
RP chromatography, 178, 179
sample preparation, 179
SEC, 178, 179, 181
Tween-20, 178

N

n-alkyl silica sorbent, 10, 11
Nanoflow chromatography, 117
Ni affinity fractionation, 355
Ni-nitrilotriacetic acid (Ni-NTA),

89, 91, 92, 93
Nonretained solute retention time,

to, 6
Nuclear proteins, 45
Nucleases, 360

O

Octadecylsilica (C18), 12, 184, 191,
196

Octylsilica (C8), 14
On-line preconcentration column,

147, 149
Organic solvent composition,10
Organic solvent, 10, 11, 13, 79–80

P

Particle diameter, 16
Particle size, 28, 145
Partition coefficient, Kav, 71
Passivate, 84
Peak width, σ, 7

Pepsin, 235
Peptide digest, 277, 278
Peptide libraries, 377–385
Peptide mapping, 229, 230, 266
Peptide mass data analysis, 241
Peptide mass mapping, 136
Peptide metabolism, 275–290

bioactive peptides, 275
bradykinin, 276, 277
detection wavelength, 287
EC 3.4.24.15, 276, 277, 281, 283,

285
EC 3.4.24.16, 276, 277, 281, 283,

285
enzyme kinetic parameters, 285
data analysis, 281
fluorescence detection, 287
gradient operation, 280
HPLC analysis, 280
LC–MS, 275
peptide digest, 277, 278

time course experiments, 279
inhibitor experiments, 279

peptide recovery, 286
radiolabelled peptide analysis,

283
RP-HPLC, 275, 276,
sample reconstitution, 280
soluble and membrane fractions,

278–279
cell culture, 278
cell harvest, 279

solvent preparation, 280
peptide recovery, 286
perchloric acid, 17
pH choice, 37–38
pH gradients, 34

Phase ratio, ψ, 6
Phosphoric acid, 17
Phosphorylation, 246
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Polynucleotides, 45
Pore size, 16, 28
Posttranslationally modified

proteins, 245–262
alkaline phosphatase treatment,

252, 258
buffers, 247, 259
glycopeptide mapping, 266, 267
glycosylation, 246
IMAC, 253, 259
ion scanning, 255
MALDI, 248, 250, 258
microcolumns, 249–250
peptide mapping, 266
phosphorylation, 246
proteases, 259
proteolytic digestion, 265–266
reversible phosphorylation, 258
reversed-phase column, 250
sample preparation, 249
solvents, 247

Precipitation, 344
Preparative/semipreparative

separation of peptides, 191–
209

amino acid modifications, 195–
196

buffers, 192, 196
C18 silica, 191, 196
column equilibration, 198
columns, 192
conotoxin GVIA, 202
conotoxin MII, 202–205
crude sample preparation, 195

dissolution, 195
filtering, 195
lyophilization, 195, 208

cyclic-C(RSRNR), 205
detection wavelength, 198, 207
final QC, 200

fraction analysis, 200
fraction collection, 198, 199
gradient choice, 197, 199
hydrophilic peptides, 205
instruments, 192
peptide synthesis, 191
prep system set up
reagents, 192
RP-HPLC, 191, 192, 197, 200,

202, 205
Substance P, 200–202
trifluoroacetic acid, 205, 207

Pressure-assisted solubilization, 337
Principles of scale-up, 211–222
Proteases, 259
Protein digests, 125
Protein identification, 228
Protein sequence databases, 114
Protein titration curve, 24–25
Proteolytic digestion, 264, 265–266
Proteolytic enzyme selection, 230,

232–233, 243
Proteolytic peptide mapping, 227–

244
alkylation of protein, 229
amino acid sequence coverage,

228
automatic fraction collection,

243
buffers, 239
chymotrypsin, 243
column sensitivity, 249
endoproteinase Asn-C (Endo

Asn-C), 235
endoproteinase Asp-N (Endo

Asp-N), 230, 235
endoproteinase Glu-C (Endo Glu-

C), 230, 232, 235, 243
enzymatic digestion, 234–235
hydrophilic peptides, 239
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lysyl endoproteinase (Endo lys
C), 232, 244

mass mapping, 231
mass spectra calibration, 240
pepsin, 235
peptide mapping, 229, 230
peptide mass data analysis, 241
protein identification, 228
proteolytic enzyme selection,

230, 232–233, 243
reduction and

carboxymethylation, 234
RP-HPLC column, 234, 235, 237,

239
trifluoroacetic acid, 240, 243
trypsin digestion, 229, 230, 235,

243
Proteome analysis, 387–399

capillary column loading, 392
capillary HPLC and ESI

interface, 393
capillary HPLC separation, 391
column preparative flow rate, 392
elution and analysis, 395
ESI-MS/MS, 388–389
flow rate, 397
gradient, 395, 397
MALDI-MS, 388–389
proteomics, 387
RP-HPLC, 396
sample loading, 396
spray tips, 397

Proteomics, 326, 387

R

Radiolabelled peptide analysis, 283
Receptors, 45
Recombinant proteins, 45
Reduction and carboxymethylation,

234

Resin for large scale protein
chromatography, 213, 219–
220, see also Stationary
phases; Supports,

Resolution, Rs, 7, 56
Retention factor, k', 76
Retention time, tr, 5
Reversed-phase high-performance

liquid chromatography
(RP-HPLC), 4, 9–22, 166,
178, 179, 191, 192, 197,
200, 202, 205, 234, 235,
237, 239, 275, 276, 307,
310, 311, 312, 313, 315,
332, 396

acetic acid, 17
acetonitrile (CH3CN), 11, 12
butylsilica (C4), 14
column dimension, 14
column equilibration, 12
detection wavelength, 12, 17
equipment, 12
flow rate, 12, 13, 17
formic acid, 17
gradient slope, 10, 13
gradient time, 13, 20
heptafluorobutyric acid, 17
hydrochloric acid, 17
immobilized ligand, 13,
ionic modifier, 10
isopropanol, 17
methanol, 17,
n-alkyl silica sorbent, 10, 11
octadecylsilica (C18), 12,
octylsilica (C8), 14
organic solvent composition,10
organic solvent, 10, 11, 13
particle diameter, 16
perchloric acid, 17
phosphoric acid, 17
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pore size, 16
sample injection, 12
sample preparation, 12
solvent preparation, 12
temperature, 10, 12, 13, 20
trifluoroacetic acid (TFA), 10, 11,

17
tryptic peptides, 14

RPC, see Reversed-phase high-
performance liquid
chromatography

RP-HPLC, see Reversed-phase
high-performance liquid
chromatography

Reversible phosphorylation, 258
RNA polymerase, 351, 353

S

Salt composition, 49–50
Salt concentration, 34
Salt type, 47, 50
Sample application, 68, 82
Sample elution, 82
Sample injection and analysis, 170
Sample loading and injection, 12,

38, 185, 396
Sample loss, 316
Sample preparation, 12, 46, 65, 168,

179, 185, 249, 329
Sample pumping, 198–199
Sample purification, 329
Sample reconstitution, 280
Sample recovery, 336
Sample viscosity, 71
Sample volumes, 166
Sanitization, 220
Sodium dodecyl sulphate

polyacrylamide gel
electrophoresis (SDS-
PAGE), 56, 354, 357

SEC, 178, 179, 181, 333–335, see
also Gel filtration
chromatography; Gel
permeation chromatography

Selectivity, α, 7
Serum proteins, 45
Slurry packing, 154, 159
Sodium azide (NaN3), 72
Solid phase peptide synthesis, 191,

379
Solubility and aggregation of

membrane proteins, 326
Solvent preparation, 12, 46, 168,

185, 280
Solvent, 46, 135, 247
Spray tips, 397
Starting procedure, 81
Stationary phases, 47, 78–79
Step elution, 106
Strong ion-exchanger, 26
Substance P, 200–202
Supports, ion exchange

chromatography, 28, 30–31
Switching systems, 151
Syringe pumps, 328

T

Tailing or leading peaks, 219
Tandem mass spectrometry (LC–

MS/MS) 111, 116, 122, 126,
135, 263, 268

Temperature, 10, 12, 13, 20, 46, 50,
186, 190

Trifluoroacetic acid/acetonitrile, 332
Theoretical plates, N, 7
Time-of-flight mass spectrometers,

112
Tissue incubation, 369
Total ion current chromatogram

(TIC), 120
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Trace enrichments, 173
Triethylammonium phosphate

(TEAP), 79, 81, 84, 86
Trifluoroacetic acid (TFA), 10, 11,

17, 159, 205, 207, 240, 243,
292

Troubleshooting 39–41, 69–71, 216
Trypsin, 125, 266
Tryptic digestion, 354, 229, 230,

235, 243
Tryptic mapping, 184, 190
Tryptic peptides, 14
Tween-20, 178

U

Ultracentrifugation, 56
Urea, 71
UV cell preparation, 151
UV detection and MS, 335
UV detection, 66

V

Venom analysis, 307–322
funnel-web spider venom, 311–

313, 318
LC–MS, 308, 310, 311, 313, 315,

317, 318, 319
MALDI TOF, 308, 316
mass profile analysis, 312
RP-HPLC, 307, 310, 311, 312,

313, 315
sample loss, 316
venom collection, 310
venom fingerprinting, 308

Venom collection, 310
Venom fingerprinting, 308

W

Washing options, 97–100
Weak cation exchange, 76, 78
Weak ion-exchanger, 26
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High-performance liquid chromatography (HPLC) plays a critical role today in both our understand-
ing of biological processes and in the development of peptide and protein-based pharmaceuticals. In HPLC
of Peptides and Proteins: Methods and Protocols, leading experts from academia and industry comprehen-
sively describe how to successfully perform all the critical HPLC techniques needed for the analysis of
peptides and proteins. The methods range from commonly used techniques to those for capillary to large-
scale preparative isolation. The authors have also presented a number of specific applications as case studies
to illustrate the analytical approaches to a particular separation or assay challenge, with examples drawn
from contemporary fields in biochemistry and biotechnology. These applications include proteolytic
mapping, posttranslational modification, neuropeptide processing, glycopeptides and glycoproteins,
MHC-binding peptides, toxins/venoms, membrane proteins, antibodies, combinatorial and proteome
analysis, and enzymatic activity. Each readily reproducible protocol contains background notes, step-by-
step instructions, reagent and equipment lists, and tips on both troubleshooting and avoiding known pitfalls.

Comprehensive and easy-to-follow, HPLC of Peptides and Proteins: Methods and Protocols offers
every biologist and biotechnologist at all levels of expertise ready access to the powerful tools needed to
develop and carry out peptide and protein separations and analyses today.

• Comprehensive coverage of all commonly used HPLC
techniques

• Proven step-by-step instructions for different modes of
HPLC

• Examples of a wide range of peptide and protein applications

• Methods for capillary to large-scale preparative
isolation

• Discussion of key separation parameters for achieving
high resolution

Part I Modes of HPLC. HPLC of Peptides and Proteins: Basic Theory
and Methodology. Reversed-Phase High-Performance Liquid Chro-
matography. Ion-Exchange Chromatography. High-Performance
Hydrophobic Interaction Chromatography. Gel Filtration Chroma-
tography. Hydrophilic Interaction Chromatography. Immobilized
Metal Ion Affinity Chromatography of Proteins. Immunoaffinity
Chromatography of Proteins. Liquid Chromatography–Mass Spec-
trometry and Tandem Mass Spectrometry of Peptides and Proteins.
Part II Preparative Methodologies. Capillary Separations. Micro-
preparative HPLC of Peptides and Proteins. Multidimensional HPLC
Purification of Proteins. Analytical High-Performance Liquid Chroma-
tography. Prep/Semiprep Separations of Peptides. Large-Scale Protein
Chromatography. Part III Applications. Proteolytic Peptide Mapping.
Mass Spectrometric Characterization of Posttranslationally Modified
Proteins—Phosphorylation. Analyses of Glycopeptides and

Glycoproteins by Liquid Chromatography–Mass Spectrometry and
Liquid Chromatography–Tandem Mass Spectrometry. HPLC in the
Analysis of Peptide Metabolism. Isolation and Characterization of
Naturally Processed MHC-Bound Peptides From the Surface of An-
tigen-Presenting Cells. Australian Funnel-Web Spider Venom Analyzed
With On-Line RP-HPLC Techniques. HPLC and Mass Spectrometry of
Intrinsic Membrane Proteins. IgG Purification. DNA-Binding Proteins:
LC–MS to Identify Key Domains in RNA Polymerase–Promoter Interac-
tions. Sensitive Enzymatic Analysis of Histidine Decarboxylase Using
HPLC. Automated vs Manual Profiling of Peptide Libraries by Mass
Spectrometry. Proteome Analysis. Index.




