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This text is intended for students in any field of science or engineering who
want a one-semester introduction to biochemistry but who do not intend to
be biochemistry majors. Our main goal in writing this book is to make bio-
chemistry as clear and applied as possible and to familiarize science students
with the major aspects of biochemistry. For students of biology, chemistry,
physics, geology, nutrition, sports physiology, and agriculture, biochemistry
impacts greatly on the content of their fields, especially in the areas of medi-
cine and biotechnology. For engineers, studying biochemistry is especially
important for those who hope to enter a career in biomedical engineering or
some form of biotechnology.

Students who will use this text are at an intermediate level in their studies.
A beginning biology course, general chemistry, and at least one semester of
organic chemistry are assumed as preparation.

NEW TO THIS EDITION

All textbooks evolve to meet the interests and needs of students and instruc-
tors and to include the most current information. Several changes mark this
edition.

Technology integration First, and foremost, is the integration of Biochem-
istryNow,™ the first assessment-centered student learning tool for biochem-
istry! This powerful and interactive online resource helps students gauge
their unique study needs, then gives them a Personalized Learning Plan that
focuses their study time on the concepts and problems that will most enhance
their computational skills and understanding. BiochemistryNow gives stu-
dents the resources and responsibility to manage their concept mastery. The
system includes diagnostic tests to determine where students need help,
online tutorials to help turn student weaknesses into strengths, Active and
Animated Figures (which make extensive use of Java and MDL® Chime soft-
ware) to make concepts come alive, and more. Access to BiochemistryNow is
WEB-BASED and included with every new copy of Campbell and Farrell’s Bio-
chemistry, Fifth Edition. Go to http://now.brookscole.com/campbell5 for more
information.

Critical Question framework We employ a new Critical Question framework for
this edition to emphasize key biochemistry concepts. This focused approach
guides students through each chapter by using section head questions, sup-
porting concept statements, and summaries—and is enhanced by outstanding
text and media integration through BiochemistryNow. The end-of-chapter
summaries have been completely revised to reflect the Critical Question frame-
work. At the end of each chapter the Critical Questions are restated and then
the summary paragraphs are designed to highlight the concepts associated
with the questions.

New chapter on advances in biochemistry We have added a new chapter,
Chapter 14, entitled Hot Topics in Cell and Molecular Biology. This chapter con-
tains up-to-date material on new breakthroughs and topics in the area of bio-
chemistry, like SARS, gene therapy, stem-cell research, AIDS, and cancer.

Early inclusion of thermodynamics Select material on thermodynamics
appears much earlier in the text. Chapter 1 includes sections on Energy and
Change, Spontaneity, and the connection between Thermodynamics and Life. Also,
Chapter 4 contains sections on the Thermodynamics of Protein Folding and Predict-
ing Protein Folding from Sequence. We feel it is critical that students understand
the driving force of biological processes and that so much of biology (protein
folding, protein-protein interactions, small molecule binding, etc.) is driven by
the favorable disordering of water molecules.

Binchemistry@anm
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Expanded and updated coverage of select topics We have increased the cover-
age of certain important topics in the text. Now included in Chapter 4 on the
three-dimensional structure of proteins is an expanded description of prions
and chaperonins. Chapter 13 now contains Section 13.12, covering bioinfor-
matics, genomics, and proteomics. This material is included in the context
that DNA sequences, protein sequences, etc. provide the database for these
popular approaches. Also, the chapters on nucleic acids and biotechnology
have been updated significantly due to the vast interest in the human genome
project, cloning, and gene therapy, as well as proteomics.

Renumbering of chapters In response to reviewer feedback, former Inter-
chapters A (Protein Purification and Characterization Techniques) and B (Nucleic
Acid Biotechnology Techniques) have been numbered Chapters 5 and 13, respec-
tively. Reviewer feedback revealed that some felt labeling this material as
“Interchapters” relegated them as optional or superfluous. Along with the
addition of a new Chapter 14 and the deletion of former Interchapter C (The
Anabolism of Nitrogen-Containing Compounds), you may notice the text now has
24 chapters compared to 21 chapters in the fourth edition. However, we
should note that the book has not grown. In fact, the book is shorter by 48 pages!

New format in problem sets The end-of-chapter problem sets now are bro-
ken up by Critical Question and each problem is individually labeled according
to its type (Fact Check, Thought Question, Mathematical, and Biochemical Connec-
tions). Also, where appropriate, we have added a few more problems that are
more quantitative in nature. These carry the Mathematical label.

Strategy information added into Practice Session solutions Where appropri-
ate, we include suggestions on how to answer the questions asked in the Prac-
tice Sessions.

New design and art To complement the integration of BiochemistryNow and
the new Critical Question format, we have given the book an overhaul both in
design and art. Approximately 25% of the art is new to this edition, and, as
necessary, other figures have been “tuned up.”

PROVEN FEATURES

The new elements in the text build upon many time-tested features found in
previous editions.

Visual Impact One of the most distinctive features of this text is its visual
impact. Its extensive four-color art program includes artwork by the late Irv-
ing Geis, John and Bette Woolsey, and Greg Gambino of 2064 Design. The
illustrations convey meaning so powerfully, it is certain that many of them will
become standard presentations in the field.

Chapter Overviews These chapter-opening paragraphs include overviews for
each chapter. They transition together material from previous chapters with
the topics to be discussed and serve as building blocks for new ideas.

Biochemical Connections These boxes highlight special topics of particular
interest to students. Topics frequently have clinical implications such as can-
cer, AIDS, and nutrition. These essays help students make the connection
between biochemistry and the real world.

Practice Sessions The Practice Sessions are interspersed within chapters and
designed to give students problem-solving experience. The topics chosen are



those areas of study where students usually have the most difficulty. Solutions
and problem-solving strategies are now included, giving examples of the problem-
solving approach for specific material.

Summaries and Questions Each chapter closes with a concise summary, a
broad selection of questions, and an annotated bibliography. As stated previ-
ously, the summaries have been completely revised to reflect the Critical Ques-
tion framework. At the end of each chapter, the Critical Questions are restated
and the summary paragraphs highlight the concepts associated with each ques-
tion. The number of questions has been expanded in this edition to provide
additional self-testing of content mastery and more homework material. These
exercises fall into four categories: Fact Check, Thought Question, Mathematical,
and Biochemical Connections. The Fact Check questions are designed for students
to quickly assess their mastery of the material, while the Thought Question ques-
tions are for students to work through more thought-provoking questions. Bio-
chemical Connections questions test students on the Biochemical Connections essays
in that chapter. New to this edition are the Mathematical questions. These ques-
tions are quantitative in nature and focus on calculations.

Essential Information These sidebars in each chapter highlight the key,
important material. If a student flips through the chapter and reads the Essen-
tial Information boxes in the margins, even before reading the text, he or she
will have a very good idea of the content of the chapter.

Glossary and Answers

The book ends with a glossary of important terms and concepts (including
the section number where the term was first introduced), an answer section,
and a detailed index.

Accuracy

The page proofs for this text were reviewed by the authors and Dr. Paul D.
Adams of SUNY-Cortland.

ORGANIZATION

Because biochemistry is a multidisciplinary science, the first task in presenting
it to students of widely varying backgrounds is to put it in context. Chapters 1
and 2 provide the necessary background and connect biochemistry to the
other sciences. Chapters 3 through 8 focus on the structure and dynamics of
important cellular components. Molecular biology is covered in Chapters 9
through 14. The final part of the book is devoted to intermediary metabo-
lism. Some topics are discussed several times, such as the control of carbohy-
drate metabolism. Subsequent discussions make use of and build on informa-
tion students have already learned. It is particularly useful to return to a topic
after students have had time to assimilate and reflect on it.

The first two chapters of the book relate biochemistry to other fields of sci-
ence. Chapter 1 deals with some of the less obvious relationships, such as the
connections of biochemistry with physics, astronomy, and geology, mostly in
the context of the origins of life. Functional groups on organic molecules are
discussed from the point of view of their role in biochemistry. This chapter
goes on to the more readily apparent linkage of biochemistry with biology,
especially with respect to the distinction between prokaryotes and eukaryotes,
as well as the role of organelles in eukaryotic cells. New to Chapter 1 for this
edition are three sections of material on thermodynamics. Chapter 2 builds
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on material familiar from general chemistry, such as buffers and the solvent
properties of water, but emphasizes the biochemical point of view toward such
material.

The following six chapters (3 through 8), on the structure of cellular com-
ponents, focus on the structure and dynamics of proteins and membranes in
addition to giving an introduction to some aspects of molecular biology.
Chapters 3, 4, 6, and 7 deal with amino acids, peptides, and the structure and
action of proteins including enzyme catalysis. Chapter 4 includes more mate-
rial on thermodynamics, like hydrophobic interactions. The discussion of
enzymes is split into two chapters (Chapters 6 and 7) to give students more
time to fully understand enzyme kinetics and enzyme mechanisms. Chapter 5
focuses on techniques for isolating and studying proteins. Chapter 8 treats
the structure of membranes and their lipid components.

Chapters 9 through 14 explore the topics of molecular biology. Chapter 9
introduces the structure of nucleic acids. In Chapter 10, the replication of
DNA is discussed. Chapter 11 focuses on transcription and gene regulation.
This material on the biosynthesis of nucleic acids is split into two chapters to
give students ample time to appreciate the workings of these processes. Chap-
ter 12 finishes the topic with translation of the genetic message and protein
synthesis. Chapters 13 and 14 cover topics often in the news today. Chapter 13
focuses on biotechnology techniques, and Chapter 14 deals with recent phe-
nomena, like SARS, stem-cell research, and AIDS.

Chapters 15 through 24 explore intermediary metabolism. Chapter 15
opens the topic with chemical principles that provide some unifying themes.
Thermodynamic concepts learned earlier in general chemistry and in Chap-
ter 1 are applied specifically to biochemical topics such as coupled reactions.
In addition, this chapter explicitly makes the connection between metabolism
and electron transfer (oxidation—-reduction) reactions.

Coenzymes are introduced in this chapter and are discussed in later chapters
in the context of the reactions in which they play a role. Chapter 16 discusses
carbohydrates. Chapter 17 begins the overview of the metabolic pathways by
discussing glycolysis. Glycogen metabolism, gluconeogenesis, and the pentose
phosphate pathway (Chapter 18) provide bases for treating control mechanisms
in carbohydrate metabolism. Discussion of the citric acid cycle is followed by
the electron transport chain and oxidative phosphorylation in Chapters 19 and
20. The catabolic and anabolic aspects of lipid metabolism are dealt with in
Chapter 21. In Chapter 22, photosynthesis rounds out the discussion of carbo-
hydrate metabolism. Chapter 23 completes the survey of the pathways by dis-
cussing the metabolism of nitrogen-containing compounds such as amino
acids, porphyrins, and nucleobases. Chapter 24 is a summary chapter. It gives
an integrated look at metabolism, including a treatment of hormones and sec-
ond messengers. The overall look at metabolism includes a brief discussion of
nutrition and a somewhat longer one of the immune system.

This text gives an overview of important topics of interest to biochemists
and shows how the remarkable recent progress of biochemistry impinges on
other sciences. The length is intended to provide instructors with a choice of
favorite topics without being overwhelming for the limited amount of time
available in one semester.

ALTERNATIVE TEACHING OPTIONS

The order in which individual chapters are covered can be changed to suit
the needs of specific groups of students. Although we prefer an early discus-
sion of thermodynamics, the portions of Chapters 1 and 4 that deal with ther-
modynamics can be covered at the beginning of Chapter 15, The Importance of
Energy Changes and Electron Transfer in Metabolism. All of the molecular biology



chapters (9-14) can precede metabolism or can follow it, depending on the
instructor’s choice. The order in which the material on molecular biology is
treated can be varied according to the preference of the instructor.

SUPPLEMENTS

This fifth edition of Campbell and Farrell’s Biochemistry is accompanied by the
following rich array of web-based, electronic, and print supplements.

Web-Based Resources:

m BiochemistryNow at http://now.brookscole.com/campbell5 This web-based,
assessment-centered learning tool has been developed in concert with the
text and is a natural extension of the Critical Question framework. Access to
BiochemistryNow is included with every new copy of the book.

B WebTutor ToolBox for WebCT, WebTutor ToolBox for Blackboard Pre-
loaded with content and available via a free access code when packaged
with this text, WebTutor ToolBox pairs all the content of this text’s rich
Book Companion Website at http://now.brookscole.com/campbell5 with
sophisticated course management functionality. Instructors can assign
materials (including online quizzes) and have the results flow automati-
cally to their gradebook. ToolBox is ready to use upon logging on—or
instructors can customize its preloaded content by uploading images and
other resources, adding weblinks, or creating their own practice materials.
Students have access only to student resources on the website. Instructors
can enter an access code for password-protected Instructor Resources.
Contact your Thomson representative for information on packaging Web-
Tutor ToolBox with this text.

Instructor Resources

Supporting materials are available to qualified adopters. Please consult your
local Thomson Brooks/Cole sales representative for details. Visit the Biochem-
istryNow website at http://now.brookscole.com/campbell5 to see samples of
these materials, request a desk copy, locate your sales representative, or pur-
chase a copy online.

B Online Instructor’s Manual and Test Bank by Michael A. Sypes, Pennsylvania
State University. Each chapter includes a chapter summary, lecture outline,
answers to all the exercises in the text, and a bank of multiple-choice exam
questions. Electronic files of the Instructor’s Manual and Test Bank are avail-
able for download on the instructor’s website.

m iLrn Computerized Testing With a balance of efficiency and high perfor-
mance, simplicity and versatility, iLrn Testing lets instructors test the way
they teach, giving them the power to transform the learning and teaching
experience. iLrn Testing is a revolutionary, Internet-ready, cross-platform,
text-specific testing suite that allows instructors to customize exams and
track student progress in an accessible, browser-based format delivered via
the web (at http: //www.iLrn.com). Results flow automatically to instructors’
gradebooks so that they are better able than ever to assess students’ under-
standing of the material prior to class or an actual test.

B Transparency Acetates A set of 150 full-color overhead transparency acetates
of text images are available for use in lectures.

B Multimedia Manager Instructor CD-ROM A dual-platform digital library and
presentation tool that provides art, photos, and tables from the main text
in a variety of electronic formats that are easily exported into other soft-
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ware packages. Instructors can use Brooks/Cole’s text-specific presenta-
tions or customize their own presentations by importing personal lecture
slides or other selected materials.

Student Resources

m Student Lecture Notebook Contains all the instructor overhead transparency
images printed in booklet format and includes pages for student notes.
The Student Lecture Notebook can be packaged for free with each new copy of
the text.

m Experiments in Biochemistry: A Hands-On Approach by Shawn O. Farrell and
Lynn E. Taylor. This interactive manual for the introductory biochemistry
laboratory course offers a great selection of classroom-tested experiments,
each designed to be completed in a normal laboratory period.

ACKNOWLEDGMENTS

The help of many made this book possible. A grant from the Dreyfus Founda-
tion made possible the experimental introductory course that was the genesis
of many of the ideas for this text. Edwin Weaver and Francis DeToma from
Mount Holyoke College gave much of their time and energy in initiating that
course. Many others at Mount Holyoke were generous with their support,
encouragement, and good ideas, especially Anna Harrison, Lilian Hsu,
Dianne Baranowski, Sheila Browne, Janice Smith, Jeffrey Knight, Sue Ellen
Frederick Gruber, Peter Gruber, Marilyn Pryor, Craig Woodard, Diana Stein,
and Sue Rusiecki. Particular thanks go to Sandy Ward, science librarian, and
to Rosalia Tungaraza, a biochemistry major in the class of 2004. Special
thanks to Laurie Stargell, Marve Paule, and Steven McBryant at Colorado
State University for their help and editorial assistance.

We thank the many biochemistry students who have used and commented
on early versions of this text.

We would like to acknowledge colleagues who contributed their ideas and
critiques of the manuscript. Some reviewers responded to specific queries
regarding the text itself. We thank them for their efforts and their helpful
suggestions.

Denise Greathouse—University of Arkansas

Charles C. Hardin—North Carolina State University
Gavin MacBeath—Harvard University

Dr. S. Madhavan—University of Nebraska at Lincoln
Jamil Momand—CQalifornia State University, Los Angeles
Kazem Mostafapour—University of Michigan-Dearborn
Thomas L. Selby—University of Central Florida

David Smith—University of Wisconsin at Madison

Dan M. Sullivan, Ph.D.—University of Nebraska at Omaha
Martin Teintze—Montana State University

Bryan A. White—University of Illinois at Urbana-Champaign
John C. Wriston, Jr.—University of Delaware

We doubly thank Kazem Mostafapour for organizing his student evalua-
tions of this book. His students’ comments were insightful indeed.

There also were colleagues in the field who looked over our preliminary
table of contents to aid us in judging whether our proposed shifting of mate-
rial would be beneficial for students. We also thank them for their time.

m Dr. Paul D. Adams—State University of New York College at Cortland
m Arthur S. Brecher—Bowling Green State University



Preface XXiii

m Robert P. Cameron, Jr., Ph.D.—Samford University

m Jack Huang—Western Illinois University

m Dr. Theodore Jones—University of San Francisco

m William M. Scovell—Bowling Green State University

m Jeffrey Temple—Southeastern Louisiana University

m Paul Toom—Southwest Missouri State University

m Anthony P. Toste, Ph.D.—Southwest Missouri State University
m Lisa Wen—Western Illinois University

The efforts of Jay Campbell, Developmental Editor at Brooks/Cole Publish-
ing, were essential to the development of this book. Lisa Weber, Senior Pro-
duction Manager, directed production of this book with magnificent results.
Ronn Jost of Lachina Publishing Services served diligently as our production
editor. We feel privileged that the late Irving Geis contributed some of his
classic illustrations; his passing in the summer of 1997 leaves a unique place
in the sciences unfilled. Greg Gambino outdid himself at every turn with illus-
trations and turned crude sketches into works of art. Dena Digilio-Betz, photo
researcher, found many splendid photographs, in some cases with consider-
able effort. We extend our most sincere gratitude to those listed here and to
all others to whom we owe the opportunity to do this book. Instrumental in
the direction given to this project was the late John Vondeling. John was a leg-
end in the publishing field. His guidance and friendship shall be missed.

L S L.

A Final Note from Mary Campbell

I thank my family and friends, whose moral support has meant so much to

me in the course of my work. When I started this project years ago, I did not i

realize that it would become a large part of my life. It has been a thoroughly 3

satisfying one. i
¥
¥

and from Shawn Farrell

I cannot adequately convey how impossible this project would have been with-
out my wonderful family who put up with a husband and father who became :
a hermit in the back office. My wife, Courtney, knows the challenge of living

with me when I am working on 4 hours of sleep per night. It isn’t pretty, and

few would have been so understanding. I would also like to thank David Hall,

book representative, for starting me down this path, and John Vondeling for

giving me an opportunity to expand into other types of books and projects.

Lastly, of course, I thank all of my students who have helped proofread the

fifth edition, especially those who did it without getting extra credit for it.







Biochemistry and the
Organization of Cells

Complex living organisms originate from simple elements. Carbon, hydro-
gen, and oxygen combine to make up many different kinds of biomole-
cules, such as carbohydrates and fatty acids. The addition of nitrogen, as
well as sulfur, makes possible the amino acids that combine to form pro-
teins. In turn, added phosphorus provides the ingredients for making DNA,
RNA, and complex lipids. Thus, there occurs a “building-up” from atoms to
small molecular units to large biomolecules, such as proteins and the
nucleic acids, DNA and RNA. A collection of interacting molecules, encased
in a suitable membrane, becomes a cell—the basic unit of life. Cells have a
central core of the hereditary material, DNA, which contains the informa-
tion needed to make the complete organism. In one-celled prokaryotes,
such as bacteria, the nuclear material is not enclosed in a membrane. The
cells of plants and animals (called eukaryotes) are more highly organized,
with the nucleus enclosed in a separate membrane. Fungi and protists are
also classified as eukaryotes. Compartments specialized for particular func-
tions are characteristic of eukaryotic cells. In plants, photosynthesis takes
place in chloroplasts: Light energy is converted to chemical energy and
stored as carbohydrates. In the mitochondria of eukaryotic cells, the stored
energy of carbohydrates and lipids is recovered through respiration, a process
in which carbon compounds are oxidized to carbon dioxide and water.

1.1 | What Are the Basic Themes for This Text?

Living organisms, and even the individual cells of which they are composed,
are enormously complex and diverse. Nevertheless, certain unifying features
are common to all living things. They all use the same types of biomolecules,
and they all use energy. As a result, organisms can be studied via the methods
of chemistry and physics. The belief in “vital forces” (forces thought to exist
only in living organisms) held by 19th-century biologists has long since given
way to awareness of an underlying unity throughout the natural world.

Disciplines that appear to be unrelated to biochemistry can provide
answers to important biochemical questions. For example, physicists in the
early 20th century discovered that X rays can be diffracted by crystals. As a
result, the experimental method of X-ray diffraction was developed, and, with
this methodology, three-dimensional structures of molecules as complex as
proteins and nucleic acids could be determined. The field of biochemistry
draws on many disciplines, and its multidisciplinary nature allows it to use
results from many sciences to answer questions about the molecular nature of
life processes. Important applications of this kind of knowledge are made in
medically related fields; an understanding of health and disease at the molec-
ular level leads to more effective treatment of illnesses of many kinds.

The activities within a cell are similar to the transportation system of a city.
The cars, buses, and taxis correspond to the molecules involved in reactions
(or series of reactions) within a cell. The routes traveled by vehicles likewise
can be compared to the reactions that occur in the life of the cell. Note par-
ticularly that many vehicles travel more than one route—for instance, cars
and taxis can go almost anywhere—whereas other, more specialized modes of

©Tek Image/Photo Researchers, Inc.
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transportation, such as subways and streetcars, are confined to single paths.
Similarly, some molecules play multiple roles, whereas others take part only in
specific series of reactions. Also, the routes operate simultaneously; we shall see
that this is true of the many reactions within a cell.

To continue the comparison, the transportation system of a large city has
more kinds of transportation than does a smaller one. Whereas a small city
may have only cars, buses, and taxis, a large city may have all of these plus
others, such as streetcars or subways. Analogously, some reactions are found
in all cells, and others are found only in specific kinds of cells. Also, more
structural features are found in the larger, more complex cells of larger
organisms than in the simpler cells of organisms such as bacteria.

An inevitable consequence of this complexity is the large quantity of termi-
nology that is needed to describe it; learning considerable new vocabulary is
an essential part of the study of biochemistry. You will also see many cross-
references in this book, which are a reflection of the many connections
among the processes that take place in the cell.

The fundamental similarity of cells of all types makes speculating on the
origins of life interesting and illuminating. Even the structures of compara-
tively small biomolecules consist of several parts. Large biomolecules, such as
proteins and nucleic acids, have complex structures, and living cells are enor-
mously more complex. Even so, both molecules and cells must have arisen ulti-
mately from very simple molecules, such as water, methane, carbon dioxide,
ammonia, nitrogen, and hydrogen (Figure 1.1). In turn, these simple mole-
cules must have arisen from atoms. The way in which the universe itself, and
the atoms of which it is composed, came to be is a topic of great interest to
astrophysicists as well as other scientists. Simple molecules were formed by
combining atoms, and reactions of simple molecules led in turn to more com-
plex molecules. The molecules that play a role in living cells today are the
same molecules as those encountered in organic chemistry; they simply oper-
ate in a different context.

1.2 | What Is the Chemical Nature
of Important Biomolecules?

Organic chemistry is the study of compounds of carbon and hydrogen and
their derivatives. Because the cellular apparatus of living organisms is made
up of carbon compounds, biomolecules are part of the subject matter of
organic chemistry. Additionally, there are many carbon compounds that are
not found in any organism, and many topics of importance to organic chem-
istry have little connection with living things.

Until the early part of the 19th century, there was a widely held belief in
“vital forces,” forces presumably unique to living things. This belief included
the idea that the compounds found in living organisms could not be pro-
duced in the laboratory. German chemist Friedrich Wohler performed the
critical experiment that disproved this belief in 1828. Wohler synthesized
urea, a well-known waste product of animal metabolism, from ammonium
cyanate, a compound obtained from mineral (i.e., nonliving) sources.

NH,OCN — H,NCONH,
Ammonium Urea
('/\2111211(“
It has subsequently been shown that any compound that occurs in a living
organism can be synthesized in the laboratory, although in many cases the
synthesis represents a considerable challenge to even the most skilled organic
chemist.
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A FIGURE 1.1 Levels of structural organization in the human body. Note the hierarchy from
simple to complex.

The reactions of biomolecules can be described by the methods of organic
chemistry, which requires the classification of compounds according to their
functional groups. The reactions of molecules are based on the reactions of their
respective functional groups. Table 1.1 lists some biologically important func-
tional groups. Note that most of these functional groups contain oxygen and
nitrogen, which are among the most electronegative elements. As a result,
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Table 1.1

Functional Groups of Biochemical Importance
Class of General Characteristic Name of
Compound Structure Functional Group  Functional Group Example
Alkenes RCH=CH,
RCH=CHR
R,C =CHR C=C Double bond CH, =CH,
R,C =CR,
Alcohols ROH —OH Hydroxyl group CH,CH,OH
Ethers ROR —O0— Ether group CH,0OCH,
Amines RNH,
R,NH 7
RN —N N Amino group CH,NH,
Thiols RSH —SH Sulthydryl group CH,SH
i 7 7
Aldehydes R—C—H —C— Carbonyl group CH,CH
i i H
Ketones R—C—R —C— Carbonyl group CH,C CH,
(@)
Carboxylic (ﬁ I (ﬁ
acids R—C—OH —C—OH Carboxyl group CH,C OH
; ﬁ 0
Esters R—C—OR —C—OR Ester group CH,C OCH,
(@) (@)
| I % . I
Amides R—C—NR, C—N N Amide group CH,C N(CH,;),
(ﬁ
R—C—NHR
(ﬁ
R—C —NH,
(@) (@) (@)
Phosphoric acid l l I
esters RiO*P‘ —OH *071‘) —OH Phosphoric ester CH,—O *1‘) —OH
OH OH sroup OH
Phosphoric acid O o o
anhydrides Il I I l ) I [
R—O—P—O—P—OH —P—O—P— Phosphoric HO—P—O—P—OH
‘ ‘ ‘ ‘ anhydride group ‘ ‘
OH OH OH OH OH OH

The symbol R refers to any carbon-containing group. When there are several R groups in the same molecule, they may be different groups or they may be the same.

. . AN
Biochemistry(z)Now™

Go to BiochemistryNow and click on Biochemistry
Interactive for a tutorial on functional groups.

many of these functional groups are polar, and their polar nature plays a cru-
cial role in their reactivity. Some groups that are of vital importance to
organic chemists are missing from the table because molecules containing
these groups, such as alkyl halides and acyl chlorides, do not have any partic-
ular applicability in biochemistry. Conversely, carbon-containing derivatives of
phosphoric acid are mentioned infrequently in beginning courses on organic
chemistry, but esters and anhydrides of phosphoric acid (Figure 1.2) are of
vital importance in biochemistry. Adenosine triphosphate (ATP), a molecule
that is the energy currency of the cell, contains both ester and anhydride link-
ages involving phosphoric acid.

Important classes of biomolecules have characteristic functional groups
that determine their reactions. We shall discuss the reactions of the functional
groups when we consider the compounds in which they occur.
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<« FIGURE 1.2 ATP and the reactions for its
formation. (a) Reaction of phosphoric acid with a
hydroxyl group to form an ester, which contains a
P-O-R linkage. Phosphoric acid is shown in its
nonionized form in this figure. Space-filling models
of phosphoric acid and its methyl ester are shown.
The red spheres represent oxygen; the white, hydro-
gen; the green, carbon; and the orange, phosphorus.
(b) Reaction of two molecules of phosphoric acid to
form an anhydride, which contains a P-O-P linkage.
A space-filling model of the anhydride of phosphoric
acid is shown. (c) The structure of ATP (adenosine
riphosphate), showing two anhydride linkages and
one ester.
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o o Ester
| Il |
HO— Il’ —O—Il’—O— Il’ —O0

OH | OH | OH CH,

Anhydride [\

1.3 | What Can Biochemistry Say
about Possible Origins of Life?

The Earth and Its Age

To date, we are aware of only one planet that unequivocally supports life: our
own. (The widely publicized reports of life on Mars are, at the moment, in
the realm of conjecture rather than fact. See the article by Balter in the bibli-
ography at the end of this chapter for more information about this point.)
The Earth and its waters are universally understood to be the source and
mainstay of life as we know it. A natural first question is how the Earth, along
with the Universe of which it is a part, came to be.

Currently, the most widely accepted cosmological theory for the origin of
the universe is the big bang, a cataclysmic explosion. According to big-bang
cosmology, all the matter in the universe was originally confined to a compar-
atively small volume of space. As a result of a tremendous explosion, this “pri-
mordial fireball” started to expand with great force. Immediately after the big
bang, the Universe was extremely hot, on the order of 15 billion (15 X 109)
K. (Note that Kelvin temperatures are written without a degree symbol.) The
average temperature of the Universe has been decreasing ever since as a
result of expansion, and the lower temperatures have permitted the forma-
tion of stars and planets. In its earliest stages, the Universe had a fairly simple
composition. Hydrogen, helium, and some lithium (the three smallest and
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simplest elements on the periodic table) were present, having been formed in
the original big-bang explosion. The rest of the chemical elements are
thought to have been formed in three ways: (1) by thermonuclear reactions
that normally take place in stars, (2) in explosions of stars, and (3) by the
action of cosmic rays outside the stars since the formation of the galaxy. The
process by which the elements are formed in stars is a topic of interest to
chemists as well as to astrophysicists. For our purposes, note that the most abun-
dant isotopes of biologically important elements such as carbon, oxygen, nitro-
gen, phosphorus, and sulfur have particularly stable nuclei. These elements were
produced by nuclear reactions in first-generation stars, the original stars pro-
duced after the beginning of the Universe (Table 1.2). Many first-generation
stars were destroyed by explosions called supernovas, and their stellar material
was recycled to produce second-generation stars, such as our own Sun, along
with our solar system. Radioactive dating, which uses the decay of unstable
nuclei, indicates that the age of the Earth (and the rest of the solar system) is
4 billion to 5 billion (4 X 10° to 5 X 10%) years. The atmosphere of the early
Earth was very different from the one we live in, and it probably went through
several stages before reaching its current composition. The most important
difference is that, according to most theories of the origins of the Earth, very
little or no free oxygen (O,) existed in the early stages (Figure 1.3). The early
Earth was constantly irradiated with ultraviolet light from the Sun because
there was no ozone (O,) layer in the atmosphere to block it. Under these
conditions, the chemical reactions that produced simple biomolecules took
place.

The gases usually postulated to have been present in the atmosphere of
the early Earth include NH;, H,S, CO, CO,, CH,, N, Hy, and (in both liquid
and vapor forms) H,O. However, there is no universal agreement on the rela-
tive amounts of these components, from which biomolecules ultimately arose.
Many of the earlier theories of the origin of life postulated CH, as the carbon
source, but more recent studies have shown that appreciable amounts of CO,
must have existed in the atmosphere at least 3.8 billion (3.8 X 10%) years ago.
This conclusion is based on geological evidence: The earliest known rocks are
3.8 billion years old, and they are carbonates, which arise from CO, Any NHy
originally present must have dissolved in the oceans, leaving N, in the atmo-

Table 1.2

Abundance of Important Elements Relative to Carbon*

Element Abundance in Organisms Abundance in Universe
Hydrogen 80-250 10,000,000
Carbon 1,000 1,000
Nitrogen 60-300 1,600
Oxygen 500-800 5,000
Sodium 10-20 12
Magnesium 2-8 200
Phosphorus 8-50 3
Sulfur 4-20 80
Potassium 6-40 0.6
Calcium 25-50 10
Manganese 0.25-0.8 1.6
Iron 0.25-0.8 100
Zinc 0.1-0.4 0.12

* Each abundance is given as the number of atoms relative to a thousand atoms of carbon.
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A FIGURE 1.3 Conditions on early Earth would have been inhospitable for most of today’s life.
Very little or no oxygen (O,) existed. Volcanoes erupted, spewing gases, and violent thunder-
storms produced torrential rainfall that covered the Earth. The green arrow indicates the
formation of biomolecules from simple precursors.

sphere as the nitrogen source required for the formation of proteins and
nucleic acids.

Biomolecules

Experiments have been performed in which the simple compounds of the
early atmosphere were allowed to react under the varied sets of conditions
that might have been present on the early Earth. The results of such experi-
ments indicate that these simple compounds react abiotically or, as the word
indicates (a, “not” and bios, “life”), in the absence of life, to give rise to bio-
logically important compounds such as the components of proteins and
nucleic acids. Of historic interest is the well-known Miller-Urey experiment,
shown schematically in Figure 1.4. In each trial, an electric discharge, simulat-
ing lightning, is passed through a closed system that contains H,, CH,, and
NHs, in addition to H,O. Simple organic molecules, such as formaldehyde
(HCHO) and hydrogen cyanide (HCN), are typical products of such reac-
tions, as are amino acids, the building blocks of proteins. According to one
theory, reactions such as these took place in the Earth’s early oceans; other
researchers postulate that such reactions occurred on the surfaces of clay par-
ticles that were present on the early Earth. It is certainly true that mineral
substances similar to clay can serve as catalysts in many types of reactions.
Both theories have their proponents, and more research will be needed to
answer the many questions that remain.

Living cells as they exist today are assemblages that include very large mol-
ecules, such as proteins, nucleic acids, and polysaccharides. These molecules
are larger by many powers of ten than the smaller molecules from which they
are built. Hundreds or thousands of these smaller molecules, or monomers,
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Biochemical Connections

Structure and Function of Biomolecules

A study of Table 1.2 shows clearly that the distribution of ele-
ments in living organisms is very different from that in the
whole Universe (or in the Earth’s crust, ocean, and atmo-
sphere). Two of the most abundant elements in the Earth’s crust
are silicon and aluminum, 26% and 7.5% by weight, respectively.
These two elements rarely occur in living organisms. Much of
the hydrogen, oxygen, and nitrogen in the Universe is found in
the gaseous, elemental form, not combined in complex com-
pounds.

One important reason for this difference is that most living
organisms depend on the nonmetals—that is, those elements
that form complex molecules based on covalent bonding. Bio-

C C\c C (Ij_(lj
C, C/ \C/ C/ C—cC
Add one oxygen C/ \C/ \OH Primary alcohol C _C C—0O C_—CO_ C  Ether
C/C\C/C Secondary alcohol c/ \C/ B Aldehyde
) o
C>(|3— OH Tertiary alcohol C/ ¢ \C 7 ¢ Ketone
c i

Two examples illustrate the difference that minor structural
change can make. The simple sugars include glucose (a not-so-
sweet aldehyde) and fructose (a very sweet ketone), both with
the molecular formula CgH,,O4 The chemical differences

H-C—OH
HO—¢—H
H-C—OH
H-G-OH
CH,0H

Glucose

CHS OH

CH,

Testosterone

molecules are frequently made up of only six elements—carbon,
hydrogen, oxygen, nitrogen, sulfur, and phosphorus. Central to
these biomolecules is carbon, which has the unique property of
being able to bond to itself in long chains. This self-bonding is
so important in living organisms because it allows many differ-
ent compounds to be formed by mere rearrangement of the
existing skeleton, not by having to reduce the compound to its
different elements and then resynthesize them from scratch. For
example, even a four-carbon chain has three different possible
skeletons. Adding just one oxygen or double bond to this simple
molecule can provide many different structures, each potentially
with a different biological function.

between testosterone (a male sex hormone) and estrogen (a
female sex hormone) are minor, although the biological differ-
ence is not.

CH.OH
C=0
HO—¢—H
H—C—OH
H-G-OH
CH,0H

Fructose

HO
Estrogen (estradiol)
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can be linked to produce macromolecules, which are also called polymers.
The versatility of carbon is important here. Carbon is tetravalent and able to
form bonds with itself and with many other elements, giving rise to different
kinds of monomers, such as amino acids, nucleotides, and monosaccharides
(sugar monomers). In present-day cells, amino acids (the monomers) com-
bine by polymerization to form proteins, and nucleotides (also monomers)
combine to form nucleic acids; the polymerization of sugar monomers pro-
duces polysaccharides. Polymerization experiments with amino acids carried
out under early-Earth conditions have produced proteinlike polymers. Similar
experiments have been done on the abiotic polymerization of nucleotides
and sugars, which tends to happen less readily than the polymerization of
amino acids.

The several types of amino acids and nucleotides can easily be distin-
guished from one another. When amino acids form polymers, with the loss of
water accompanying this spontaneous process, the sequence of amino acids
determines the properties of the polypeptide formed. Likewise, the genetic
code lies in the sequence of monomeric nucleotides that polymerize to form
nucleic acids (Figure 1.5). In polysaccharides, however, the order of

<« FIGURE 1.4 An example of the Miller-Urey
experiment. Water is heated in a closed system that
also contains CH,, NH;, and H,. An electric dis-
charge is passed through the mixture of gases to
simulate lightning. After the reaction has been
allowed to take place for several days, organic mole-
cules such as formaldehyde (HCHO) and hydrogen
cyanide (HCN) accumulate. Amino acids are also fre-
quently encountered as products of such reactions.
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Biochemistry(Z)Now™ ACTIVE FIGURE 1.5
Biological macromolecules are informational. The
sequence of monomeric units in a biological polymer
has the potential to contain information if the order
of units is not overly repetitive. Nucleic acids and
proteins are informational macromolecules; poly-
saccharides are not. Watch this Active Figure at
http://now.brookscole.com/campbell5

Essential Information

Several classes of molecules play a key role in life
processes. Among the most important are proteins
and nucleic acids. Both proteins and nucleic acids
are polymers, very large molecules formed by link-
ing together smaller units called monomers. In the
case of proteins, the monomers are amino acids; in
nucleic acids, the monomers are nucleotides.

A strand of DNA
TR AT A AR
A polypeptide segment

A polysaccharide chain
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monomers rarely has an important effect on the properties of the polymer,
nor does the order of the monomers carry any genetic information. (Other
aspects of the linkage between monomers are important in polysaccharides, as
we shall see when we discuss carbohydrates in Chapter 16). Notice that all the
building blocks have a “head” and a “tail,” giving a sense of direction even at
the monomer level (Figure 1.6).

The effect of monomer sequence on the properties of polymers can be
illustrated by another example. Proteins of the class called enzymes display cat-
alytic activity, which means that they increase the rates of chemical reactions
compared with uncatalyzed reactions. In the context of the origin of life, cat-
alytic molecules can facilitate the production of large numbers of complex
molecules, allowing for the accumulation of such molecules. When a large
group of related molecules accumulates, a complex system arises with some of
the characteristics of living organisms. Such a system has a nonrandom orga-
nization, it tends to reproduce itself, and it competes with other systems for
the simple organic molecules present in the environment. One of the most
important functions of proteins is catalysis, and the catalytic effectiveness of a
given enzyme depends on its amino acid sequence. The specific sequence of
the amino acids present ultimately determines the properties of all types of
proteins, including enzymes.

In present-day cells, the sequence of amino acids in proteins is determined
by the sequence of nucleotides in nucleic acids. The process by which genetic
information is translated into the amino acid sequence is very complex. DNA
(deoxyribonucleic acid), one of the nucleic acids, serves as the coding material.
The genetic code is the relationship between the nucleotide sequence in
nucleic acids and the amino acid sequence in proteins. As a result of this rela-
tionship, the information for the structure and function of all living things is
passed from one generation to the next. The workings of the genetic code
are no longer completely mysterious, but they are far from completely under-
stood. Theories on the origins of life consider how a coding system might
have developed, and new insights in this area could shine some light on the
present-day genetic code.

Molecules to Cells

A discovery with profound implications for discussions of the origin of life is
that RNA (ribonucleic acid), another nucleic acid, is capable of catalyzing its
own processing. Until this discovery, catalytic activity was associated exclusively
with proteins. RNA, rather than DNA, is now considered by many scientists to
have been the original coding material, and it still serves this function in
some viruses. The idea that catalysis and coding both occur in one molecule
has provided a point of departure for more research on the origins of life.
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(See the article by Cech in the bibliography at the end of this chapter.) The
“RNA world” is the current conventional wisdom, but many unanswered ques-
tions exist regarding this point of view.

According to the RNA-world theory, the appearance of a form of RNA
capable of coding for its own replication was the pivotal point in the origin of
life. Polynucleotides can direct the formation of molecules whose sequence is
an exact copy of the original. This process depends on a template mechanism
(Figure 1.7), which is highly effective in producing exact copies but is a rela-
tively slow process. A catalyst is required, which can be a polynucleotide, even
the original molecule itself. Polypeptides, however, are more efficient catalysts
than polynucleotides, but there is still the question whether they can direct

11
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A FIGURE 1.7 Polynucleotides use a template

mechanism to produce exact copies of themselves: G
pairs with C, and A pairs with U by a relatively weak
interaction. The original strand acts as a template to
direct the synthesis of a complementary strand. The
complementary strand then acts as a template for the
production of copies of the original strand. Note that
the original strand can be a template for a number of
complementary strands, each of which in turn can
produce a number of copies of the original strand.
This process gives rise to a many-fold amplification of
the original sequence. (Copyright © 1994 from The Molec-
ular Biology of the Cell, 3rd Edition by A. Alberts, D. Bray, J.
Lewis, M. Raff, K. Roberts, and J. D. Watson. Reproduced by per-

mission of Garland Science/Taylor & Francis Books, Inc.)

the formation of exact copies of themselves. Recall that, in present-day cells,
the genetic code is based on nucleic acids, and catalysis relies primarily on
proteins. How did nucleic acid synthesis (which requires many protein
enzymes) and protein synthesis (which requires the genetic code to specify
the order of amino acids) come to be? According to this hypothesis, RNA (or
a system of related kinds of RNA) originally played both roles, catalyzing and
encoding its own replication. Eventually, the system evolved to the point of
being able to encode the synthesis of more effective catalysts, namely proteins
(Figure 1.8). Even later, DNA took over as the primary genetic material, rele-
gating the more versatile RNA to an intermediary role in directing the synthe-
sis of proteins under the direction of the genetic code residing in DNA. A cer-
tain amount of controversy surrounds this theory, but it has attracted
considerable attention recently. Many unanswered questions remain about
the role of RNA in the origin of life, but clearly that role must be important.

Another key point in the development of living cells is the formation of
membranes that separate cells from their environment. The clustering of cod-
ing and catalytic molecules in a separate compartment brings molecules into
closer contact with each other and excludes extraneous material. For reasons
we shall explore in detail in Chapters 2 and 8, lipids are perfectly suited to
form cell membranes (Figure 1.9).

Some theories on the origin of life focus on the importance of proteins in
the development of the first cells. A strong piece of experimental evidence
for the importance of proteins is that amino acids form readily under abiotic
conditions, whereas nucleotides do so with great difficulty. Proteinoids are
artificially synthesized polymers of amino acids, and their properties can be
compared with those of true proteins. Although some evidence exists that the
order of amino acids in artificially synthesized proteinoids is not completely
random—a certain order is preferred—there is no definite amino acid
sequence. In contrast, a well-established, unique amino acid sequence exists for each
protein produced by present-day cells. According to the theory that gives primary
importance to proteins, aggregates of proteinoids formed on the early Earth,
probably in the oceans or at their edges. These aggregates took up other abi-
otically produced precursors of biomolecules to become protocells, the precur-
sors of true cells. Several researchers have devised model systems for proto-
cells. In one model, artificially synthesized proteinoids are induced to
aggregate, forming structures called microspheres. Proteinoid microspheres are
spherical in shape, as the name implies, and, in a given sample, they are
approximately uniform in diameter. Such microspheres are certainly not cells,
but they provide a model for protocells. Microspheres prepared from pro-
teinoids with catalytic activity exhibit the same catalytic activity as the pro-
teinoids. Furthermore, it is possible to construct such aggregates with more
than one type of catalytic activity as a model for primitive cells. Note that
these aggregates lack a coding system. Self-replication of peptides (coding
and catalysis carried out by the same molecule) has been reported (see the
article by Lee et al. in the bibliography at the end of this chapter), but that
work was done on isolated peptides, not on aggregates.

Recently, attempts have been made to combine several lines of reasoning
about the origin of life into a double-origin theory. According to this line of
thought, the development of catalysis and the development of a coding sys-
tem came about separately, and the combination of the two produced life as
we know it. The rise of aggregates of molecules capable of catalyzing reac-
tions was one origin of life, and the rise of a nucleic acid-based coding system
was another origin.

A theory that life began on clay particles is a form of the double-origin the-
ory. According to this point of view, coding arose first, but the coding mate-
rial was the surface of naturally occurring clay. The pattern of ions on the clay
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stage, more complexity appears in the group of RNAs, leading eventually to the synthesis of pro-
teins as more effective catalysts. (Copyright © 1994 from The Molecular Biology of the Cell, 3rd Edition by A.

Alberts, D. Bray, J. Lewis, M. Raff, K. Roberts, and_J. D. Watson. Reproduced by permission of Garland Science/Taylor &
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A FIGURE 1.9 The vital importance of a cell membrane in the origin of life. Without compart-
ments, groups of RNA molecules must compete with others in their environment for the proteins
they synthesize. With compartments, the RNAs have exclusive access to the more effective catalysts
and are closer to each other, making it easier for reactions to take place. (Copyright © 1994 from The
Molecular Biology of the Cell, 3rd Edition by A. Alberts, D. Bray, J. Lewis, M. Raff, K. Roberts, and J. D. Watson. Repro-
duced by permission of Garland Science/Taylor & Francis Books, Inc.)
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surface is thought to have served as the code (see the reference by Cairns-
Smith in the bibliography at the end of this chapter), and the process of crys-
tal growth is thought to have been responsible for replication. Simple mole-
cules, and then protein enzymes, arose on the clay surface, eventually giving
rise to aggregates that provided the essential feature of compartmentalization.
At some later date, the rise of RNA provided a far more efficient coding sys-
tem than clay, and RNA-based cells replaced clay-based cells. This scenario
assumes that time is not a limiting factor in the process.

At this writing, none of the theories of the origin of life is definitely estab-
lished, and none is definitely disproved. The topic is still under active investi-
gation. It seems highly unlikely that we will ever know with certainty how life
originated on this planet.

1.4 | How Do Prokaryotes and Eukaryotes
Differ in Levels of Organization?

Both prokaryotic and eukaryotic cells contain DNA. The total DNA of a cell is
called the genome. Individual units of heredity, controlling individual traits by
coding for a functional protein or RNA, are genes.

The earliest cells that evolved must have been very simple, having the min-
imum apparatus necessary for life processes. The types of organisms living
today that probably most resemble the earliest cells are the prokaryotes. This
word, of Greek derivation (karyon, “kernel, nut”), literally means “before the
nucleus.” Prokaryotes include bacteria and cyanobacteria. (Cyanobacteria were
formerly called blue-green algae; as the newer name indicates, they are more
closely related to bacteria.) Prokaryotes are single-celled organisms, but
groups of them can exist in association, forming colonies with some differen-
tiation of cellular functions.

The word “eukaryote” means true nucleus. Eukaryotes are more complex
organisms and can be multicellular or single-celled. A well-defined nucleus,
set off from the rest of the cell by a membrane, is one of the chief features
distinguishing a eukaryote from a prokaryote. A growing body of fossil evi-
dence indicates that eukaryotes evolved from prokaryotes about 1.5 billion
(1.5 X 10%) years ago, about 2 billion years after life first appeared on Earth.
Examples of single-celled eukaryotes include yeasts and Paramecium (an
organism frequently discussed in beginning biology courses); all multicellular
organisms (e.g., animals and plants) are eukaryotes. As might be expected,
eukaryotic cells are more complex and usually much larger than prokaryotic
cells. The diameter of a typical prokaryotic cell is on the order of 1 to 3 wm
(I X 1075 to 3 X 1075 m), whereas that of a typical eukaryotic cell is about 10
to 100 pm. The distinction between prokaryotes and eukaryotes is so basic
that it is now a key point in the classification of living organisms; it is far more
important than the distinction between plants and animals.

The main difference between prokaryotic and eukaryotic cells is the existence of
organelles, especially the nucleus, in eukaryotes. An organelle is a part of the cell
that has a distinct function; it is surrounded by its own membrane within the
cell. In contrast, the structure of a prokaryotic cell is relatively simple, lacking
membrane-enclosed organelles. Like a eukaryotic cell, however, a prokaryotic
cell has a cell membrane, or plasma membrane, separating it from the out-
side world. The plasma membrane is the only membrane found in the
prokaryotic cell. Both in prokaryotes and in eukaryotes, the cell membrane
consists of a double layer (bilayer) of lipid molecules with a variety of proteins
embedded in it.

Organelles have specific functions. A typical eukaryotic cell has a nucleus
with a nuclear membrane. Mitochondria (respiratory organelles) and an inter-




1.5 What Are the Main Structural Features of Prokaryotic Cells?

Table 1.3

A Comparison of Prokaryotes and Eukaryotes

Organelle Prokaryotes Eukaryotes

Nucleus No definite nucleus; DNA present but Present
not separate from rest of cell

Cell membrane Present Present

(plasma membrane)

Mitochondria None; enzymes for oxidation reactions Present
located on plasma membrane

Endoplasmic reticulum  None Present

Ribosomes Present Present

Chloroplasts None; photosynthesis (if present) Present in
is localized in chromatophores green plants

nal membrane system known as the endoplasmic reticulum are also common to
all eukaryotic cells. Energy-yielding oxidation reactions take place in eukary-
otic mitochondria. In prokaryotes, similar reactions occur on the plasma
membrane. Ribosomes (particles consisting of RNA and protein), which are the
sites of protein synthesis in all living organisms, are frequently bound to the
endoplasmic reticulum in eukaryotes. In prokaryotes, ribosomes are found
free in the cytosol. A distinction can be made between the cytoplasm and the
cytosol. Cytoplasm refers to the portion of the cell outside the nucleus, and the
cytosol is the aqueous portion of the cell that lies outside the membrane-
bounded organelles. Chloroplasts, organelles in which photosynthesis takes
place, are found in plant cells and green algae. In prokaryotes that are capa-
ble of photosynthesis, the reactions take place in layers called chromatophores,
which are extensions of the plasma membrane, rather than in chloroplasts.

Table 1.3 summarizes the basic differences between prokaryotic and
eukaryotic cells.

What Are the Main Structural
Features of Prokaryotic Cells?

1.5

Although no well-defined nucleus is present in prokaryotes, the DNA of the
cell is concentrated in one region called the nuclear region. This part of the
cell directs the workings of the cell very much as the eukaryotic nucleus does.
The DNA of prokaryotes is not complexed with proteins in extensive arrays
with specified architecture, as is the DNA of eukaryotes. In general, there is
only a single, closed, circular molecule of DNA in prokaryotes. This circle of
DNA, which is the genome, is attached to the cell membrane. Before a
prokaryotic cell divides, the DNA replicates itself, and both DNA circles are
bound to the plasma membrane. The cell then divides, and each of the two
daughter cells receives one copy of the DNA (Figure 1.10).

In a prokaryotic cell, the cytosol (the fluid portion of the cell outside the
nuclear region) frequently has a slightly granular appearance because of the
presence of ribosomes. Because these consist of RNA and protein, they are
also called ribonucleoprotein particles; they are the sites of protein synthesis in all
organisms. The presence of ribosomes is the main visible feature of prokary-
otic cytosol. (Membrane-bound organelles, characteristic of eukaryotes, are
not found in prokaryotes.)

A. B. Dowsett/SPL/Photo Researchers, Inc.
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Essential Information

Cells contain DNA and are separated from their
environment by a cell membrane. Prokaryotic cells
do not have significant internal membranes, but
the larger cells of eukaryotes have an extensive
membrane system. The internal membranes mark
off the organelles, portions of the cell with a spe-
cific function.

Cell
membrane

Ribosomes

Cell wall

Nuclear region
(lighter area
toward center
of cell)

A FIGURE 1.10 A colored electron microscope
image of a typical prokaryote: the bacterium
Escherichia coli (magnified 16,500X). The pair in the
center shows that division into two cells is nearly
complete.
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Every cell is separated from the outside world by a cell membrane, or
plasma membrane, an assemblage of lipid molecules and proteins. In addi-
tion to the cell membrane and external to it, a prokaryotic bacterial cell has a
cell wall, which is made up mostly of polysaccharide material, a feature it
shares with eukaryotic plant cells. The chemical natures of prokaryotic and
eukaryotic cell walls differ somewhat, but a common feature is that the poly-
merization of sugars produces the polysaccharides found in both. Because the
cell wall is made up of rigid material, it presumably serves as protection for
the cell.

1.6 | What Are the Main Structural
Features of Eukaryotic Cells?

Multicellular plants and animals are eukaryotes, as are protista and fungi, but
obvious differences exist among them. These differences are reflected on the
cellular level. Plant cells, like bacteria, have cell walls. A plant cell wall is
mostly made up of the polysaccharide cellulose, giving the cell its shape and
mechanical stability. Chloroplasts, the photosynthetic organelles, are found in
green plants and algae.

Animal cells have neither cell walls nor chloroplasts; the same is true of
some protists. Figure 1.11 shows some of the important differences between
typical plant cells, typical animal cells, and prokaryotes.

Important Organelles

The nucleus is perhaps the most important eukaryotic organelle. A typical
nucleus exhibits several important structural features (Figure 1.12). It is sur-
rounded by a nuclear double membrane (usually called the nuclear envelope).
One of its prominent features is the nucleolus, which is rich in RNA. The
RNA of a cell (with the exception of the small amount produced in such
organelles as mitochondria and chloroplasts) is synthesized on a DNA tem-
plate in the nucleolus for export to the cytoplasm through pores in the
nuclear membrane. This RNA is ultimately destined for the ribosomes. Also
visible in the nucleus, frequently near the nuclear membrane, is chromatin,
an aggregate of DNA and protein. The main eukaryotic genome (its nuclear
DNA) is duplicated before cell division takes place, as in prokaryotes. In
eukaryotes, both copies of DNA, which are to be equally distributed between
the daughter cells, are associated with protein. When a cell is about to divide,
the loosely organized strands of chromatin become tightly coiled, and the
resulting chromosomes can be seen under a microscope. The genes, responsi-
ble for the transmission of inherited traits, are part of the DNA found in each
chromosome.

A second very important eukaryotic organelle is the mitochondrion, which,
like the nucleus, has a double membrane (Figure 1.13). The outer membrane
has a fairly smooth surface, but the inner membrane exhibits many folds
called cristae. The space within the inner membrane is called the matrix. Oxi-
dation processes that occur in mitochondria yield energy for the cell. Most of
the enzymes responsible for these important reactions are associated with the
inner mitochondrial membrane. Other enzymes needed for oxidation reac-
tions, as well as DNA that differs from that found in the nucleus, are found in
the internal mitochondrial matrix. Mitochondria also contain ribosomes simi-
lar to those found in bacteria. Mitochondria are approximately the size of
many bacteria, typically about 1 wm in diameter and 2 to 8 pm in length. In
theory, they may have arisen from the absorption of aerobic bacteria by larger
host cells.
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A FIGURE 1.11 A comparison of (a) a typical animal cell, (b) a typical plant cell, and (c) a
prokaryotic cell.

Double Pore in
Nucleolus membrane membrane

Courtesy of Dr. Sue Ellen Gruber, Mt. Holyoke College
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[ - ’ ) . — <« FIGURE 1.12 The nucleus of a tobacco leaf cell

Vacuole Chromatin Immature (magnified 15,000X).
granules choroplasts
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» FIGURE 1.13 Mouse liver mitochondria (magni-
fied 50,000X).

» FIGURE 1.14 Rough endoplasmic reticulum
from mouse liver cells (magnified 50,000X).

Outer membrane Inner membrane

Courtesy of Dr. Sue Ellen Gruber, Mt. Holyoke College

Matrix  Cristae Ribosomes Rough endoplasmic
reticulum

Mitochondria

Courtesy of Dr. Sue Ellen Gruber, Mt. Holyoke College

“Double” membranes Ribosomes

(formed by doubling back
of single membranes)

The endoplasmic reticulum (ER) is part of a continuous single-membrane
system throughout the cell; the membrane doubles back on itself to give the
appearance of a double membrane in electron micrographs. The endoplas-
mic reticulum is attached to the cell membrane and to the nuclear mem-
brane. It occurs in two forms, rough and smooth. The rough endoplasmic reticu-
lum is studded with ribosomes bound to the membrane (Figure 1.14).
Ribosomes, which can also be found free in the cytosol, are the sites of pro-
tein synthesis in all organisms. The smooth endoplasmic reticulum does not have
ribosomes bound to it.

Chloroplasts are important organelles found only in green plants and
green algae. Their structure includes membranes, and they are relatively
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large, typically up to 2 pm in diameter and 5 to 10 pm in length. The photo-
synthetic apparatus is found in specialized structures called grana (singular
granum), membranous bodies stacked within the chloroplast. Grana are easily
seen through an electron microscope (Figure 1.15). Chloroplasts, like mito-
chondria, contain a characteristic DNA that is different from that found in
the nucleus. Chloroplasts and mitochondria also contain ribosomes similar to
those found in bacteria.

Other Organelles and Cellular Constituents

Membranes are important in the structures of some less well-understood
organelles. One, the Golgi apparatus, is separate from the endoplasmic retic-
ulum but is frequently found close to the smooth endoplasmic reticulum. It is
a series of membranous sacs (Figure 1.16). The Golgi apparatus is involved in
secretion of proteins from the cell, but it also occurs in cells in which the pri-
mary function is not protein secretion. In particular, it is the site in the cell in
which sugars are linked to other cellular components, such as proteins. The
function of this organelle is still a subject of research.

Other organelles in eukaryotes are similar to the Golgi apparatus in that
they involve single, smooth membranes and have specialized functions. Lyso-
somes, for example, are membrane-enclosed sacs containing hydrolytic
enzymes that could cause considerable damage to the cell if they were not
physically separated from the lipids, proteins, or nucleic acids that they are

Biophoto Associates/Photo Researchers, Inc.

Don W. Fawcett/Photo Researchers, Inc.

Stack of flattened
membranous vesicles

Essential Information

Three of the most important organelles in eukary-
otic cells are the nucleus, the mitochondrion, and
the chloroplast. Each is separated from the rest of
the cell by a double membrane. The nucleus con-
tains most of the DNA of the cell and is the site of
RNA synthesis. The mitochondria contain enzymes
that catalyze important energy-yielding reactions.
Chloroplasts, which are found in green plants and
green algae, are the sites of photosynthesis. Both
mitochondria and chloroplasts contain DNA that
differs from that found in the nucleus, and both
carry out transcription and protein synthesis dis-
tinct from that directed by the nucleus.

<« FIGURE 1.15 An electron microscope image of a
chloroplast from the alga Nitella (magnified
60,000X).

<« FIGURE 1.16 Golgi apparatus from a mam-
malian cell (magnified 25,000X).
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able to attack. Inside the lysosome, these enzymes break down target mole-
cules, usually from outside sources, as a first step in processing nutrients for
the cell. Peroxisomes are similar to lysosomes; their principal characteristic is
that they contain enzymes involved in the metabolism of hydrogen peroxide
(HyO,), which is toxic to the cell. The enzyme catalase, which occurs in per-
oxisomes, catalyzes the conversion of HyO, to H,O and O,. Glyoxysomes are
found in plant cells only. They contain the enzymes that catalyze the glyoxylate
cycle, a pathway that converts some lipids to carbohydrate with glyoxylic acid
as an intermediate.

The cytosol was long considered to be nothing more than a viscous liquid,
but recent studies by electron microscopy have revealed that this part of the
cell has some internal organization. The organelles are held in place by a lat-
tice of fine strands that seem to consist mostly of protein. This cytoskeleton,
or microtrabecular lattice, is connected to all organelles (Figure 1.17). Many
questions remain about its function in cellular organization, but its impor-
tance in maintaining the infrastructure of the cell is not doubted.

The cell membrane of eukaryotes serves to separate the cell from the out-
side world. It consists of a double layer of lipids, with several types of proteins
embedded in the lipid matrix. Some of the proteins transport specific sub-
stances across the membrane barrier. Transport can take place in both direc-
tions, with substances useful to the cell being taken in and others being
exported.

Plant cells (and algae), but not animal cells, have cell walls external to the
plasma membrane. The cellulose that makes up plant cell walls is a major
component of plant material; wood, cotton, linen, and most types of paper
are mainly cellulose. Also present in plant cells are large central vacuoles, sacs
in the cytoplasm surrounded by a single membrane. Although vacuoles some-
times appear in animal cells, those in plants are more prominent. They tend
to increase in number and size as the plant cell ages. An important function
of vacuoles is to isolate waste substances that are toxic to the plant and are
produced in greater amounts than the plant can secrete to the environment.

© Manfred Schliwa/Visuals Unlimited

A FIGURE 1.17 The microtrabecular lattice. (a) This network of filaments, also called the
cytoskeleton, pervades the cytosol. Some filaments, called microtubules, are known to consist of
the protein tubulin. Organelles such as mitochondria are attached to the filaments. (b) An elec-
tron micrograph of the microtrabecular lattice (magnified 87,450X).
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Table 1.4

A Summary of Organelles and Their Functions

Organelle Function

Nucleus Location of main genome; site of most DNA and RNA
synthesis

Mitochondrion Site of energy-yielding oxidation reactions; has its own
DNA

Chloroplast Site of photosynthesis in green plants and algae; has its
own DNA

Endoplasmic reticulum  Continuous membrane throughout the cell; rough part
studded with ribosomes (the site of protein synthesis)*

Golgi apparatus Series of flattened membranes; involved in secretion of
proteins from cells and in reactions that link sugars to
other cellular components

Lysosomes Membrane-enclosed sacs containing hydrolytic enzymes

Peroxisomes Sacs that contain enzymes involved in the metabolism of
hydrogen peroxide

Cell membrane Separates the cell contents from the outside world;

contents include organelles (held in place by the
cytoskeleton™®) and the cytosol

Cell wall Rigid exterior layer of plant cells

Central vacuole Membrane-bounded sac (plant cells)

* Because an organelle is defined as a portion of a cell enclosed by a membrane, ribosomes are not, strictly speaking,
organelles. Smooth endoplasmic reticulum does not have ribosomes attached, and ribosomes also occur free in the cytosol.
The definition of organelle also affects discussion of the cell membrane, cytosol, and cytoskeleton.

These waste products may be unpalatable or even poisonous enough to dis-
courage herbivores (plant-eating organisms) from ingesting them and may
thus provide some protection for the plant.

Table 1.4 summarizes organelles and their functions.

1.7 | How Do We Classify Organisms:
Five Kingdoms or Three Domains?

The original biological classification scheme, established in the 18th century,
divided all organisms into two kingdoms: the plants and the animals. In this
scheme, plants are organisms that obtain food directly from the Sun, and ani-
mals are organisms that move about to search for food. It was discovered that
some organisms, bacteria in particular, do not have an obvious relationship to
either kingdom. It has also become clear that a more fundamental division of
living organisms is actually not between plants and animals, but between
prokaryotes and eukaryotes. In the 20th century, classification schemes that
divide living organisms into more than the two traditional kingdoms have
been introduced. The five-kingdom system takes into account the differences
between prokaryotes and eukaryotes, and it also provides classifications for
eukaryotes that appear to be neither plants nor animals.

The kingdom Monera consists only of prokaryotic organisms. Bacteria and
cyanobacteria are members of this kingdom. The other four kingdoms are
made up of eukaryotic organisms. The kingdom Protista includes unicellular
organisms such as FEuglena, Volvox, Amoeba, and Paramecium. Some protists,
including algae, are multicellular. The three kingdoms that consist mainly of
multicellular eukaryotes (with a few unicellular eukaryotes) are Fungi, Plantae,

21
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A FIGURE 1.18 The five-kingdom classification scheme.

and Animalia. The kingdom Fungi includes yeasts, molds, and mushrooms.
Fungi, plants, and animals must have evolved from simpler eukaryotic ances-
tors, but the major evolutionary change was the development of eukaryotes
from prokaryotes (Figure 1.18).

There is a group of organisms that can be classified as prokaryotes in the
sense that the organisms lack a well-defined nucleus. These organisms are
called archaebacteria (early bacteria) to distinguish them from eubacteria
(true bacteria) because there are marked differences between the two kinds
of organisms. Archaebacteria are found in extreme environments (see Bio-
chemical Connections box) and, for this reason, are also called extremo-
philes. Most of the differences between archaebacteria and other organisms
are biochemical features, such as the molecular structure of the cell walls,
membranes, and some types of RNA. (The article by Woese listed in the bibli-
ography at the end of this chapter makes biochemical comparisons between
archaebacteria and other life forms.) Some biologists prefer a three-domain
classification scheme—Bacteria (eubacteria), Archaea (archaebacteria), and
Eukarya (eukaryotes)—to the five-kingdom classification (Figure 1.19). The
basis for this preference is the emphasis on biochemistry as the basis for clas-
sification. The three-domain classification scheme will certainly become more
important as time goes on. A complete genome of the archaebacterium
Methanococcus jannaschii has been obtained (see the article by Morrell in the
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<« FIGURE 1.19 The three-domain classification
scheme. Two domains, Bacteria and Archaea, consist
of prokaryotes. The third kingdom, Eukarya, consists
of eukaryotes. All three domains have a common
ancestor early in evolution. (Reprinted with permission from
Science 273, 1044. Copyright © 1996 AAAS.)

bibliography at the end of this chapter). More than half the genes of this
organism (56%) differ markedly from genes already known in both prokary-
otes and eukaryotes, a piece of evidence that lends strong support to a three-
domain classification scheme. Complete genomes are being obtained for
organisms from all three domains. They include those of bacteria such as
Haemophilus influenzae and Escherichia coli, the latter being a bacterium in
which many biochemical pathways have been investigated. Complete
sequences for eukaryotes such as Saccharomyces cerevisiae (brewer’s yeast), Ara-
bidopsis thaliana (mouse-ear cress), and Caenorhabditis elegans (a nematode)

Biochemical Connections

Archaebacteria live in extreme environments and, therefore, are
sometimes called extremophiles. The three groups of archaebac-
teria—methanogens, halophiles, and thermacidophiles—have
specific preferences about the precise nature of their environ-
ment. Methanogens are strict anaerobes that produce methane
(CH,) from carbon dioxide (CO,) and hydrogen (H,).
Halophiles require very high salt concentrations, such as those
found in the Dead Sea, for growth. Thermacidophiles require high
temperatures and acid conditions for growth—typically, 80°C-
90°C and pH 2. These growth requirements may have resulted
from adaptations to harsh conditions on the early Earth. Since
these organisms can tolerate these conditions, the enzymes they
produce must also be stable. Most enzymes isolated from eubac-
teria and eukaryotes are not stable under such conditions. Some
of the reactions that are of greatest importance to the biotech-
nology industry are both enzyme-catalyzed and carried out
under conditions that cause most enzymes to lose their catalytic
ability in a short time. This difficulty can be avoided by using
enzymes from extremophiles. An example is the DNA poly-
merase from Thermus aquaticus (Taq polymerase). Polymerase
chain reaction (PCR) technology depends heavily on the prop-
erties of this enzyme (Section 13.6). Representatives of the
biotechnology industry constantly search undersea thermal vents
and hot springs for organisms that can provide such enzymes.

Extremophiles: The Toast of the Biotechnology Industry

Sherrie Jones/Phato Researchers Inc.

A A hot spring at Yellowstone National Park. Some bacteria can
thrive even in this inhospitable environment.
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James King-Holmes/SPL/Photo Researchers, Inc.

A Like that of humans, the genome of Caenorhabditis
elegans has been decoded. C. elegans is ideal for study-
ing genetic blueprints because of its tendency to
reproduce by self-fertilization. This results in off-
spring that are identical to the parent.

C. P. Vance/Visuals Unlimited

A FIGURE 1.20 Leguminous plants live symbioti-
cally with nitrogen-fixing bacteria in their root
systems.

have been obtained. The sequencing of the genomes of the mouse (Mus mus-
culus) and Drosophila melanogaster (a fruit fly) has also been completed, with
genome sequences of many more organisms on the way. The most famous of
all genome-sequencing projects, that for the human genome, has received
wide publicity, with the results now available on the World Wide Web.

1.8 | Is There Common Ground for All Cells?

The complexity of eukaryotes raises many questions about how such cells
arose from simpler progenitors. Symbiosis plays a large role in current theo-
ries of the rise of eukaryotes; the symbiotic association between two organisms
is seen as giving rise to a new organism that combines characteristics of both
the original ones. The type of symbiosis called mutualism is a relationship that
benefits both species involved, as opposed to parasitic symbiosis, in which one
species gains at the other’s expense. A classic example of mutualism
(although it has been questioned from time to time) is the lichen, which con-
sists of a fungus and an alga. The fungus provides water and protection for
the alga; the alga is photosynthetic and provides food for both partners.
Another example is the root-nodule system formed by a leguminous plant,
such as alfalfa or beans, and anaerobic nitrogen-fixing bacteria (Figure 1.20).
The plant gains useful compounds of nitrogen, and the bacteria are pro-
tected from oxygen, which is harmful to them. Still another example of mutu-
alistic symbiosis, of great practical interest, is that between humans and bacte-
ria, such as Escherichia coli, that live in the intestinal tract. The bacteria receive
nutrients and protection from their immediate environment. In return, they
aid our digestive process. Without beneficial intestinal bacteria, we would
soon develop dysentery and other intestinal disorders. These bacteria are also
a source of certain vitamins for us, since they can synthesize these vitamins
and we cannot. The disease-causing strains of E. coli that have been in the
news from time to time differ markedly from the ones that naturally inhabit
the intestinal tract.

In hereditary symbiosis, a larger host cell contains a genetically determined
number of smaller organisms. An example is the protist Cyanophora paradoxa,
a eukaryotic host that contains a genetically determined number of cyanobac-
teria (blue-green algae). This relationship is an example of endosymbiosis,
because the cyanobacteria are contained within the host organism. The
cyanobacteria are aerobic prokaryotes and are capable of photosynthesis (Fig-
ure 1.21). The host cell gains the products of photosynthesis; in return, the
cyanobacteria are protected from the environment and still have access to
oxygen and sunlight because of the host’s small size. In this model, with the
passage of many generations, the cyanobacteria would have gradually lost the
ability to exist independently and would have become organelles within a new
and more complex type of cell. Such a situation in the past may well have
given rise to chloroplasts, which are not capable of independent existence.
Their autonomous DNA and their apparatus for synthesizing ribosomal pro-
teins can no longer meet all their needs, but the very fact that these
organelles have their own DNA and are capable of protein synthesis suggests
that they may have existed as independent organisms in the distant past.

A similar model can be proposed for the origin of mitochondria. Consider
this scenario: A large anaerobic host cell assimilates a number of smaller aer-
obic bacteria. The larger cell protects the smaller ones and provides them
with nutrients. As in the example we used for the development of chloro-
plasts, the smaller cells still have access to oxygen. The larger cell is not itself
capable of aerobic oxidation of nutrients, but some of the end products of its
anaerobic oxidation can be further oxidized by the more efficient aerobic
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A FIGURE 1.21 Stromatolite fossils. Stromatolites are large, stony, cushionlike masses, composed
of numerous layers of cyanobacteria (blue-green algae) that have been preserved due to their abil-
ity to secrete calcium carbonate. They are among the oldest organic remains to have been found.
This specimen dates from around 2.4 billion years ago. Stromatolite formation reached a peak
during the late Precambrian period (4000-570 million years ago) but is still occurring today. This
specimen was found in Argentina.

metabolism of the smaller cells. As a result, the larger cell can get more
energy out of a given amount of food than it could without the bacteria. In
time, the two associated organisms evolve to form a new aerobic organism,
which contains mitochondria derived from the original aerobic bacteria.

The fact that both mitochondria and chloroplasts have their own DNA is
an important piece of biochemical evidence in favor of this model. Addition-
ally, both mitochondria and chloroplasts have their own apparatus for synthe-
sis of RNA and proteins. The genetic code in mitochondria differs slightly
from that found in the nucleus, which supports the idea of an independent
origin. Thus, the remains of these systems for synthesis of RNA and protein
could reflect the organelles’ former existence as free-living cells. It is reason-
able to conclude that large unicellular organisms that assimilated aerobic bac-
teria went on to evolve mitochondria from the bacteria and eventually gave
rise to animal cells. Other types of unicellular organisms assimilated both aer-
obic bacteria and cyanobacteria and evolved both mitochondria and chloro-
plasts; these organisms eventually gave rise to green plants.

The proposed connections between prokaryotes and eukaryotes are not
established with complete certainty, and they leave a number of questions
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unanswered. Still, they provide an interesting frame of reference from which
to consider evolution and the origins of the reactions that take place in cells.

1.9 | How Do Cells Use Energy?

All cells require energy for a number of purposes. Many reactions that take
place in the cell, particularly those involving synthesis of large molecules, can-
not take place unless energy is supplied. The Sun is the ultimate source of
energy for all life on Earth. Photosynthetic organisms trap light energy and
use it to drive the energy-requiring reactions that convert carbon dioxide and
water to carbohydrates and oxygen. (Note that these reactions involve the
chemical process of reduction.) Nonphotosynthetic organisms, such as ani-
mals that consume these carbohydrates, use them as energy sources. (The
reactions that release energy involve the chemical process of oxidation.) We
shall discuss the roles that oxidation and reduction reactions play in cellular
processes in Chapter 15, and you will see many examples of such reactions in
subsequent chapters. For the moment, it is useful and sufficient to recall from
general chemistry that oxidation is the loss of electrons and reduction is the
gain of electrons.

One of the most important questions about any process is whether or not
it is energetically favorable. Thermodynamics is the branch of science that
deals with this question. The key point is that processes that release energy are
favored. Conversely, processes that require energy are disfavored. The change
in energy depends only on the state of the molecules present at the start of
the process and the state of those present at the end of the process. This is
true whether the process in question is the formation or breaking of a bond,
the formation or disruption of an intermolecular interaction, or any possible
process that requires or can release energy. We are going to discuss these
points in some detail when we look at protein folding in Chapter 4 and at
energy considerations in metabolism in Chapter 15. This material is of central
importance, and it tends to be challenging for many. What we say about it
now will make it easier to apply in later chapters.

A reaction that takes place as a part of many biochemical processes is the
hydrolysis of the compound adenosine triphosphate, or ATP (Section 1.2).

NH, H,0 NH,
N7 N N7 N
NP NP
N L I L
*O—T—O—T—O—T—O—CHQ » “O—P—O0—P—0—CH,
| |
(O (0N (O (N o
o \ o
I
OH OH “0—P—0O" + H OH OH
|
OH
ATP ADP
adenosine triphosphate Phosphate ion (adenosine diphosphate)
P,

i

This is a reaction that releases energy (30.5 k] mol™! ATP = 7.3 kcal/mol
ATP). More to the point, the energy released by this reaction allows energy-



1.10  What Is the Connection between Energy and Change? 27

(a) (b)

Start
ATP

Binchemistry@ Now™ ANIMATED FIGURE 1.22
Schematic representation of the lowering of energy.
(a) A ball rolls down a hill, releasing potential
energy. (b) ATP is hydrolyzed to produce ADP and
phosphate ion, releasing energy. The release of
energy when a ball rolls down a hill is analogous to
the release of energy in a chemical reaction. See this
figure animated at http://now.brookscole.com/
campbell5

ADP + Phosphate ion

()

requiring reactions to proceed. Many ways are available to express energy
transfer. One of the most common is the free energy, G, which is discussed in
general chemistry. Also recall from general chemistry that a lowering
(release) of energy leads to a more stable state of the system under considera-
tion. The lowering of energy is frequently shown in pictorial form as analo-
gous to an object rolling down a hill (Figure 1.22) or over a waterfall. This
representation calls on common experience and aids understanding.

1.10 | What Is the Connection
between Energy and Change?

Energy can take several forms, and it can be converted from one form to
another. All living organisms require and use energy in varied forms; for
example, motion involves mechanical energy, and maintenance of body tem-
perature uses thermal energy. Photosynthesis requires light energy from the
Sun. Some organisms, such as several species of fish, are striking examples of
the use of chemical energy to produce electrical energy. The formation and
breakdown of biomolecules involve changes in chemical energy.

Any process that will actually take place with no outside intervention is
spontaneous in the specialized sense used in thermodynamics. Spontaneous
does mot mean “fast”; some spontaneous processes can take a long time to occur. In the
last section, we used the term “energetically favorable” to indicate sponta-
neous processes. The laws of thermodynamics can be used to predict whether
any change involving transformations of energy will take place. An example of
such a change is a chemical reaction in which covalent bonds are broken and
new ones are formed. Another example is the formation of noncovalent inter-
actions, such as hydrogen bonds, or hydrophobic interactions, when proteins
fold to produce their characteristic three-dimensional structures. The ten- A Two examples of transformations of energy in
dency of polar and nonpolar substances to exist in separate phases is a reflec- ~ biological systems. (a) This electric ray (a marine
tion of the energies of interaction between the individual molecules—in fish in the family Torpedinidac) converts chemical

; 3 . . energy to electrical energy, and (b) phosphorescent
other words, a reflection of the thermodynamics of the interaction. bacteria convert chemical energy into light energy.

Elizabeth Weiland/Photo Researchers, Inc.
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b)

Richard Rowan/Photo Researchers, Inc.
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A ]. Willard Gibbs (1839-1903). The symbol Gis
given to free energy in his honor. His work is the
basis of biochemical thermodynamics, and he is con-
sidered by some to have been the greatest scientist
born in the United States.

1.11 | What Is the Criterion for Spontaneity
in Biochemical Reactions?

The most useful criterion for predicting the spontaneity of a process is the
free energy, which is indicated by the symbol G. (Strictly speaking, the use of
this criterion requires conditions of constant temperature and pressure,
which are usual in biochemical thermodynamics.) It is not possible to mea-
sure absolute values of energy; only the changes in energy that occur during a
process can be measured. The value of the change in free energy, AG (where
the symbol A indicates change), gives the needed information about the
spontaneity of the process under consideration.

The free energy of a system decreases in a spontaneous (energy-releasing)
process, so AGis negative (AG < 0). Such a process is called exergonic, mean-
ing that energy is released. When the change in free energy is positive (AG >
0), the process is nonspontaneous. For a nonspontaneous process to occur,
energy must be supplied. Nonspontaneous processes are also called ender-
gonic, meaning that energy is absorbed. For a process at equilibrium, with no
net change in either direction, the change in free energy is zero (AG = 0).
The sign of the change in free energy, AG, indicates the direction of the reaction:

AG<O0 Spontaneous exergonic—energy released
AG=0 Equilibrium
AG>0 Nonspontaneous endergonic—energy required

An example of a spontaneous process is the aerobic metabolism of glucose,
in which glucose reacts with oxygen to produce carbon dioxide, water, and
energy for the organism.

Glucose + 6 O, — 6CO, + 6H,O AG<O0

An example of a nonspontaneous process is the reverse of the reaction that
we saw in section 1.9—mnamely, the phosphorylation of ADP (adenosine
diphosphate) to give ATP (adenosine triphosphate). This reaction takes place
in living organisms because metabolic processes supply energy.

O
ADP + " O—P—O  + Hf — ATP + H,O AG>0
OH

Adenosine Phosphate Adenosine
diphosphate triphosphate

1.12 | What Is the Connection
between Thermodynamics and Life?

From time to time, one encounters the statement that the existence of living
things is a violation of the laws of thermodynamics, specifically of the second
law. A look at the laws will clarify whether life is thermodynamically possible,
and further discussion of thermodynamics will increase our understanding of
this important topic.

The laws of thermodynamics can be stated in several ways. According to one
formulation, the first law is “You can’t win” and the second is “You can’t break
even.” Put less flippantly, the first law states that it is impossible to convert
energy from one form to another at greater than 100% efficiency. In other
words, the first law of thermodynamics is the law of conservation of energy. The
second law states that even 100% efficiency in energy transfer is impossible.
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The two laws of thermodynamics can be related to the free energy by
means of a well-known equation:

AG=AH— TAS

In this equation, G is the free energy, as before; H stands for the enthalpy,
and § for the entropy. Discussions of the first law focus on the change in
enthalpy, AH, which is the heat of a reaction at constant pressure. This quan-
tity is relatively easy to measure. Enthalpy changes for many important reac-
tions have been determined and are available in tables in textbooks of gen-
eral chemistry. Discussions of the second law focus on changes in entropy, AS,
a concept that is less easily described and measured than changes in enthalpy.
Entropy changes are particularly important in biochemistry.

One of the most useful definitions of entropy arises from statistical consid-

erations. From a statistical point of view, an increase in the entropy of a sys-
tem (the substance or substances under consideration) represents an increase
in the number of possible arrangements of objects, such as individual mole-
cules. Books have a higher entropy when they are scattered around the read-
ing room of a library than when they are in their proper places on the ) ) )
shelves. Scattered books are clearly in a more dispersed state than books on 31 t];;lsy“?f i?ﬁ%??ﬁe(éif;iofg;lgligg‘éﬁf‘r;::r
shelves. The natural tendency of the universe is in the direction of increasing one of his supreme achievements; his equation is
dispersion of energy, and living organisms put a lot of energy into maintain-  carved on his tombstone.
ing order against this tendency. As all parents know, they can spend hours
cleaning up a two-year-old’s room, but the child can undo it all in seconds.
Another statement of the second law is this: in any spontaneous process, the
entropy of the universe increases (AS,,, > 0). This statement is general, and it
applies to any set of conditions. It is not confined to the special case of con-
stant temperature and pressure, as is the statement that the free energy
decreases in a spontaneous process. Entropy changes are particularly important in
determining the energetics of protein folding.

© Bettmann Archive/CORBIS

Biochemical Connections

Entropy and Probability

Let us consider a very simple system to illustrate the ——

concept of entropy. We place four molecules in a con- .@
tainer. There is an equal chance that each molecule 0.
will be on the left or on the right side of the container. ™=
Mathematically stated, the probability of finding a given @}

. ®
® .

&
@

molecule on one side is 1/2. We can express any prob-
ability as a fraction ranging from 0 (impossible) to 1
(completely certain). We can see that 16 possible ways
exist to arrange the four molecules in the container. In .
only one of these will all four molecules lie on the left . ;
side, but six possible arrangements exist with the four 0 . @
molecules evenly distributed between the two sides. A == =

less ordered (move dispersed) arrangement is more probable T

than a highly ordered arrangement. Entropy is defined in - . .
terms of the number of possible arrangements of mole- @ . ;
cules. Boltzmann’s equation for entropy, S, is S = & In Lhizhy
W. In this equation, the term Wrepresents the number
of possible arrangements of molecules, In is the loga-
rithm to the base “e,” and k is the constant universally
referred to as Boltzmann’s constant. It is equal to R/N
where R is the gas constant and N is Avogadro’s num-
ber (6.02 X 102%), the number of molecules in a mole.
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A The 16 possible states for a system of four molecules that may occupy either side
of a container. In only one of these states are all four molecules on the left side.
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Summary

1.1 What Are the Basic Themes for This Text? Bio-
chemistry is a multidisciplinary field that addresses questions about
the molecular nature of life processes. The fundamental biochemical
similarities observed in all living organisms have engendered specula-
tion about the origins of life.

1.2 What Is the Chemical Nature of Important
Biomolecules? Both organic chemistry and biochemistry deal
with the reactions of carbon-containing molecules. Both disciplines
base their approaches on the behavior of functional groups, but
their emphases differ because some functional groups important to
organic chemistry do not play a role in biochemistry, and vice versa.
Functional groups of importance in biochemistry include carbonyl
groups, hydroxyl groups, carboxyl groups, amines, amides, and
esters; derivatives of phosphoric acid such as esters and anhydrides
are also important.

1.3 What Can Biochemistry Say about Possible
Origins of Life? It has been shown that important biomole-
cules can be produced under abiotic (nonliving) conditions from sim-
ple compounds postulated to have been present in the atmosphere of
the early Earth. These simple biomolecules can polymerize, also under
abiotic conditions, to give rise to compounds resembling proteins and
others having a less marked resemblance to nucleic acids.

All cellular activity depends on the presence of catalysts, which
increase the rates of chemical reactions, and on the genetic code,
which directs the synthesis of the catalysts. In present-day cells, cat-
alytic activity is associated with proteins, and transmission of the
genetic code is associated with nucleic acids, particularly with DNA.
Both these functions may once have been carried out by a single bio-
molecule, RNA. It has been postulated that RNA was the original cod-
ing material, and it has recently been shown to have catalytic activity as
well. The formation of peptide bonds in protein biosynthesis is cat-
alyzed by the RNA portions of the ribosome.

1.4 How Do Prokaryotes and Eukaryotes Differ in
Levels of Organization? Organisms are divided into two
main groups based on their cell structures. Prokaryotes do not have
internal membranes, whereas eukaryotes do.

1.5 What Are the Main Structural Features of
Prokaryotic Cells? 1n prokaryotes, the cell lacks a well-defined
nucleus and internal membrane; it has only a nuclear region, the por-
tion of the cell that contains DNA, and a cell membrane that separates
it from the outside world. The other principal feature of a prokaryotic
cell’s interior is the presence of ribosomes, the site of protein synthesis.

1.6 What Are the Main Structural Features of
Eukaryotic Cells? 1In contrast, a eukaryotic cell has a well-
defined nucleus, internal membranes as well as a cell membrane, and
a considerably more complex internal structure. In eukaryotes, the

nucleus is separated from the rest of the cell by a double membrane.
Eukaryotic DNA in the nucleus is associated with proteins, particularly
a class of proteins called histones. The combination of the two has spe-
cific structural motifs, which is not the case in prokaryotes. There is a
continuous membrane system, called the endoplasmic reticulum,
throughout the cell. Eukaryotic ribosomes are frequently bound to the
endoplasmic reticulum, but some are also free in the cytosol. Mem-
brane-enclosed organelles are characteristic of eukaryotic cells. Two of
the most important are mitochondria, the sites of energy-yielding reac-
tions, and chloroplasts, the sites of photosynthesis.

1.7 How Do We Classify Organisms: Five King-
doms or Three Domains? Two ways of classifying organisms
depend on the distinction between prokaryotes and eukaryotes. In the
five-kingdom scheme, prokaryotes occupy the kingdom Monera. The
other four kingdoms consist of eukaryotes: Protista, Fungi, Plantae,
and Animalia. In the three-domain scheme, prokaryotes occupy two
domains—Bacteria and Archaea—based on biochemical differences,
and all eukaryotes occupy a single domain, Eukarya.

1.8 Is There Common Ground for All Cells? A good
deal of research has gone into the question of how eukaryotes may
have arisen from prokaryotes. Much of the thinking depends on the
idea of endosymbiosis, in which larger cells may have absorbed aerobic
bacteria, eventually giving rise to mitochondria, or photosynthetic bac-
teria, eventually giving rise to chloroplasts.

1.9 How Do Cells Use Energy? All cells require energy to
carry out life processes. The Sun is the ultimate source of energy on
Earth. Photosynthetic organisms trap light energy from the Sun as the
chemical energy of the carbohydrates they produce. These carbohy-
drates serve as energy sources for other organisms in turn. Reactions
that release energy are energetically favored, whereas those that
require energy are disfavored.

1.10 What Is the Connection between Energy and
Change? Thermodynamics deals with the changes in energy that
determine whether a process will take place. A process that will take
place without outside intervention is called spontaneous.

1.11 What Is the Criterion for Spontaneity in Bio-
chemical Reactions? In a spontaneous process, the free
energy decreases (AG is negative). In a nonspontaneous process, the
free energy increases.

1.12 What Is the Connection between Thermody-
namics and Life? In addition to the free energy, entropy is an
important quantity in thermodynamics. The entropy of the Universe
increases in any spontaneous process. Local decreases in entropy can
take place within an overall increase in entropy. Living organisms rep-
resent local decreases in entropy.

Critical Questions to Review

The exercises at the end of each chapter are keyed to the critical ques-
tions that we ask in that chapter. To provide the benefit of more than
one approach to review, the exercises are divided into two or more cat-
egories. Fact Check questions will allow you to test yourself about having
important facts readily available to you. In some chapters, the material
lends itself to quantitative calculations, and in those chapters you will
see a Mathematical category. Thought Questions ask you to put those facts
to use in questions that require use of the concepts in the chapter in
moderately creative ways. A number of these exercises relate specifi-

cally to the questions we ask in this chapter, and those connections are
explicitly indicated where they occur. Lastly, questions that relate
specifically to Biochemical Connection boxes are labeled Biochemical
Connections.

1.1 What Are the Basic Themes for This Text?

1. Fact Check State why the following terms are important in bio-
chemistry: polymer, protein, nucleic acid, catalysis, genetic code.



1.2 What Is the Chemical Nature of Important
Biomolecules?
2. Biochemical Connections Match each entry in Column a with one
in Column b; Column a shows the names of some important func-
tional groups, and Column b shows their structures.

Column a Column b
Amino group CH,SH
Carbonyl group (ketone) CH,CH=—CHCH,
I
Hydroxyl group CH,CH,CH
Carboxyl group CH,CH,NH,
I
Carbonyl group (aldehyde) CH,COCH,CH,
Thiol group CH,CH,OCH,CH,
I
Ester linkage CH,CCH,
O
Double bond CH,COH
Amide linkage CH,OH
O
Ether CH,CN(CH,),
3. Fact Check Identify the functional groups in the following com-
pounds.
H H OHH o)
N R 7
HOCH2f(‘]f(‘]f(‘]f(‘]*C\

Glucose

CH,—0—C—(CH,),,—CH,
i
CH—O—C—(CH,),,—CH,
i

CH,—O—C — (CH,),,—CH,

A triglyceride
] D
HQN*CHQ*C*ITI*CHQ*C*T*C\iC*OH
H H
A peptide
CH, CH,
SN N N SN SN
H,C C C C C C
H,C C
/
\C \CHS
H,

Vitamin A
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4. Thought Question In 1828, Wohler was the first person to synthe-
size an organic compound (urea, from ammonium cyanate). How
did this contribute, ultimately, to biochemistry?

5. Thought Question A friend who is enthusiastic about health foods
and organic gardening asks you whether urea is “organic” or
“chemical.” How do you reply to this question?

6. Thought Question Does biochemistry differ from organic chem-
istry? Explain your answer. (Consider such features as solvents,
concentrations, temperatures, speed, yields, side reactions, and
internal control.)

7. Biochemical Connections How many carbon skeletons can be cre-
ated for a molecule with five carbon atoms? Assume that hydrogen
atoms would fill out the rest of the bonds.

8. Biochemical Connections How many different structures are possi-
ble if you add just one oxygen atom to the structures in Question 7?

1.3 What Can Biochemistry Say about Possible
Origins of Life?
9. Thought Question An earlier mission to Mars contained instru-
ments that determined that amino acids were present on the sur-
face of Mars. Why were scientists excited by this discovery?

10. Thought Question Common proteins are polymers of 20 different
amino acids. How many subunits would be necessary to have an
Avogadro number of possible sequences?

11. Thought Question Nucleic acids are polymers of just four differ-
ent monomers in a linear arrangement. How many different
sequences are available if one makes a polymer with only 40
monomers? How does this number compare with Avogadro’s num-
ber?

12. Thought Question RNA is often characterized as being the first
“biologically active” molecule. What two properties or activities
does RNA display that are important to the evolution of life? Hint:
Neither proteins nor DNA have both of these properties.

13. Thought Question Why is the development of catalysis important
to the development of life?

14. Thought Question What are two major advantages of enzyme cata-
lysts in living organisms when compared with other simple chemi-
cal catalysts such as acids or bases?

15. Thought Question Why was the development of a coding system
important to the development of life?

16. Thought Question Comment on RNA’s role in catalysis and cod-
ing in theories of the origin of life.

17. Thought Question Do you consider it a reasonable conjecture
that cells could have arisen as bare cytoplasm without a cell mem-
brane?

1.4 How Do Prokaryotes and Eukaryotes Differ in
Levels of Organization?

18. Fact Check List five differences between prokaryotes and eukary-
otes.

19. Fact Check Do the sites of protein synthesis differ in prokaryotes
and eukaryotes?

1.5 What Are the Main Structural
Prokaryotic Cells?

20. Thought Question Assume that a scientist claims to have discov-
ered mitochondria in bacteria. Is such a claim likely to prove
valid?

1.6 What Are the Main Structural
Eukaryotic Cells?

21. Fact Check Draw an idealized animal cell, and identify the parts
by name and function.

Features of

Features of

22. Fact Check Draw an idealized plant cell, and identify the parts by
name and function.
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23. Fact Check What are the differences between the photosynthetic
apparatus of green plants and photosynthetic bacteria?

24. Fact Check Which organelles are surrounded by a double mem-
brane?

25. Fact Check Which organelles contain DNA?

26. Fact Check Which organelles are the sites of energy-yielding reac-
tions?

27. Fact Check State how the following organelles differ from each
other in terms of structure and function: Golgi apparatus, lyso-
somes, peroxisomes, glyoxysomes. How do they resemble each
other?

1.7 How Do We Classify Organisms: Five King-

doms or Three Domains?

28. Fact Check List the five kingdoms into which living organisms are
divided, and give at least one example of an organism belonging
to each kingdom.

29. Fact Check Which of the five kingdoms consist of prokaryotes?
Which consist of eukaryotes?

30. Fact Check List the three domains into which living organisms are
divided, and indicate how this scheme differs from the five-kingdom
classification scheme.

1.8 Is There Common Ground for All Cells?

31. Thought Question What are the advantages of being eukaryotic
(as opposed to prokaryotic)?

32. Thought Question Mitochondria and chloroplasts contain some
DNA, which more closely resembles prokaryotic DNA than
(eukaryotic) nuclear DNA. Use this information to suggest how
eukaryotes may have originated.

33. Thought Question Fossil evidence indicates that prokaryotes have
been around for about 3.5 billion years, whereas the origin of
eukaryotes has been dated at only about 1.5 billion years ago. Sug-
gest why, in spite of the lesser time for evolution, eukaryotes are
much more diverse (much larger number of species) than
prokaryotes.

1.9 How Do Cells Use Energy?

34. Fact Check Which processes are favored: those that require
energy or those that release energy?

1.10 What Is the Connection between Energy and
Change?
35. Fact Check Does the thermodynamic term “spontaneous” refer to
a process that takes place quickly?

1.11 What Is the Criterion for Spontaneity in Bio-
chemical Reactions?

36. Biochemical Connections For the process

Nonpolar solute + H,O — Solution,

what are the signs of AS, ;, AS ,, and AS ? What is the reason

for each answer? (AS,,, refers to the entropy change of the sur-
roundings, all of the universe but the system.)

37. Fact Check Which of the following are spontaneous processes?

Explain your answer for each process.

(a) The hydrolysis of ATP to ADP and P;

(b) The oxidation of glucose to CO, and H,O by an organism
(c) The phosphorylation of ADP to ATP

(d) The production of glucose and O, from CO, and H,O in pho-
tosynthesis

38. Thought Question In which of the following processes does the
entropy increase? In each case, explain why it does or does not
increase.

(a) A bottle of ammonia is opened. The odor of ammonia is soon
apparent throughout the room.

(b) Sodium chloride dissolves in water.
(c) A protein is completely hydrolyzed to the component amino
acids.

Hint: For Questions 39 through 41, consider the equation AG = AH —

T(AS).

39. Thought Question Why is it necessary to specify the temperature
when making a table listing AG values?

40. Thought Question Why is the entropy of a system dependent on
temperature?

41. Thought Question A reaction at 23°C has AG = 1 k] mol™!. Why
might this reaction become spontaneous at 37°C?

42. Thought Question Urea dissolves very readily in water, but the
solution becomes very cold as the urea dissolves. How is this possi-
ble? It appears that the solution is absorbing energy.

43. Thought Question Would you expect the reaction ATP — ADP +
P; to be accompanied by a decrease or increase in entropy? Why?

1.12 What Is the Connection between Thermody-

namics and Life?

44. Thought Question The existence of organelles in eukaryotic cells
represents a higher degree of organization than that found in
prokaryotes. How does this affect the entropy of the universe?

45. Thought Question Why is it advantageous for a cell to have
organelles? Discuss this concept from the standpoint of thermody-
namics.

46. Thought Question Which would you expect to have a higher
entropy: DNA in its well-known double-helical form, or DNA with
the strands separated?

47. Thought Question How would you modify your answer to ques-
tion 31 in light of the material on thermodynamics?

48. Thought Question Would it be more or less likely that cells of the
kind we know would evolve on a gas giant such as the planet
Jupiter?

49. Thought Question What thermodynamic considerations might
enter into finding a reasonable answer to question 48?

50. Thought Question If cells of the kind we know were to have
evolved on any other planet in our solar system, would it have
been more likely to have happened on Mars or on Jupiter? Why?

51. Thought Question The process of protein folding is spontaneous
in the thermodynamic sense. It gives rise to a highly ordered con-
formation that has a lower entropy than the unfolded protein.
How can this be?

52. Thought Question In biochemistry, the exergonic process of con-
verting glucose and oxygen to carbon dioxide and water in aero-
bic metabolism can be considered the reverse of photosynthesis in
which carbon dioxide and water are converted to glucose and oxy-
gen. Do you expect both processes to be exergonic, both ender-
gonic, or one exergonic and one endergonic? Why? Would you
expect both processes to take place in the same way? Why?

Binchemistry‘iZJNowm
Assess your understanding of this chapter’s topics with additional quizzing
and tutorials at http://now.brookscole.com/campbell5
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Research progress is very rapid in biochemistry, and the literature in
the field is vast and growing. Many books appear each year, and a large
number of primary research journals and review journals report on
original research. References to this body of literature are provided at
the end of each chapter. A particularly useful reference is Scientific
American, its articles include general overviews of the topics discussed.
Trends in Biochemical Sciences and Science (a journal published weekly by
the American Association for the Advancement of Science) are more
advanced but can serve as primary sources of information about a
given topic. In addition to material in print, a wealth of information
has become available in electronic form. Science regularly covers web-
sites of interest and has its own website at http://www.sciencemag.org.
Journals now appear on the Internet. Some require subscriptions, and
many college and university libraries have subscriptions, making the
journals available to students and faculty in this form. Others are free
of charge. One, PubMed, is a service of the U.S. government. It lists
articles in the biomedical sciences and has links to them. Its URL is
http://www.ncbi.nlm.nih.gov/PubMed. Databases provide instant access
to structures of proteins and nucleic acids. References will be given to
electronic resources as well.

Allen, R. D. The Microtubule as an Intracellular Engine. Sci. Amer. 256
(2), 42-49 (1987). [The role of the microtrabecular lattice and
microtubules in the motion of organelles is discussed.]

Balter, M. Looking for Clues to the Mystery of Life on Earth. Science
273, 870-872 (1996). [A report on proceedings of a conference
about the origin of life. Read in conjunction with articles on pages
864 and 924 of the same issue about the discovery of putative micro-
fossils on a meteorite that came from Mars.]

Barinaga, M. The Telomerase Picture Fills In. Science 276, 528-529
(1997). [A Research News article about the identification of the cat-
alytic component of telomerase, the enzyme that synthesizes telo-
meres (chromosome ends).]

Cairns-Smith, A. G. The First Organisms. Sci. Amer. 252 (6), 90-100
(1985). [A presentation of the point of view that the earliest life
processes took place in clay rather than in the “primordial soup” of
the early oceans. ]
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Water: The Solvent
for Biochemical Reactions

Virtually all the chemical reactions of the cell involve water. They are the
reactions of organic chemistry, using the same functional groups and oper-
ating in a cellular environment. Life has evolved around the special proper-
ties of water. Important structural considerations follow from the nature of
the water molecule, which has a partial positive charge on each of its
hydrogen atoms and a partial negative charge on its oxygen atom, which
has two unshared pairs of electrons. This allows the water molecule to
associate with four others of its kind. Four hydrogen bonds can be formed,
pointing to the corners of a tetrahedron. Hydrogen bonds are important
everywhere in biomolecular structures; they link parts of protein chains of
enzymes and the two complementary chains of the DNA double helix. The
tendency of nonpolar groups of biomolecules to sequester themselves from
water gives rise to hydrophobic interactions, which are another key factor
determining the structure of biomolecules. Another unique property of
water is its role in the control of acidity within the cell by buffers. A cell’s
survival depends on strict control of its internal pH.

2.1 | What Makes Water a Polar Molecule?

Water is the principal component of most cells. The geometry of the water
molecule and its properties as a solvent play major roles in determining the
properties of living systems.

When electrons are shared between atoms in a chemical bond, they need
not be shared equally. Bonds that share electrons unequally are referred to as
polar. The tendency of an atom to attract electrons to itself in a chemical
bond (i.e., to become negative) is called electronegativity. Atoms of the same
element, of course, share electrons equally in a bond—that is, they have equal
electronegativity—but different elements do not necessarily have the same
electronegativity. Oxygen and nitrogen are both highly electronegative, much
more so than carbon and hydrogen (Table 2.1).

In the O—H bonds in water, oxygen is more electronegative than hydro-
gen, so there is a higher probability that the bonding electrons are closer to
the oxygen. The difference in electronegativity between oxygen and hydro-
gen gives rise to a partial positive and negative charge, usually pictured as 8*
and &7, respectively (Figure 2.1). The O—H bond is thus a polar bond. In sit-
uations in which the electronegativity difference is quite small, such as in the
C—H bond in methane (CH,), the sharing of electrons in the bond is very
nearly equal, and the bond is essentially nonpolar.

A molecule may have polar bonds but still be nonpolar because of its
geometry. Carbon dioxide is an example. The two C=0O bonds are polar,
but, because the CO, molecule is linear, the attraction of the oxygen for the
electrons in one bond is cancelled out by the equal and opposite attraction
for the electrons by the oxygen on the other side of the molecule.

3~ 28" &
O0=C=0




Water is a bent molecule with a bond angle of 104.3° (Figure 2.1), and the
uneven sharing of electrons in the two bonds is not cancelled out as in CO,
The result is that the bonding electrons are more likely to be found at the
oxygen end of the molecule than at the hydrogen end. Bonds with positive
and negative ends are called dipoles.

Solvent Properties of Water

The polar nature of water largely determines its solvent properties. Jonic com-
pounds with full charges, such as potassium chloride (KCl, K* and Cl™ in solu-
tion), and polar compounds with partial charges (i.e., dipoles), such as ethyl
alcohol (C,H;OH) or acetone [(CH;),C=0], tend to dissolve in water (Fig-
ures 2.2 and 2.3). The underlying physical principle is electrostatic attraction
between unlike charges. The negative end of a water dipole attracts a positive
ion or the positive end of another dipole. The positive end of a water molecule
attracts a negative ion or the negative end of another dipole. The aggregate of
unlike charges, held in proximity to one another because of electrostatic attrac-
tion, has a lower energy than would be possible if this interaction could not
take place. The lowering of energy makes the system more stable and more
likely to exist. These ion—dipole and dipole-dipole interactions are similar to the
interactions between water molecules themselves in terms of the quantities of
energy involved. Examples of polar compounds that dissolve easily in water are
small organic molecules containing one or more electronegative atoms (e.g.,
oxygen or nitrogen), including alcohols, amines, and carboxylic acids. The
attraction between the dipoles of these molecules and the water dipoles makes
them tend to dissolve. Ionic and polar substances are referred to as hydrophilic
(“water-loving,” from the Greek) because of this tendency.

Hydrocarbons (compounds that contain only carbon and hydrogen) are
nonpolar. The favorable ion-dipole and dipole—dipole interactions responsi-
ble for the solubility of ionic and polar compounds do not occur for nonpo-
lar compounds, so these compounds tend not to dissolve in water. The inter-
actions between nonpolar molecules and water molecules are weaker than
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Table 2.1

Electronegativities of Selected Elements
Element Electronegativity*
Oxygen 3.5

Nitrogen 3.0

Sulfur 2.6

Carbon 2.5
Phosphorus 2.2

Hydrogen 2.1

* Electronegativity values are relative and are chosen to be pos-
itive numbers ranging from less than 1 for some metals to 4 for
fluorine.

Dipole moment

Covalent bond
length = 0.095 nm

Van der Waals radius
of oxygen = 0.14 nm

Van der Waals radius
of hydrogen = 0.12 nm

Biuchemistry@:Nuwm ACTIVE FIGURE 2.1

The structure of water. Oxygen has a partial negative
charge, and the hydrogens have a partial positive
charge. The uneven distribution of charge gives rise
to the large dipole moment of water. The dipole
moment in this figure points in the direction from
negative to positive, the convention used by physicists
and physical chemists; organic chemists draw it
pointing in the opposite direction. Watch this Active
Figure at http://now.brookscole.com/campbell5

Biochemistry@Nowm ANIMATED FIGURE 2.2
Hydration shells surrounding ions in solution.
Unlike charges attract. The partial negative charge
of water is attracted to positively charged ions.
Likewise, the partial positive charge on the other

end of the water molecule is attracted to negatively
charged ions. See this figure animated at http://now
.brookscole.com/campbell5
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» FIGURE 2.3 Ion-dipole and dipole-dipole
interactions help ionic and polar compounds dis-
solve in water. (a) Ion—dipole interactions with water.
(b) Dipole—dipole interactions of polar compounds
with water. The examples shown here are an alcohol
(ROH) and a ketone (R,C=0).
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dipolar interactions. The permanent dipole of the water molecule can induce
a temporary dipole in the nonpolar molecule by distorting the spatial
arrangements of the electrons in its bonds. Electrostatic attraction is possible
between the induced dipole of the nonpolar molecule and the permanent
dipole of the water molecule (a dipole-induced dipole interaction), but it is not as
strong as that between permanent dipoles. Hence, its consequent lowering of
energy is less than that produced by the attraction of the water molecules for
one another. The association of nonpolar molecules with water is far less
likely to occur than the association of water molecules with themselves.

A full discussion of why nonpolar substances are insoluble in water
requires the thermodynamic arguments that we shall develop in Chapters 4
and 15. However, the points made here about intermolecular interactions will
be useful background information for that discussion. For the moment, it is
enough to know that it is less favorable thermodynamically for water mole-
cules to be associated with nonpolar molecules than with other water mole-
cules. As a result, nonpolar molecules do not dissolve in water and are
referred to as hydrophobic (“water-hating,” from the Greek). Hydrocarbons
in particular tend to sequester themselves from an aqueous environment. A
nonpolar solid leaves undissolved material in water. A nonpolar liquid forms a
two-layer system with water; an example is an oil slick. The interactions
between nonpolar molecules are called hydrophobic interactions or, in some
cases, hydrophobic bonds.

Table 2.2 gives examples of hydrophobic and hydrophilic substances.

A single molecule may have both polar (hydrophilic) and nonpolar
(hydrophobic) portions. Substances of this type are called amphipathic. A
long-chain fatty acid having a polar carboxylic acid group and a long nonpo-
lar hydrocarbon portion is a prime example of an amphipathic substance.
The carboxylic acid group, the “head” group, contains two oxygen atoms in
addition to carbon and hydrogen; it is very polar and can form a carboxylate
anion at neutral pH. The rest of the molecule, the “tail,” contains only carbon
and hydrogen and is thus nonpolar (Figure 2.4). A compound such as this in
the presence of water tends to form structures called micelles, in which the
polar head groups are in contact with the aqueous environment and the non-
polar tails are sequestered from the water (Figure 2.5).



Table 2.2

Examples of Hydrophobic and Hydrophilic Substances

Hydrophilic Hydrophobic

Polar covalent compounds [e.g., alcohols Nonpolar covalent compounds
such as C,H;OH (ethanol) and ketones [e.g., hydrocarbons such as
such as (CH;),C=0 (acetone) ] CgH,4 (hexane) ]

Sugars Fatty acids, cholesterol

Ionic compounds (e.g., KCI)

Amino acids, phosphate esters

The sodium salt of palmitic acid: Sodium palmitate
(Nat~OOC(CHy),CHg)

N
(e}

CHy—CH,
/ N /N
CH, __CH

CHy—CH,
N/ N
CH,

CH> CHy—CHy
N/ N/ / XN/ N\
CH CH, _CH,

¢
Nonpolar tail

0006660

Interactions between nonpolar molecules themselves are very weak and
depend on the attraction between shortlived temporary dipoles and the
dipoles they induce. In a large sample of nonpolar molecules, there will
always be some molecules with these temporary dipoles, which are caused by
a momentary clumping of bonding electrons at one end of the molecule. A
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<« FIGURE 2.4 An amphiphilic molecule: sodium
palmitate. Amphiphilic molecules are frequently sym-
bolized by a ball and zigzag line structure, ewww,
where the ball represents the hydrophilic polar head
and the zigzag line represents the nonpolar
hydrophobic hydrocarbon tail.

Biuchemistry@?Nuwm ACTIVE FIGURE 2.5
Micelle formation by amphipathic molecules in aque-
ous solution. When micelles form, the ionized polar
groups are in contact with the water, and the non-
polar parts of the molecule are protected from
contact with the water. Watch this Active Figure

at http://now.brookscole.com/campbell5
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» FIGURE 2.6 A comparison of linear and
nonlinear hydrogen bonds. Nonlinear bonds are
weaker than bonds in which all three atoms lie in
a straight line.

temporary dipole can induce another dipole in a neighboring molecule in the
same way that a permanent dipole does. The interaction energy is low because
the association is so short-lived. It is called a van der Waals interaction (also
referred to as a van der Waals bond). The arrangement of molecules in cells
strongly depends on the molecules’ polarity, as we saw with micelles.

2.2 | What Is a Hydrogen Bond?

In addition to the interactions discussed in Section 2.1, there is another
important type of noncovalent interaction: hydrogen bonding. Hydrogen
bonding is of electrostatic origin and can be considered to be a special case
of dipole—dipole interaction. When hydrogen is covalently bonded to an elec-
tronegative atom such as oxygen or nitrogen, it has a partial positive charge
due to the polar bond, a situation that does not occur when hydrogen is cova-
lently bonded to carbon. This partial positive charge on hydrogen can inter-
act with an unshared (nonbonding) pair of electrons (a source of negative
charge) on another electronegative atom. All three atoms lie in a straight
line, forming a hydrogen bond. This arrangement allows for the greatest pos-
sible partial positive charge on the hydrogen and, consequently, for the
strongest possible interaction with the unshared pair of electrons on the sec-
ond electronegative atom (Figure 2.6). The group comprising the electroneg-
ative atom that is covalently bonded to hydrogen is called the hydrogen-bond
donor, and the electronegative atom that contributes the unshared pair of
electrons to the interaction is the hydrogen-bond acceptor. The hydrogen is not
covalently bonded to the acceptor in the usual description of hydrogen bond-
ing. Recent research has cast some doubt on this view, with experimental evi-
dence to indicate some covalent character in the hydrogen bond. Some of
this work is described in the article by Hellmans cited in the bibliography at
the end of this chapter.

A consideration of the hydrogen-bonding sites in HF, H,O, and NH;y can
yield some useful insights. Figure 2.7 shows that water constitutes an optimum
situation in terms of the number of hydrogen bonds that each molecule can
form. Water has two hydrogens to enter into hydrogen bonds and two
unshared pairs of electrons on the oxygen to which other water molecules
can be hydrogen-bonded. Each water molecule is involved in four hydrogen
bonds—as a donor in two and as an acceptor in two. Hydrogen fluoride has
only one hydrogen to enter into a hydrogen bond as a donor, but it has three
unshared pairs of electrons on the fluorine that could bond to other hydro-
gens. Ammonia has three hydrogens to donate to a hydrogen bond but only
one unshared pair of electrons, on the nitrogen.

The geometric arrangement of hydrogen-bonded water molecules has
important implications for the properties of water as a solvent. The bond
angle in water is 104.3°, as was shown in Figure 2.1, and the angle between the
unshared pairs of electrons is similar. The result is a tetrahedral arrangement

(hydrogen bond donor)
Linear H Nonlinear
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ZS (hydrogen bond acceptor)
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of water molecules. Liquid water consists of hydrogen-bonded arrays that
resemble ice crystals; each of these arrays can contain up to 100 water mole-
cules. The hydrogen bonding between water molecules can be seen more
clearly in the regular lattice structure of the ice crystal (Figure 2.8). There are
several differences, however, between hydrogen-bonded arrays of this type in
liquid water and the structure of ice crystals. In liquid water, hydrogen bonds
are constantly breaking and new ones are constantly forming, with some mole-
cules breaking off and others joining the cluster. A cluster can break up and
re-form in 1071% to 107! seconds in water at 25°C. An ice crystal, in contrast,

2.2 What Is a Hydrogen Bond?

<« FIGURE 2.7 A comparison of the numbers

of hydrogen bonding sites in HF, HyO, and NHj.
(Actual geometries are not shown.) Each HF
molecule has one hydrogen-bond donor and three
hydrogen-bond acceptors. Each H,O molecule has
two donors and two acceptors. Each NH3 molecule
has three donors and one acceptor.

<« FIGURE 2.8 Tetrahedral hydrogen bonding in
H,0: an array of HyO molecules in an ice crystal.
Each H,O molecule is hydrogen-bonded to four
others.
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has a more-or-less-stable arrangement of hydrogen bonds, and of course its
number of molecules is many orders of magnitude greater than 100.

Hydrogen bonds are much weaker than normal covalent bonds. Whereas
the energy required to break the O—H covalent bond is 460 k] mol™! (110
kcal mol™!), the energy of hydrogen bonds in water is about 20 k] mol™! (5
kcal mol™!) (Table 2.3). Even this comparatively small amount of energy is
enough to affect the properties of water drastically, especially its melting
point, its boiling point, and its density relative to the density of ice. Both the
melting point and the boiling point of water are significantly higher than
would be predicted for a molecule of this size (Table 2.4). Other substances
of about the same molecular weight, such as methane and ammonia, have
much lower melting and boiling points. The forces of attraction between the
molecules of these substances are weaker than the attraction between water
molecules, due to the number and strength of their hydrogen bonds. The
energy of this attraction must be overcome to melt ice or boil water.

Ice has a lower density than liquid water because the fully hydrogen-
bonded array in an ice crystal is less densely packed than that in liquid water.
Liquid water is less extensively hydrogen-bonded and thus is denser than ice.
Thus, ice cubes and icebergs float. Most substances contract when they freeze,
but the opposite is true of water. In cold weather, the cooling systems of cars
require antifreeze to prevent freezing and expansion of the water, which
could crack the engine block. In laboratory procedures for cell fractionation,
the same principle is used in a method of disrupting cells with several cycles
of freezing and thawing. Finally, aquatic organisms can survive in cold cli-
mates because of the density difference between ice and liquid water; lakes
and rivers freeze from top to bottom rather than vice versa.

Hydrogen bonding also plays a role in the behavior of water as a solvent. If
a polar solute can serve as a donor or an acceptor of hydrogen bonds, not only
can it form hydrogen bonds with water but it can also be involved in nonspe-

Table 2.3

Some Bond Energies
Energy*
Type of Bond (kJ mol=")  (kcal mol~")
Covalent Bonds (Strong) O—H 460 110
H—H 416 100
C—H 413 105
Nonovalent Bonds (Weaker)  Hydrogen bond 20 5
Ion—dipole interaction 20 5
Hydrophobic interaction 4-12 1-3
Van der Waals interactions 4

* Note that two units of energy are used throughout this text. The kilocalorie (kcal) is a commonly used unit in the biochemical
literature. The kilojoule (kJ) is an SI unit and will come into wider use as time goes on.. The kcal is the same as the “Calorie”
referred to on food labels.

Table 2.4

Comparison of Properties of Water, Ammonia, and Methane

Substance Molecular Weight Melting Point (°C) Boiling Point (°C)
Water (H,O) 18.02 0.0 100.0
Ammonia (NH;) 17.03 —=77.7 —33.4

Methane (CH,) 16.04 ~182.5 —-161.5
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A FIGURE 2.9 Examples of hydrogen bonding between polar groups and water.

cific dipole—dipole interactions. Figure 2.9 shows some examples. Alcohols,
amines, carboxylic acids, and esters, as well as aldehydes and ketones, can all
form hydrogen bonds with water, so they are soluble in water. It is difficult to
overstate the importance of water to the existence of life on Earth, and it is dif-
ficult to imagine life based on another solvent. The following Biochemical
Connections box explores some of the implications of this statement.

Biologically Important Hydrogen Bonds
Other Than to Water Molecules

Hydrogen bonds have a vital involvement in stabilizing the three-dimensional
structures of biologically important molecules, including DNA, RNA, and
proteins.

The hydrogen bonds between complementary bases are one of the most
striking characteristics of the double-helical structure of DNA (Section 9.3).
Transfer RNA also has a complex three-dimensional structure characterized
by hydrogen-bonded regions (Section 9.5). Hydrogen bonding in proteins
gives rise to two important structures, the a-helix and 3-pleated sheet confor-
mations. Both types of conformation are widely encountered in proteins (Sec-
tion 4.3). Table 2.5 summarizes some of the most important kinds of hydro-
gen bonds in biomolecules.

Table 2.5

Examples of Major Types of Hydrogen Bonds
Found in Biologically Important Molecules

Bonding Arrangement Molecules Where the Bond Occurs

—O *H"";O* H bond formed in H,O

H

—O0 *H""”O:Ci Bonding of water to other molecules
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N —Heeeeee N N
~ =

N —Heeeeee N NH
- ~ _J

R

H

2.2 What Is a Hydrogen Bond?

Between an amino group
of an amine and HyO

Ny

I
H
O~

H

(hydrogen bond donor)

H

(hydrogen bond acceptor)

41



Chapter 2 Water: The Solvent for Biochemical Reactions

Biochemical Connections

The Importance of the Hydrogen Bond

Many noted biochemists have speculated that the hydrogen
bond is essential to the evolution of life; just like carbon, poly-
mers, and stereochemistry, it is one of the criteria that can be
used to search for extraterrestrial life. Even though the individ-
ual hydrogen bond (H bond) is weak, the fact that so many H
bonds can form means that collectively they can exert a wvery
strong force. Virtually all the unique properties of water (high
melting and boiling points, ice and density characteristics, and
solvent potency) are a result of its ability to form many hydro-
gen bonds per molecule.

If we look at the solubility of a simple ion like Na* or CI~, we
find that water is attracted to these ions by polarity. In addition,

contains several special amino acids that have an extra hydroxyl
group; these allow for additional hydrogen bonds, which pro-
vide stability.

Hydrogen bonding is also fundamental to the specificity of
transfer of genetic information. The complementary nature of
the DNA double helix is assured by hydrogen bonds. The
genetic code, both its specificity and its allowable variation, is a
result of H bonds. Indeed, many compounds that cause genetic
mutations work by altering the patterns of H bonding. For
example, fluorouracil is often prescribed by dentists for cold
sores (viral sores of the lip and mouth) because it causes muta-
tions in the herpes simplex virus that causes the sores.

other water molecules form H bonds with
those surrounding water molecules, typically
20 or more water molecules per dissolved ion.
When we consider a simple biomolecule such
as glyceraldehyde, the H bonds start at the
molecule itself. At least eight water molecules
bind directly to the glyceraldehyde molecule,
and then more water molecules bind to those
eight.

The orderly and repetitive arrangement of
hydrogen bonds in polymers determines their
shape. The extended structures of cellulose
and of peptides in a B-sheet allow for the for-
mation of strong fibers through intrachain H
bonding. Single helices (as in starch) and the
a-helices of proteins are stabilized by intra-
chain H bonds. Double and triple helices, as in
DNA and collagen, involve H bonds between
the two or three respective strands. Collagen

Types of hydrogen bonding in proteins Hydrogen bonds between the

strands of a DNA double helix

X

Intrastrand

Interstrand Interstrand

2.3 | What Are Acids and Bases?

The biochemical behavior of many important compounds depends on their
acid-base properties. A biologically useful definition of an acid is a molecule
that acts as a proton (hydrogen ion) donor. A base is similarly defined as a
proton acceptor. How readily acids or bases lose or gain protons depends on
the chemical nature of the compounds under consideration. The degree of
dissociation of acids in water, for example, ranges from essentially complete
dissociation for a strong acid to practically no dissociation for a very weak
acid, and any intermediate value is possible.

It is useful to derive a numerical measure of acid strength, which is the
amount of hydrogen ion released when a given amount of acid is dissolved in
water. Such an expression, called the acid dissociation constant, or K,, can be
written for any acid, HA, that reacts according to the equation

HA = H' + A~
Acid Conjugate base

H*[A-

e

© o [HA]
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In this expression, the square brackets refer to molar concentration—that is,
the concentration in moles per liter. For each acid, the quantity K, has a fixed
numerical value at a given temperature. This value is larger for more com-
pletely dissociated acids; the greater the K, the stronger the acid.
Strictly speaking, the preceding acid—base reaction is a proton-transfer
reaction in which water acts as a base as well as the solvent.
HA(aq) + H,O(f) = H;0%(aq) + A™(aq)
Acid Base Conjugate Conjugate
acid to H,O  base to HA

The notation (aq) refers to solutes in aqueous solution, whereas (€) refers to
water in the liquid state. It is well established that there are no “naked pro-
tons” (free hydrogen ions) in solution; even the hydronium ion (H;0™") is an
underestimate of the degree of hydration of hydrogen ion in aqueous solu-
tion. All solutes are extensively hydrated in aqueous solution. We will write
the short form of equations for acid dissociation in the interest of simplicity,
but the role of water should be kept in mind throughout our discussion.

2.4 | What Is pH, and What Does It Have
to Do with the Properties of Water?

The acid-base properties of water play an important part in biological
processes because of the central role of water as a solvent. The extent of self-
dissociation of water to hydrogen ion and hydroxide ion

H,0 = H' + OH"

is small, but the fact that it takes place determines important properties of
many solutes (Figure 2.10). Both the hydrogen ion (H*) and the hydroxide
ion (OH™) are associated with several water molecules, as are all ions in aque-
ous solution, and the water molecule in the equation is itself part of a cluster
of such molecules (Figure 2.11). It is especially important to have a quantita-
tive estimate of the degree of dissociation of water. We can start with the
expression

, _ jon]
[H,0]

The molar concentration of pure water, [H,O], is quite large compared with
any possible concentrations of solutes and can be considered a constant. (The
numerical value is 55.5 M, which can be obtained by dividing the number of
grams of water in 1 liter, 1000 g, by the molecular weight of water, 18 g/mol;
1000/18 = 55.5 M.) Thus,

_ [HT)[OH"]
? 55.5
K, X 55.5 = [H*][OH"] = K,

A new constant, K, the ion product constant for water, has just been defined,
where the concentration of water has been included in its value.

The numerical value of K, can be determined experimentally by measur-
ing the hydrogen ion concentration of pure water. The hydrogen ion concen-
tration is also equal, by definition, to the hydroxide ion concentration
because water is a monoprotic acid (one that releases a single proton per
molecule). At 25°C in pure water,

[H*] =107 M= [OH]

Biochemistry(Z)Now™ ACTIVE FIGURE 2.10
The ionization of water. Watch this Active Figure at
http://now.brookscole.com/campbell5
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Biochemistry@ Now™ ANIMATED FIGURE 2.11
The hydration of hydrogen ion in water. See this
figure animated at http://now.brookscole.com/
campbell5
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Thus, at 25°C, the numerical value of K is given by the expression
K,=[H*][OH"] = (1077 (1077) = 1074

This relationship, which we have derived for pure water, is valid for any aque-
ous solution, whether neutral, acidic, or basic.

The wide range of possible hydrogen ion and hydroxide ion concentra-
tions in aqueous solution makes it desirable to define a quantity for express-
ing these concentrations more conveniently than by exponential notation.
This quantity is called pH and is defined as

pH = —log,,[H"]

with the logarithm taken to the base 10. Note that, because of the logarithms
involved, a difference of one pH unit implies a tenfold difference in hydro-
gen ion concentration, [H*]. The pH values of some typical aqueous samples
can be determined by a simple calculation.

Practice Session

Since in pure water [H*] = 1 X 1077 M and pH = 7.0, you should be able
to calculate the pH of the following aqueous solutions:

1. 1 X 107* MHClI 2.1 X 10~* M NaOH

Assume that the self-ionization of water makes a negligible contribution to
the concentrations of hydronium ions and of hydroxide ions, which will
typically be true unless the solutions are extremely dilute.

Solution

The key points in the approach to this problem are the definition of pH,

which needs to be used in both parts, and the self-dissociation of water,

needed in the second part.

1. For 1 X 107® M HCI, [H,O"] = 1 X 1073 M; therefore, pH = 3.

2. For 1 X 107* M NaOH, [OH™] =1 X 107* M. Since [OH"] [H;0"] =
1 X 107 [H,;07] = 1 X 1071% M; therefore, pH = 10.0.

Pure water with a pH of 7 is neutral, acidic solutions have pH values lower
than 7, and basic solutions have pH values higher than 7.
A similar quantity, pK,, can be defined by analogy with the definition of pH:

pK, = —log; K,

The pK, is another numerical measure of acid strength; the smaller its value,
the stronger the acid. This is the reverse of the situation with K, where larger
values imply stronger acids (Table 2.6).

Monitoring Acidity

There is an equation that connects the K, of any weak acid with the pH of a
solution containing both that acid and its conjugate base. This relationship
has wide use in biochemical practice, especially where it is necessary to con-
trol pH for optimum reaction conditions. Some reactions cannot take place if
the pH varies from the optimum value. Important biological macromolecules
lose activity at extremes of pH. Figure 2.12 shows how the activities of three
enzymes are affected by pH. Note that each one has a peak activity that falls
off rapidly as the pH is changed from the optimum. Also, some drastic physi-
ological consequences can result from pH fluctuations in the body. Section
2.6 has more information about how pH can be controlled. To derive the
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Table 2.6

Dissociation Constants of Some Acids

Acid HA A~ K, pK,

Pyruvic acid CH;COCOOH CH,COCOO~ 3.16 X 1073 2.50

Formic acid HCOOH HCOO~ 1.78 X 107* 3.75

Lactic acid CH;CHOHCOOH CH,CHOHCOO™ 1.38 X 107* 3.86

Benzoic acid CsH;COOH CeH;COO™ 6.46 X 1079 4.19

Acetic acid CH4;COOH CH;COO™ 1.76 X 107° 4.76

Ammonium ion NH NH;, 5.6 X 10710 9.25

Oxalic acid (1) HOOC—COOH HOOC—COO~ 59 X 1072 1.23

Oxalic acid (2) HOOG—COO~ ~0O0C—COO~ 6.4 X 107° 4.19

Malonic acid (1) HOOCG—CH,—COOH HOOC—CH,—COO~ 1.49 X 1073 2.83

Malonic acid (2) HOOC—CH,—COO~ ~O0C—CH,;—COO™ 2.03 X 10°° 5.69

Malic acid (1) HOOC—CH;—CHOH—COOH HOOC—CHy—CHOH—COO™ 3.98 X 1074 3.40

Malic acid (2) HOOC—CHy—CHOH—COO™ ~O0C—CH,—CHOH—COO™ 55X 107° 5.26

Succinic acid (1) HOOC—CH,—CH,—COOH HOOG—CH,—CHy,—COO™ 6.17 X 107° 4.21

Succinic acid (2) HOOC—CHy—CHy—COO™ ~“O0CG—CHy—CH,—COO™ 2.3 X 1076 5.63

Carbonic acid (1) H,COq HCO4 4.3 X 1077 6.37

Carbonic acid (2) HCO;3 CO3~ 5.6 X 1071 10.20

Citric acid (1) HOOC—CH,—C(OH) HOOC—CH—C(OH) 8.14 X 1074 3.09
(COOH) —CHy—COOH (COOH) —CH,—COO~

Citric acid (2) HOOC—CH,—C(OH) ~“O0CG—CH,—C(OH) (COOH) 1.78 X 107° 4.75
(COOH) —CH,—COO~ —CH,—COO™

Citric acid (3) “O0C—CH,—C(OH) (COOH) ~O0C—CH,—C(OH) 3.9 X 1076 5.41
—CH,—COO~ (COO™)—CH,—COO™

Phosphoric acid (1) H,PO, H,PO~, 7.25 X 1073 2.14

Phosphoric acid (2) H,PO, HPO3%~ 6.31 X 1078 7.20

Phosphoric acid (3) HPO?%~ PO}~ 3.98 X 10713 12.40

Pepsin Trypsin Lysozyme

z

S

s

g <« FIGURE 2.12 pH versus enzymatic activity.

& Pepsin, trypsin, and lysozyme all have steep pH opti-

5 mum curves. Pepsin has maximum activity under

very acidic conditions, as would be expected for
T T T T T T T T T T T T a digestive enzyme that is found in the stomach.
2 4 6 10 2 4 6 8 10 4 6 8 10 Lysozyme has its maximum activity near pH 5, while
pH pH pH trypsin is most active near pH 6.

involved equation, it is first necessary to take the logarithm of both sides of

the K, equation.

—log [H"]

_ [HT)[AT]

© [HA]
log K, = log [H"] + 1 A ]
og K, = log %% [11A]

1 A]
—log K, + log [HA]
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Binchemistry@ Now™ ANIMATED FIGURE 2.13
Titration curve for acetic acid. Note that there is a
region near the pK, at which the titration curve is
relatively flat. In other words, the pH changes very
little as base is added in this region of the titration
curve. See this figure animated at http://now
.brookscole.com/campbell5

We then use the definitions of pH and pK;:
_ (A7]

pH = pK, + log @
This relationship is known as the Henderson—Hasselbalch equation and is use-
ful in predicting the properties of buffer solutions used to control the pH of
reaction mixtures. When buffers are discussed in Section 2.6, we will be inter-
ested in the situation in which the concentration of acid, [HA], and the con-
centration of the conjugate base, [A7], are equal ([HA] = [A™]). The ratio
[A7]/[HA] is then equal to 1, and the logarithm of 1 is equal to zero. There-
fore, when a solution contains equal concentrations of a weak acid and its con-
jugate base, the pH of that solution equals the pK, value of the weak acid.

2.5 | What Are Titration Curves?

When base is added to a sample of acid, the pH of the solution changes. A
titration is an experiment in which measured amounts of base are added to a
measured amount of acid. It is convenient and straightforward to follow the
course of the reaction with a pH meter. The point in the titration at which
the acid is exactly neutralized is called the equivalence point.

If the pH is monitored as base is added to a sample of acetic acid in the
course of a titration, an inflection point in the titration curve is reached when
the pH equals the pK, of acetic acid (Figure 2.13). As we saw in our discussion
of the Henderson—-Hasselbalch equation, a pH value equal to the pK, corre-
sponds to a mixture with equal concentrations of the weak acid and its conju-
gate base—in this case, acetic acid and acetate ion, respectively. The pH at the
inflection point is 4.76, which is the pK, of acetic acid. The inflection point
occurs when 0.5 mole of base has been added for each mole of acid present.
Near the inflection point, the pH changes very little as more base is added.

When 1 mole of base has been added for each mole of acid, the equiva-
lence point is reached, and essentially all the acetic acid has been converted
to acetate ion. (See Question 42 at the end of this chapter.) Figure 2.13 also
plots the relative abundance of acetic acid and acetate ion with increasing
additions of NaOH. Notice that the percentage of acetic acid plus the per-
centage of acetate ion adds up to 100%. The acid (acetic acid) is progressively
converted to its conjugate base (acetate ion) as more NaOH is added and the
titration proceeds. It can be helpful to keep track of the percentages of a con-
jugate acid and base in this way to understand the full significance of the
reaction taking place in a titration. The form of the curves in Figure 2.13 rep-
resents the behavior of any monoprotic weak acid, but the value of the pK,
for each individual acid determines the pH values at the inflection point and
at the equivalence point.

Practice Session

Calculate the relative amounts of acetic acid and acetate ion present at the
following points when 1 mole of acetic acid is titrated with sodium hydrox-
ide. Also use the Henderson—Hasselbalch equation to calculate the values
of the pH at these points. Compare your results with Figure 2.13.

a. 0.1 mole of NaOH is added

b. 0.3 mole of NaOH is added

c. 0.5 mole of NaOH is added

d. 0.7 mole of NaOH is added

e. 0.9 mole of NaOH is added
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Solution

We approach this problem as an exercise in stoichiometry. There is a 1:1
ratio of moles of acid reacted to moles of base added. The difference
between the original number of moles of acid and the number reacted is
the number of moles of acid remaining. These are the values to be used in
the numerator and denominator, respectively, of the Henderson—Hassel-
balch equation.

a. When 0.1 mol of NaOH is added, 0.1 mol of acetic acid reacts with it to
form 0.1 mol of acetate ion, leaving 0.9 mol acetic acid. The composition is
90% acetic acid and 10% acetate ion.

H K, +1 0.1
= 0o ——
p p a g 0.9

H =476 +1 0.1
=4, og ——
P $0.9

pH =4.76 — 0.95

pH = 3.81
b. When 0.3 mol of NaOH is added, 0.3 mol of acetic acid reacts with it to
form 0.3 mol of acetate ion, leaving 0.7 mol acetic acid. The composition is
70% acetic acid and 30% acetate ion.

H = pK, + log =
P P&, T log 0.7
pH = 4.39

c. When 0.5 mol of NaOH is added, 0.5 mol of acetic acid reacts with it to
form 0.5 mol of acetate ion, leaving 0.5 mol acetic acid. The composition is
50% acetic acid and 50% acetate ion.

H = pK, +1 05
p pa Og0.5

pH = 4.76

d. When 0.7 mol of NaOH is added, 0.7 mol of acetic acid reacts with it to
form 0.7 mol of acetate ion, leaving 0.3 mol acetic acid. The composition is
30% acetic acid and 70% acetate ion.

H K, +1 07
= 0o ——
p p a g 0.8

pH = 5.13

e. When 0.9 mol of NaOH is added, 0.9 mol of acetic acid reacts with it to
form 0.9 mol of acetate ion, leaving 0.1 mol acetic acid. The composition is
10% acetic acid and 90% acetate ion.

H = pK, + log >
= o
p p a g 0.1

pH =5.71

Table 2.6 lists values for the acid dissociation constant, K, and for the pK,
for a number of acids. Note that these acids are categorized in three groups.
The first group consists of monoprotic acids, which release one hydrogen ion
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and have a single K, and pK, The second group consists of diprotic acids,
which can release two hydrogen ions and have two K, values and two pK, val-
ues. The third group consists of polyprotic acids, which can release more than
two hydrogen ions. The two examples of polyprotic acids given here, citric acid
and phosphoric acid, can release three hydrogen ions and have three K, values
and three pK, values. Amino acids and peptides, the subject of Chapter 3,
behave as diprotic and polyprotic acids; we shall see examples of their titration
curves later. Here is a way to keep track of protonated and deprotonated forms
of acids and their conjugate bases, and this can be particularly useful with
diprotic and polyprotic acids. When the pH of a solution is less than the pK, of
an acid, the protonated form predominates. (Remember that the definition of
pH includes a negative logarithm.) When the pH of a solution is greater than
the pK, of an acid, the deprotonated (conjugate base) form predominates.

pH < pK,
H™ on, substance protonated
pH > pK,

H™ off, substance deprotonated

2.6 | What Are Buffers, and
Why Are They Important?

A buffer solution consists of a mixture of a weak acid and its conjugate base.
Buffer solutions tend to resist a change in pH on the addition of moderate
amounts of strong acid or base. Let us compare the changes in pH that occur on
the addition of equal amounts of strong acid or strong base to pure water at pH
7 and to a buffer solution at pH 7. If 1.0 mL of 0.1 M HCI is added to 99.0 mL
of pure water, the pH drops drastically. If the same experiment is conducted
with 0.1 M NaOH instead of 0.1 M HCI, the pH rises drastically (Figure 2.14).

Practice Session

Calculate the pH value obtained when 1.0 mL of 0.1 M HCI is added to
99.0 mL of pure water. Also, calculate the pH observed when 1.0 mL of 0.1
M NaOH is added to 99.0 mL of pure water. Hint: Be sure to take the dilu-
tion of both acid and base to the final volume of 100 mL into account.

Solution

On dilution, we have 100 mL of 0.001 M HCIl and 100 mL of 0.001 M
NaOH.

Acid added, [H,O0*] = 1073 M; therefore, pH = 3.

Base added, [OH ] = 107® M. Since [OH™] [H;0%] =1 X 107!* [H;07]
= 10" M; therefore, pH = 11.

The results are different when 99.0 mL of buffer solution is used instead of
pure water. A solution that contains the monohydrogen phosphate and dihy-
drogen phosphate ions, HPO3~ and H,POyj, in suitable proportions can serve
as such a buffer. The Henderson—-Hasselbalch equation can be used to calcu-
late the HPO% /H,POj ratio that corresponds to pH 7.0.
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Practice Session

Convince yourself that the proper ratio for pH 7.00 is 0.63 parts HPO?™ to
1 part H,PO, by doing the calculation now.

Solution
Use the Henderson—-Hasselbalch equation with pH = 7.00 and pK, = 7.20.
pH = pK, + log A ]
[HA]
7.00 = 7.20 + logm
[HyPO; ]
—0.20 = logm
[HoPO; ]
HPOj;~
or) 0%

For purposes of illustration, let us consider a solution in which the concentra-
tions are [HPO?"]= 0.063 M and [Ho,PO, ] = 0.10 M; this gives the conjugate
base/weak acid ratio of 0.63 seen above. If 1.0 mL of 0.10 M HCI is added to
99.0 mL of the buffer, the reaction

[HPO3 ] + H* = [H,PO;]

takes place, and almost all the added H* will be used up. The concentrations
of [HPOf’] and [H,PO, ] will change, and the new concentrations can be
calculated.
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<« FIGURE 2.14 Buffering. Acid is added to the
two beakers on the left. The pH of unbuffered
H,O drops dramatically while that of the buffer
remains stable. Base is added to the two beakers
on the right. The pH of the unbuffered water rises
drastically while that of the buffer remains stable.
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(@)

pH
pK, +1-
Buffer 7.2 = pK,
region

pK, -1

H,PO;

[HyPOZ] = [HPO?]

Concentrations (mol/L)

[HPOZ "] [H'] [H,PO, ]
Before addition of HCI 0.063 1X 1077 0.10
HCIl added—no reaction yet 0.063 1x107% 0.10
After HCI reacts with HPO3~ 0.062 To be found 0.101

The new pH can then be calculated using the Henderson-Hasselbalch equa-

tion and the phosphate ion concentrations. The appropriate pK, is 7.20
(Table 2.6).

[HPO:" ]
[HyPO; |

H = 7.90 + log 2202
=17. og ——
p $0.101

pH = pK, + log

pH = 6.99

The new pH is 6.99, a much smaller change than in the unbuffered pure
water (Figure 2.14). Similarly, if 1.0 mL of 0.1 M NaOH is used, the same
reaction takes place as in a titration:

H,PO; + OH™ = HPO?"

Almost all the added OH™ is used up, but a small amount remains. Since this
buffer is an aqueous solution, it is stll true that K, = [H*][OH"]. The
increase in hydroxide ion concentration implies that the hydrogen ion con-
centration decreases and that the pH increases. Use the Henderson—-Hassel-
balch equation to calculate the new pH and to convince yourself that the
result is pH = 7.01, again a much smaller change in pH than took place in
pure water (Figure 2.14). Many biological reactions will not take place unless
the pH remains within fairly narrow limits, and, as a result, buffers have great
practical importance in the biochemistry laboratory.

A consideration of titration curves can give insight into how buffers work
(Figure 2.15a). The pH of a sample being titrated changes very little in the

(b)

2—
HPOj HPO%~

Inflection
point

H,PO;

|
% HoPOj in solution 100 90
% HPO3 in solution 0 10

T T T | | !
0 50 100

50 10 0 Relative abundance (%)
50 90 100

HyPOY in excess

f HPOZ™ in excess

A FIGURE 2.15 The relationship between the titration curve and buffering action in H,PO;. (a)
The titration curve of Hy,PO;, showing the buffer region for the H,PO; /HPO?™ pair.
(b) Relative abundance of H,PO; and HPO? ™.



vicinity of the inflection point of a titration curve. Also, at the inflection
point, half the amount of acid originally present has been converted to the
conjugate base. The second stage of ionization of phosphoric acid

H,PO; = H* + HPO?"

was the basis of the buffer just used as an example. The pH at the inflection
point of the titration is 7.20, a value numerically equal to the pK, of the dihy-
drogen phosphate ion. At this pH, the solution contains equal concentrations
of the dihydrogen phosphate ions and monohydrogen phosphate ions, the
acid and base forms. Using the Henderson-Hasselbalch equation, we can cal-
culate the ratio of the conjugate base form to the conjugate acid form for any
pH when we know the pK,. For example, if we choose a pH of 8.2 for a buffer
composed of H,PO; and HPO? ", we can solve for the ratio

pH = pK, + log HPO4:
82 =172+ log HPO;”
H,PO;
|~ g HPO?
H,PO;
HPO2™
mpro;, 0

Thus, when the pH is one unit higher than the pK,, the ratio of the conjugate
base form to the conjugate acid form is 10. When the pH is two units higher
than the pK,, the ratio is 100, and so on. Table 2.7 shows this relationship for
several increments of pH value.

A buffer solution can maintain the pH at a relatively constant value
because of the presence of appreciable amounts of both the acid and its con-
jugate base. This condition is met at pH values at or near the pK, of the acid.
If OH™ is added, an appreciable amount of the acid form of the buffer is
present in solution to react with the added base. If HT is added, there is also
an appreciable amount of the basic form of the buffer to react with the added
acid.

The H,PO;/HPO?™ pair is suitable as a buffer near pH 7.2, and the
CH,COOH/CHZ;COO™ pair is suitable as a buffer near pH 4.76. At pH values
below the pK, the acid form predominates, and at pH values above the pK,
the basic form predominates. The plateau region in a titration curve, where
the pH does not change rapidly, covers a pH range extending approximately
one pH unit on each side of the pK,. Thus, there is a range of about two pH

Table 2.7

pH Values and Base/Acid Ratios for Buffers
If the pH equals The ratio of base form/acid form equals
pK,— 3 1/1000
pK, —2 1/100
pK,— 1 1/10
pK, 1/1
pK, + 1 10/1
pK, + 2 100/1
pK, +3 1000/1

2.6 What Are Buffers, and Why Are They Important?
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units in which the buffer is effective (Figure 2.15b). The condition that a
buffer contains appreciable amounts of both a weak acid and its conjugate
base applies both to the ratio of the two forms and to the absolute amount of
each present in a given solution. If a buffer solution contained a suitable ratio
of acid to base, but very low concentrations of both, it would take very little
added acid to use up all the base form, and vice versa. A buffer solution with
low concentrations of both the acid and base forms is said to have a low
buffering capacity. A buffer that contains greater amounts of both acid and
base has a higher buffering capacity. The Biochemical Connections box
describes some of the considerations that go into the choice of a suitable
buffer for a given application.

How We Make Buffers

When we study buffers in theory, we often use the Henderson-Hasselbalch
equation and do many calculations concerning ratios of conjugate base form
to conjugate acid form. In practice, however, making a buffer is much easier.
To have a buffer, all that is necessary are the two forms of the buffer present
in the solution at reasonable quantities. This situation can be obtained by
adding predetermined amounts of the conjugate base form (A™) to the acid
form (HA), or we could start with one and create the other. This is how it is
done in practice. Remember that HA and A~ are interconverted by adding
strong acid or strong base (Figure 2.16). To make a buffer, we could start with
the HA form and add NaOH until the pH is correct, as determined by a pH
meter. We could also start with A~ and add HCI until the pH is correct.

Biochemical Connections

Buffer Selection

Much of biochemistry is studied by carrying out enzymatic reac-
tions in a test tube or in vitro (literally, in glass). Such reactions
are usually buffered to maintain a constant pH. Similarly, virtu-
ally all methods for enzyme isolation, and even for growth of
cells in tissue culture, use buffered solutions. The following cri-
teria are typical for selecting a buffer for a biochemical reaction.

1. Suitable pK, for the buffer.

2. No interference with the reaction or with the assay.

3. Suitable ionic strength of the buffer.

4. No precipitation of reactants or products due to presence of
the buffer.

5. Nonbiological nature of the buffer.

The rule of thumb is that the pK, should be = 1 pH unit from
the pH of the reaction; * § pH unit is even better. Although the
perfect generic buffer would have a pH equal to its pK, if the
reaction is known to produce an acidic product, it is advanta-
geous if the pK, is below the reaction pH, because then the
buffer capacity increases as the reaction proceeds.

Sometimes a buffer can interfere with a reaction or with the
assay method. For example, a reaction that requires or produces
phosphate or CO, may be inhibited if there is too much phos-
phate or carbonate in the reaction mixture. Even the counter-

ion may be important. Typically a phosphate or carbonate buffer
is prepared from the Na* or K* salt. Since many enzymes that
react with nucleic acids are activated by one of these two ions
and inhibited by the other, the choice of Na* or K* for a coun-
terion could be critical. A buffer can also affect the spectropho-
tometric determination of a colored assay product.

If a buffer has a poor buffering capacity at the desired pH, its
efficiency can often be increased by increasing the concentra-
tion; however, many enzymes are sensitive to high salt concen-
tration. Beginning students in biochemistry often have difficulty
with enzyme isolations and assays because they fail to appreciate
the sensitivity of many enzymes. Fortunately, to minimize this
problem, most beginning biochemistry laboratory manuals call
for the use of enzymes that are very stable.

A buffer may cause precipitation of an enzyme or even of a
metallic ion that may be a cofactor for the reaction. For exam-
ple, many phosphate salts of divalent cations are only marginally
soluble.

Finally, it is often desirable to use a buffer that has no biologi-
cal activity at all, so it can never interfere with the system being
studied. TRIS is a very desirable buffer, since it rarely interferes
with a reaction. Special buffers, such as HEPES and PIPES (Table
2.8), have been developed for growing cells in tissue culture.




Depending on the relationship of the pH we desire to the pK, of the buffer, it
may be more convenient to start with one than the other. For example, if we
are making an acetic acid/acetate buffer at pH 5.7, it would make more sense
to start with the A™ form and to add a small amount of HCI to bring the pH
down to 5.7, rather than to start with HA and to add much more NaOH to
bring the pH up past the pK,

Buffer Systems of Physiological Importance

Buffer systems in living organisms and in the laboratory are based on many
types of compounds. Since physiological pH in most organisms stays around
7, it might be expected that the phosphate buffer system would be widely
used in living organisms. This is the case where phosphate ion concentrations
are high enough for the buffer to be effective, as in most intracellular fluids.
The H,PO; /HPO?™ pair is the principal buffer in cells. In blood, phosphate
ion levels are inadequate for buffering, and a different system operates.

The buffering system in blood is based on the dissociation of carbonic acid
(HyCOy):

H,CO, = H* + HCO;

where the pK, of H,CO, is 6.37. The pH of human blood, 7.4, is near the
end of the buffering range of this system, but another factor enters into the
situation.

Carbon dioxide can dissolve in water and in water-based fluids, such as
blood. The dissolved carbon dioxide forms carbonic acid, which, in turn,
reacts to produce bicarbonate ion:

CO,(g) = COy(aq)
CO,(aq) + H,0 () = H,CO4(aq)
H,CO4(aq) = H"(aq) + HCO; (aq)
Net equation: CO,(g) + H,O(€) = H" (aq) + HCO; (aq)

At the pH of blood, which is about one unit higher than the pK, of carbonic
acid, most of the dissolved CO, is present as HCOg3. The CO, being trans-
ported to the lungs to be expired takes the form of bicarbonate ion. There is
a direct relationship between the pH of the blood and the pressure of carbon
dioxide gas in the lungs. The properties of hemoglobin, the oxygen-carrying
protein in the blood, also enter into the situation (see the Biochemical Con-
nections box in Chapter 4).

The phosphate buffer system is common in the laboratory (in vitro, outside
the living body) as well as in living organisms (in vivo). The buffer system
based on TRIS [#is(hydroxymethyl)aminomethane] is also widely used in
vitro. Other buffers that have come into wide use more recently are zwitteri-
ons, which are compounds that have both a positive charge and a negative
charge. Zwitterions are usually considered less likely to interfere with bio-
chemical reactions than some of the earlier buffers (Table 2.8).

Most living systems operate at pH levels close to 7. The pK, values of many
functional groups, such as the carboxyl and amino groups, are well above or
well below this value. As a result, under physiological conditions, many impor-
tant biomolecules exist as charged species to one extent or another. The prac-
tical consequences of this fact are explored in the following Biochemical Con-
nections box.
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Table 2.8

Acid and Base Forms of Some Useful Biochemical Buffers

Acid Form Base Form PK,
TRIS—H" N— tris[hydroxymethyl]Jaminomethane (TRIS) TRIS 8.3
(protonated form) (free amine)
(HOCH,),CNH, = (HOCH,),CNH,
"TES—H* N— tris[hydroxymethylJmethyl-2- "TES 7.55
(zwitterionic form) aminoethane sulfonate (TES) (anionic form)
(HOCH,) ,CNH,CH,CH,SO, = (HOCH,) ,CNHCH,CH,SO;
"HEPES—H" N-—2-—hydroxyethylpiperazine-N -2- "HEPES 7.55
(zwitterionic form) ethane sulfonate (HEPES) (anionic form)
N\ ~ = N\
HOCH,CH,N* NCH,CH,SO, HOCH,CH,N NCH,CH,SO;
P ~—
"MOPS—H* 3— [N—morpholino]propane- "MOPS 7.2
(zwitterionic form) sulfonic acid (MOPS) (anionic form)
/N = N
(0] *I\I\CH2CH2CH2$O; (0] NCH,CH,CH,SO;
2PIPES—H" Piperazine—N,N*- " PIPES 6.8
(protonated dianion) bis[2-ethanesulfonic acid] (PIPES) (dianion)
P = N
~“0,SCH,CH,N +N(\]\H2CHQSO; ~“O,SCH,CH,N NCH,CH,SO;

Biochemical Connections

Some Physiological Consequences of Blood Buffering

The process of respiration plays an important role in the buffer-
ing of blood. In particular, an increase in H* concentration can
be dealt with by raising the rate of respiration. Initially, the
added hydrogen ion binds to bicarbonate ion, forming carbonic
acid.

H*(aq) + HCOj3 (aq) = HyCO;(aq)

An increased level of carbonic acid raises the levels of dissolved
carbon dioxide and, ultimately, gaseous carbon dioxide in the
lungs.

H,CO,(aq) = CO,(aq) + H,O({)
COy(aq) == COy(g)

A high respiration rate removes this excess carbon dioxide from
the lungs, starting a shift in the equilibrium positions of all the
foregoing reactions. The removal of gaseous CO, decreases the
amount of dissolved CO,. Hydrogen ion reacts with HCOg and,
in the process, lowers the H* concentration of blood back to its
original level. In this way, the blood pH is kept constant.

In contrast, hyperventilation (excessively deep and rapid
breathing) removes such large amounts of carbon dioxide from

the lungs that it raises the pH of blood, sometimes to danger-
ously high levels that bring on weakness and fainting. Athletes,
however, have learned how to use the increase in blood pH
caused by hyperventilation. Short bursts of strenuous exercise
produce high levels of lactic acid in the blood as a result of the
breakdown of glucose. The presence of so much lactic acid
tends to lower the pH of the blood, but a brief (30-second)
period of hyperventilation before a short-distance event (say, a
400-m dash, 100-m swim, 1-km bicycle race, or any event that
lasts between 30 seconds and about a minute) counteracts the
effects of the added lactic acid and maintains the pH balance.

An increase in H" in blood can be caused by large amounts
of any acid entering the bloodstream. Aspirin, like lactic acid, is
an acid, and extreme acidity resulting from the ingestion of
large doses of aspirin can cause aspirin poisoning. Exposure to
high altitudes has an effect similar to hyperventilation at sea level.
In response to the tenuous atmosphere, the rate of respiration
increases. As with hyperventilation, more carbon dioxide is
expired from the lungs, ultimately lowering the H* level in
blood and raising the pH. When people who normally live at sea
level are suddenly placed at a high elevation, their blood pH
rises temporarily, until they become acclimated.
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Summary

2.1 What Makes Water a Polar Molecule? The prop-
erties of the water molecule have a direct effect on the behavior of
biomolecules. Water is a polar molecule, with a partial negative charge
on the oxygen atom and partial positive charges on the hydrogen
atoms. There are forces of attraction between the unlike partial
charges. Polar substances tend to dissolve in water, but nonpolar sub-
stances do not.

2.2 What Is a Hydrogen Bond? A hydrogen bond is a
special case of dipole—dipole interactions. In both the liquid state and
the solid state, water molecules are extensively hydrogen-bonded to
one another. Hydrogen bonding between water and polar solutes takes
place in aqueous solutions. The three-dimensional structures of many
important biomolecules, including proteins and nucleic acids, are sta-
bilized by hydrogen bonds.

2.3 What Are Acids and Bases? Acids are proton donors,
and bases are proton acceptors. Acid-base reactions involve proton
transfer. Water can accept and donate protons. The degree of dissocia-
tion of acids in water can be characterized by an acid dissociation con-
stant, K,, which gives a numerical indication of the strength of the
acid.

2.4 What Is pH, and What Does It Have to Do with
the Properties of Water? The self-dissociation of water can

be characterized by a similar constant, K. Since the hydrogen ion
concentration of aqueous solutions can vary by many orders of magni-
tude, it is desirable to define a quantity, pH, that expresses the con-
centration of hydrogen ions conveniently. A similar quantity, pK,, can
be used as an alternative expression for the strength of any acid. The
pH of a solution of a weak acid and its conjugate base can be related
to the pK, of that acid by the Henderson—Hasselbalch equation.

2.5 What Are Titration Curves? In an aqueous solution,
the relative concentrations of a weak acid and its conjugate base can
be related to the titration curve of that acid. In the region of the titra-
tion curve in which the pH changes very little upon addition of acid or
base, the acid/base concentration ratio varies within a fairly narrow
range (10:1 at one extreme and 1:10 at the other).

2.6 What Are Buffers, and Why Are They Impor-
tant? The tendency to resist a change in pH on the addition of rel-
atively small amounts of acid or base is characteristic of buffer solu-
tions. The control of pH by buffers depends on the fact that their
compositions reflect the acid/base concentration ratio in the region of
the titration curve in which there is little change in pH.

Critical Questions to Review

2.1 What Makes Water a Polar Molecule?

1. Thought Question Why is water necessary for life?

2. Thought Question Contemplate biochemistry if atoms did not dif-
fer in electronegativity.

2.2 What Is a Hydrogen Bond?

3. Fact Check What are some macromolecules that have hydrogen
bonds as a part of their structures?

4. Biochemical Connections How are hydrogen bonds involved in
the transfer of genetic information?

5. Thought Question Rationalize the fact that hydrogen bonding has
not been observed between CH, molecules.

6. Thought Question Draw three examples of types of molecules
that can form hydrogen bonds.

7. Thought Question What are the requirements for molecules to
form hydrogen bonds? (What atoms must be present and involved
in such bonds?)

8. Thought Question Many properties of acetic acid can be rational-
ized in terms of a hydrogen-bonded dimer. Propose a structure for
such a dimer.

9. Thought Question How many water molecules could hydrogen-
bond directly to glucose? To sorbitol or ribitol?

CH,OH

C—O
\

H\c H \C/H
/ OH H N
HO | \ OH
Ne—d”

H OH

Glucose

CH,OH CH,OH
H—C‘—OH H—C‘—OH
H—é—OH H—C—OH

HO—é—H H—C‘Z—OH
H—(:}—OH éH2OH
CH,OH
Sorbitol Ribitol

10. Thought Question Both RNA and DNA have negatively charged
phosphate groups as part of their structure. Would you expect
ions that bind to nucleic acids to be positively or negatively
charged? Why?

2.3 What Are Acids and Bases?

11. Fact Check Identify the conjugate acids and bases in the following
pairs of substances:

(CH5)sNHY(CH;) 3N
“HyN —CH,COOH/ "H3N —CHoy—COO ~
"H;N—CHy— COO 7 HyN —CH,—COO ™~
~00C—CHy— COOH/~00C — CHy—COO ™
~00C —CHy— COOH/HOOC — CHy—COOH
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12. Fact Check Identify conjugate acids and bases in the following
pairs of substances:

(a) (HOCH,), CNH;  (HOCH,), CNH,

7N

(b) HOCH, CH,N N CH, CH, SO;
N
7N

HOCH, CH,N* N CH, CH, SO,
H/ A

. N B}
(c) OySCH,CH,N_ N!CH, CH, SO,

VRN
0;SCH,CH,N N CH, CH, SO,
A

13. Thought Question Aspirin is an acid with a pK, of 3.5; its struc-
ture includes a carboxyl group. To be absorbed into the blood-
stream, it must pass through the membrane lining the stomach
and the small intestine. Electrically neutral molecules can pass
through a membrane more easily than can charged molecules.
Would you expect more aspirin to be absorbed in the stomach,
where the pH of gastric juice is about 1, or in the small intestine,
where the pH is about 62 Explain your answer.

2.4 What Is pH, and What Does It Have to Do with
the Properties of Water?

14. Fact Check Why does the pH change by one unit if the hydrogen
ion concentration changes by a factor of 10?

15. Mathematical Calculate the hydrogen ion concentration, [H*],
for each of the following materials:

(a) Blood plasma, pH 7.4
(b) Orange juice, pH 3.5
(c) Human urine, pH 6.2
(d) Household ammonia, pH 11.5
(e) Gastric juice, pH 1.8
16. Mathematical Calculate the hydrogen ion concentration, [H*],
for each of the following materials:
(a) Saliva, pH 6.5
(b) Intracellular fluid of liver, pH 6.9
(c) Tomato juice, pH 4.3
(d) Grapefruit juice, pH 3.2
17. Mathematical Calculate the hydroxide ion concentration, [OH™],
for each of the materials used in Question 16.
2.5 What Are Titration Curves?
18. Fact Check Define the following:
(a) Acid dissociation constant
(b) Acid strength
(c) Amphipathic
(d) Buffering capacity
(e) Equivalence point
(f) Hydrophilic
(g) Hydrophobic
(h) Nonpolar
(i) Polar
(j) Titration
2.6 Wha; Are Buffers, and Why Are They Impor-
tant?

19. Biochemical Connections List the criteria used to select a buffer
for a biochemical reaction.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Biochemical Connections What is the relationship between pK,

and the useful range of a buffer?

Mathematical What is the [CH;COO™]/[CH3COOH] ratio in an

acetate buffer at pH 5.00?

Mathematical What is the [CH;COO™]/[CH3COOH] ratio in an

acetate buffer at pH 4.00?

Mathematical What is the ratio of TRIS/TRIS-H™ in a TRIS buffer

at pH 8.7?

Mathematical What is the ratio of HEPES/HEPES-H™ in a HEPES

buffer at pH 7.9?

Mathematical How would you prepare 1 liter of a 0.050 M phos-

phate buffer at pH 7.5 using crystalline K,HPO, and a solution of

1.0 M HCI?

Mathematical The buffer needed for Exercise 25 can also be pre-

pared using crystalline NaH,PO, and a solution of 1.0 M NaOH.

How would you do this?

Mathematical Calculate the pH of a buffer solution prepared by

mixing 75 mL of 1.0 M lactic acid (see Table 2.6) and 25 mL of

1.0 M sodium lactate.

Mathematical Calculate the pH of a buffer solution prepared by

mixing 25 mL of 1.0 M lactic acid and 75 mL of 1.0 M sodium

lactate.

Mathematical Calculate the pH of a buffer solution that contains

0.10 M acetic acid (Table 2.6) and 0.25 M sodium acetate.

Mathematical A catalogue in the lab has a recipe for preparing 1

liter of a TRIS buffer at 0.0500 M and with pH = 8.0: dissolve 2.02

g of TRIS (free base, MW = 121.1 g/mol) and 5.25 g of TRIS

hydrochloride (the acidic form, MW = 157.6 g/mol) in a total vol-

ume of 1 liter. Verify that this recipe is correct.

Mathematical If you mixed equal volumes of 0.1 M HCI and 0.20

M TRIS (free amine form; see Table 2.8), is the resulting solution

a buffer? Why or why not?

Mathematical What would be the pH of the solution described in

Question 317

Mathematical If you have 100 mL of a 0.10 M TRIS buffer at pH

8.3 (Table 2.8) and you add 3.0 mL of 1 M HCI, what will be the

new pH?

Mathematical What will be the pH of the solution in Question 33

if you were to add 3.0 mL more of 1 M HCI?

Mathematical Show that, for a pure weak acid in water, pH = }

(pK, — log [HA]).

Mathematical What is the ratio of concentrations of acetate ion

and undissociated acetic acid in a solution that has a pH of 5.12?

Biochemical Connections You need to carry out an enzymatic

reaction at pH 7.5. A friend suggests a weak acid with a pK, of 3.9

as the basis of a buffer. Will this substance and its conjugate base

make a suitable buffer? Why or why not?

Mathematical If the buffer suggested in Question 37 were made,

what would be the ratio of the conjugate base/conjugate acid?

Biochemical Connections Suggest a suitable buffer range for each

of the following substances:

(a) Lactic acid (pK, = 3.86) and its sodium salt

(b) Acetic acid (pK, 4.76) and its sodium salt

(c) TRIS (pK, = 8.3; see Table 2.8) in its protonated form and its
free amine form

(d) HEPES (pK, = 7.55; see Table 2.8) in its zwitterionic form and
its anionic form

Biochemical Connections Which of the buffers shown in Table 2.8

would you choose to make a buffer with a pH of 7.3? Explain why.

Thought Question The solution in Question 25 is called 0.050 M,

even though the concentration of neither the free base nor the



conjugate acid is 0.050 M. Why is 0.050 M the correct concentra-
tion to report?

42. Thought Question In Section 2.5 we said that, at the equivalence
point of a titration of acetic acid, essentially all the acid has been
converted to acetate ion. Why do we not say that all the acetic acid
has been converted to acetate ion?

43. Thought Question Define buffering capacity. How do the follow-
ing buffers differ in buffering capacity? How do they differ in pH?

Buffer a: 0.01 M Na,HPO, and 0.01 M NaH,PO,
Buffer b: 0.10 M Na,HPO, and 0.10 M NaH,PO,
Buffer c: 1.0 M Na,HPO, and 1.0 M NaH,PO,

44. Biochemical Connections If you wanted to make a HEPES buffer
at pH 8.3, and you had both HEPES acid and HEPES base avail-
able, which would you start with, and why?

45. Biochemical Connections We usually say that a perfect buffer has
its pH equal to its pK,. Give an example of a situation in which it
would be advantageous to have a buffer with a pH 0.5 units higher
than its pK,.
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46. Thought Question What quality of zwitterions makes them desir-
able buffers?

47. Thought Question Many of the buffers used these days, such as
HEPES and PIPES, were developed because they have desirable
characteristics, such as resisting pH change with dilution. Why
would resisting pH change with dilution be advantageous?

48. Thought Question Another characteristic of the modern buffers
such as HEPES is that their pH changes little with changes in tem-
perature. Why is this desirable?

49. Thought Question Identify the zwitterions in the list of substances
in Question 11.

50. Biochemical Connections A frequently recommended treatment
for hiccups is to hold one’s breath. The resulting condition,
hypoventilation, causes buildup of carbon dioxide in the lungs.
Predict the effect on the pH of blood.
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Critical Questions

3.1 What Are Amino Acids, and What Is
Their Three-Dimensional Structure?

3.2  What Are the Structures and
Properties of the Individual Amino
Acids?

3.3 Do Amino Acids Have Specific
Acid—Base Properties?

3.4  What Is the Peptide Bond?

3.5  Are Small Peptides Physiologically
Active?
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Amino Acids and Peptides

Proteins are long chains of amino acids linked together by peptide (amide)
bonds with a positively charged nitrogen-containing amino group at one
end and a negatively charged carboxyl group at the other end. Along the
chain is a series of different side chains that differ for each of the 20 amino
acids. A linkage of two amino acids is a dipeptide; three amino acids form
a tripeptide. The sequence of the amino acids is of the utmost importance.
Glycine-lysine—alanine is a different peptide from alanine-lysine—glycine,
and it has a different chemical significance. (Similarly, the motto “Talk little,
do much” has a different meaning from “Do little, talk much.”) For a chain
20 amino acids long, there are more than a billion possible sequences. Lit-
erally, the sequence is the message. It determines exactly how the protein
will fold up in a three-dimensional conformation to perform its precise bio-
chemical function.

3.1 | What Are Amino Acids, and What Is
Their Three-Dimensional Structure?

Among all the possible amino acids, only 20 are usually found in proteins.
The general structure of amino acids includes an amino group and a carboxyl
group, both of which are bonded to the a-carbon (the one next to the car-
boxyl group). The a-carbon is also bonded to a hydrogen and to the side-
chain group, which is represented by the letter R. The R group determines
the identity of the particular amino acid (Figure 3.1). The two-dimensional
formula shown here can only partially convey the common structure of amino
acids because one of the most important properties of these compounds is
their three-dimensional shape, or stereochemistry.

Every object has a mirror image. Many pairs of objects that are mirror
images can be superimposed on each other; two identical solid-colored coffee
mugs are an example. In other cases, the mirror-iimage objects cannot be
superimposed on one another but are related to each other as the right hand
is to the left. Such nonsuperimposable mirror images are said to be chiral
(from the Greek cheir; “hand”); many important biomolecules are chiral.

A frequently encountered chiral center in biomolecules is a carbon atom
with four different groups bonded to it (Figure 3.1). Such a center occurs in
all amino acids except glycine. Glycine has two hydrogen atoms bonded to
the a-carbon; in other words, the side chain (R group) of glycine is hydrogen.
Glycine is not chiral (or, alternatively, is achiral) because of this symmetry. In
all the other commonly occurring amino acids, the a-carbon has four differ-
ent groups bonded to it, giving rise to two nonsuperimposable mirror-image
forms. Figure 3.2 shows perspective drawings of these two possibilities, or
stereoisomers, for alanine, where the R group is —CH,. The dashed wedges
represent bonds directed away from the observer, and the solid triangles rep-
resent bonds directed out of the plane of the paper in the direction of the
observer.

The two possible stereoisomers of another chiral compound, L- and D-
glyceraldehyde, are shown for comparison with the corresponding forms of
alanine. These two forms of glyceraldehyde are the basis of the classification
of amino acids into L. and D forms. The terminology comes from the Latin
laevus and dexter, meaning “left” and “right,” respectively, which comes from
the ability of optically active compounds to rotate polarized light to the left or
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the right. The two stereoisomers of each amino acid are designated as L- and
D-amino acids on the basis of their similarity to the glyceraldehyde standard.
When drawn in a certain orientation, the L form of glyceraldehyde has the
hydroxyl group on the left side of the molecule, and the b form has it on the
right side, as shown in perspective in Figure 3.2 (a Fischer projection). To
determine the L or D designation for an amino acid, it is drawn as shown. The
position of the amino group on the left or right side of the a-carbon deter-
mines the L or D designation. The amino acids that occur in proteins are all
of the L form. Although D-amino acids occur in nature, most often in bacter-
ial cell walls and in some antibiotics, they are not found in proteins.

3.2 | What Are the Structures and Properties
of the Individual Amino Acids?

The R groups, and thus the individual amino acids, are classified according to
several criteria, two of which are particularly important. The first of these is
the polar or nonpolar nature of the side chain. The second depends on the
presence of an acidic or basic group in the side chain. Other useful criteria
include the presence of functional groups other than acidic or basic ones in
the side chains and the nature of those groups.

As mentioned, the side chain of the simplest amino acid, glycine, is a
hydrogen atom, and in this case alone two hydrogen atoms are bonded to the
a-carbon. In all other amino acids, the side chain is larger and more complex
(Figure 3.3). Side-chain carbon atoms are designated with letters of the Greek
alphabet, counting from the a-carbon. These carbon atoms are, in turn, the
B-, ¥-, ©-, and e-carbons (see lysine in Figure 3.3); a terminal carbon atom is
referred to as the w-carbon, from the name of the last letter of the Greek
alphabet. We frequently refer to amino acids by three-letter or one-letter
abbreviations of their names, with the one-letter designations becoming much
more prevalent these days; Table 3.1 lists these abbreviations.

Group 1—Amino Acids with Nonpolar Side Chains

One group of amino acids has nonpolar side chains. This group consists of
alanine, valine, leucine, isoleucine, proline, phenylalanine, tryptophan, and
methionine. (In some classification schemes, glycine is placed in this group
because it does not have a polar side chain.) In several members of this
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Essential Information

Proteins are polymers of a-amino acids. A carboxyl
group and an amino group are bonded to the
same carbon, the a-carbon. Two other groups are
bonded to this carbon, so the common amino
acids (with one exception) have an asymmetric
center. They are chiral objects that cannot be
superimposed on their mirror images.
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Table 3.1

Names and Abbreviations of the Common Amino Acids

Amino Acid Three-Letter Abbreviation One-Letter Abbreviation
Alanine Ala A
Arginine Arg R
Asparagine Asn N
Aspartic acid Asp D
Cysteine Cys Cc
Glutamic acid Glu E
Glutamine Gln Q
Glycine Gly G
Histidine His H
Isoleucine Ile |
Leucine Leu L
Lysine Lys K
Methionine Met M
Phenylalanine Phe F
Proline Pro P
Serine Ser S
Threonine Thr T
Tryptophan Trp w
Tyrosine Tyr Y
Valine Val \%

Note: One-letter abbreviations start with the same letter as the name of the amino acid where this is possible.
When the names of several amino acids start with the same letter, phonetic names (occasionally facetious ones) are
used, such as Rginine, asparDic, Fenylalanine, tWyptophan. Where two or more amino acids start with the same let-
ter, it is the smallest one whose one-letter abbreviation matches its first letter.

group—namely alanine, valine, leucine, and isoleucine—each side chain is an
aliphatic hydrocarbon group. (In organic chemistry, the term “aliphatic”
refers to the absence of a benzene ring or related structure.) Proline has an
aliphatic cyclic structure, and the nitrogen is bonded to two carbon atoms. In
the terminology of organic chemistry, the amino group of proline is a second-
ary amine, and proline is often called an imino acid. In contrast, the amino
groups of all the other common amino acids are primary amines. In phenyl-
alanine, the hydrocarbon group is aromatic (it contains a cyclic group similar
to a benzene ring) rather than aliphatic. In tryptophan, the side chain con-
tains an indole ring, which is also aromatic. In methionine, the side chain
contains a sulfur atom in addition to aliphatic hydrocarbon groupings. (See
Figure 3.3.)

Group 2—Amino Acids with Electrically Neutral Polar Side Chains

Another group of amino acids has polar side chains that are electrically neu-
tral (uncharged) at neutral pH. This group includes serine, threonine, tyro-
sine, cysteine, glutamine, and asparagine. Glycine is also included here for
convenience because it lacks a nonpolar side chain, but, as mentioned before,
some biochemists also put it in Group 1 because the C—H bond is nonpolar.
In serine and threonine, the polar group is a hydroxyl (—OH) bonded to
aliphatic hydrocarbon groups. The hydroxyl group in tyrosine is bonded to
an aromatic hydrocarbon group, which eventually loses a proton at higher
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pH. (The hydroxyl group in tyrosine is a phenol, which is a stronger acid
than an aliphatic alcohol. As a result, the side chain of tyrosine can lose a pro-
ton in a titration, whereas those of serine and threonine would require such a
high pH that pK, values are not normally listed for these side chains.) In cys-
teine, the polar side chain consists of a thiol group (—SH), which can react
with other cysteine thiol groups to form disulfide (—S—S—) bridges in pro-
teins in an oxidation reaction (Section 1.9). The thiol group can also lose a
proton. The amino acids glutamine and asparagine have amide groups, which
are derived from carboxyl groups, in their side chains. Amide bonds do not
ionize in the range of pH usually encountered in biochemistry. Glutamine
and asparagine can be considered to be derivatives of the Group 3 amino
acids, glutamic acid and aspartic acid, respectively; those two amino acids
have carboxyl groups in their side chains.

Group 3—Amino Acids with Carboxyl Groups in Their Side Chains

Two amino acids, glutamic acid and aspartic acid, have carboxyl groups in
their side chains in addition to the one present in all amino acids. A carboxyl
group can lose a proton, forming the corresponding carboxylate anion (Sec-
tion 2.5)—glutamate and aspartate, respectively, in the case of these two
amino acids. Because of the presence of the carboxylate, the side chain of
each of these two amino acids is negatively charged at neutral pH.

Group 4—Amino Acids with Basic Side Chains

Three amino acids—histidine, lysine, and arginine—have basic side chains,
and the side chain in all three is positively charged at or near neutral pH. In
lysine, the side-chain amino group is attached to an aliphatic hydrocarbon
tail. In arginine, the side-chain basic group, the guanidino group, is more
complex in structure than the amino group, but it is also bonded to an
aliphatic hydrocarbon tail. In free histidine, the pK, of the side-chain imida-
zole group is 6.0, which is not far from physiological pH. The pK, values for
amino acids depend on the environment and can change significantly within
the confines of a protein. Histidine can be found in the protonated or unpro-
tonated forms in proteins, and the properties of many proteins depend on
whether individual histidine residues are or are not charged.

Practice Session

1. In the following group, identify the amino acids with nonpolar side
chains and those with basic side chains: alanine, serine, arginine, lysine,
leucine, and phenylalanine.

2. The pK, of the side-chain imidazole group of histidine is 6.0. What is
the ratio of uncharged to charged side chains at pH 7.0?

Solution

Notice that, in the first part of this practice session, you are asked to do a
fact check on material from this chapter, and, in the second part, you are
asked to recall and apply concepts from an earlier chapter.

1. See Figure 3.3. Nonpolar: alanine, leucine, and phenylalanine; basic:
arginine and lysine. Serine is not in either category because it has a
polar side chain.

2. The ratio is 10:1 because the pH is one unit higher than the pK,.

Essential Information

Amino acids are classified according to two major
criteria: the polarity of the side chains and the
presence of an acidic or basic group in the side
chain.

Biuchemistry@Nuwm

Go to BiochemistryNow and click on Biochemistry
Interactive to see how many amino acids you can
recognize and name.



Biochemical Connections

Amino Acids and Neurotransmitters

Two amino acids deserve some special notice because both are
key precursors to many hormones and neurotransmitters (sub-
stances involved in the transmission of nerve impulses). The
study of neurotransmitters is work in progress, but we do recog-
nize that certain key molecules appear to be involved. Because
many neurotransmitters have very short biological half-lives and
function at very low concentrations, we also recognize that other
derivatives of these molecules may be the actual biologically
active forms.

Two of the neurotransmitter classes are simple derivatives of
the two amino acids tyrosine and tryptophan. The active prod-
ucts are monoamine derivatives, which are themselves degraded
or deactivated by monoamine oxidases (MAOs).

Tryptophan is converted to serotonin, more properly called
5-hydroxytryptamine.

HN_ _CH,
CH
| | l Tryptophan
COO— N pop
H
HN CH,
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| | l tophan
COO N
H
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Tyrosine, itself normally derived from phenylalanine, is con-
verted to the class called catecholamines, which includes epi-
nephrine, commonly known by its proprietary name, adrenalin.

Note that r-dihydroxyphenylalanine (L-dopa) is an intermediate
in the conversion of tyrosine. Lower-than-normal levels of r-dopa
are involved in Parkinson’s disease. Tyrosine or phenylalanine
supplements might increase the levels of dopamine, though 1-dopa,
the immediate precursor, is usually prescribed because L-dopa
passes into the brain quickly through the blood-brain barrier.

Tyrosine and phenylalanine are precursors to norepinephrine
and epinephrine, both of which are stimulatory. Epinephrine is
commonly known as the “flight or fight” hormone. It causes the
release of glucose and other nutrients into the blood and also
stimulates brain function. People taking MAO inhibitors stay in a
relatively high mental state, sometimes too high, because the epi-
nephrine is not metabolized rapidly. Tryptophan is a precursor to
serotonin, which has a sedative effect, giving a pleasant feeling.
Very low levels of serotonin are associated with depression, while
extremely high levels actually produce a manic state. Manic-
depressive illness (also called bipolar disorder) can be managed
by controlling the levels of serotonin and its further metabolites.

It has been suggested that tyrosine and phenylalanine may
have unexpected effects in some people. For example, there is
increasing evidence that some people get headaches from the
phenylalanine in aspartame (a low-calorie sweetener), which is
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described in more detail in the Biochemical Connection box on
page 75. It is also likely that many illegal psychedelic drugs, such
as mescaline and psilocine, mimic and interfere with the effects
of neurotransmitters. A recent Oscar-winning film, A Beautiful
Mind, focused on the disturbing problems associated with schiz-
ophrenia. Until recently, the neurotransmitter dopamine was a
major focus in the study of schizophrenia. More recently, it has
been suggested that irregularities in the metabolism of gluta-
mate, a neurotransmitter, can lead to the disease. (See the arti-
cle by Javitt and Coyle cited in the bibliography at the end of
this chapter.)

Some people insist that supplements of tyrosine give them a
morning lift and that tryptophan helps them sleep at night. Milk
proteins have high levels of tryptophan; a glass of warm milk
before bed is widely believed to be an aid in inducing sleep.
Cheese and red wines contain high amounts of tyramine, which
mimics epinephrine; for many people a cheese omelet in the
morning is a favorite way to start the day.
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Uncommon Amino Acids

Many other amino acids, in addition to the ones listed here, are known to
exist. They occur in some, but by no means all, proteins. Figure 3.4 shows
some examples of the many possibilities. They are derived from the common
amino acids and are produced by modification of the parent amino acid after
the protein is synthesized by the organism in a process called posttransla-
tional modification. Hydroxyproline and hydroxylysine differ from the parent
amino acids in that they have hydroxyl groups on their side chains; they are
found only in a few connective-tissue proteins, such as collagen. Thyroxine
differs from tyrosine in that it has an extra iodine-containing aromatic group
on the side chain; it is produced only in the thyroid gland, formed by post-
translational modification of tyrosine residues in the protein thyroglobulin.
Thyroxine is then released as a hormone by proteolysis of thyroglobulin.

3.3 | Do Amino Acids Have Specific
Acid-Base Properties?

In a free amino acid, the carboxyl group and amino group of the general
structure are charged at neutral pH—the carboxylate portion negatively and
the amino group positively. Amino acids without charged groups on their side
chains exist in neutral solution as zwitterions with no net charge. A zwitterion
has equal positive and negative charges; in solution, it is electrically neutral.
Neutral amino acids do not exist in the form NH,—CHR—COOH (that is,
without charged groups).

<« FIGURE 3.4 Structures of hydroxyproline,
hydroxylysine, and thyroxine. The structures of the
parent amino acids—proline for hydroxyproline,
lysine for hydroxylysine, and tyrosine for thyroxine—
are shown for comparison. All amino acids are shown
in their predominant ionic forms at pH 7.
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A FIGURE 3.6 The titration curve of alanine.

Isoelectric zwitterion

Biochemistry@ Now™ A ANIMATED FIGURE 3.5 The ionization of amino acids. (a) The
ionic forms of the amino acids, shown without consideration of any ionizations on the side chain.
The cationic form is the low-pH form, and the titration of the cationic species with base yields the
zwitterions and finally the anionic form. (b) The ionization of histidine (an amino acid with a
titratable side chain). See this figure animated at http://now.brookscole.com/campbell5

When an amino acid is titrated, its titration curve indicates the reaction of
each functional group with hydrogen ion. In alanine, the carboxyl and amino
groups are the two titratable groups. At very low pH, alanine has a protonated
(and thus uncharged) carboxyl group and a positively charged amino group
that is also protonated. Under these conditions, the alanine has a net positive
charge of 1. As base is added, the carboxyl group loses its proton to become a
negatively charged carboxylate group (Figure 3.5a), and the pH of the solu-
tion increases. Alanine now has no net charge. As the pH increases still fur-
ther with addition of more base, the protonated amino group (a weak acid)
loses its proton, and the alanine molecule now has a negative charge of 1.
The titration curve of alanine is that of a diprotic acid (Figure 3.6).

In histidine, the imidazole side chain also contributes a titratable group. At
very low pH values, the histidine molecule has a net positive charge of 2
because both the imidazole and amino groups have positive charges. As base
is added and the pH increases, the carboxyl group loses a proton to become a
carboxylate as before, and the histidine now has a positive charge of 1 (Figure
3.5b). As still more base is added, the charged imidazole group loses its pro-
ton, and this is the point at which the histidine has no net charge. At still
higher values of pH, the amino group loses its proton, as was the case with
alanine, and the histidine molecule now has a negative charge of 1. The titra-
tion curve of histidine is that of a triprotic acid (Figure 3.7).
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Like the acids we discussed in Chapter 2, the titratable groups of each of
the amino acids have characteristic pK, values. The pK, values of a-carboxyl
groups are fairly low, around 2. The pK, values of amino groups are much
higher, with values ranging from 9 to 10.5. The pK, values of side-chain
groups, including side-chain carboxyl and amino groups, depend on the
groups’ chemical nature. Table 3.2 lists the p K, values of the titratable groups
of the amino acids. The classification of an amino acid as acidic or basic
depends on the pK, of the side chain as well as the chemical nature of the
group. Histidine, lysine, and arginine are considered basic amino acids
because each of their side chains has a nitrogen-containing group that can
exist in either a protonated or deprotonated form. However, histidine has a
pK, in the acidic range. Aspartic acid and glutamic acid are considered to be
acidic because each has a carboxylic acid side chain with a low pK, value.
These groups can still be titrated after the amino acid is incorporated into a
peptide or protein, but the pK, of the titratable group on the side chain is
not necessarily the same in a protein as it is in a free amino acid. In fact, it
can be very different. For example, a pK, of 9 has been reported for an aspar-
tate side chain in the protein thioredoxin. (For more information, see the
article by Wilson et al. cited in the bibliography at the end of this chapter.)

The fact that amino acids, peptides, and proteins have different pK, values
gives rise to the possibility that they can have different charges at a given pH.
Alanine and histidine, for example, both have net charges of —1 at high pH,
above 10; the only charged group is the carboxylate anion. At lower pH, around
5, alanine is a zwitterion with no net charge, but histidine has a net charge of
1 at this pH because the imidazole group is protonated. This property is use-
ful in electrophoresis, a common method for separating molecules in an elec-
tric field. This method is extremely useful in determining the important prop-
erties of proteins and nucleic acids. We shall see the applications to proteins
in Chapter 5 and to nucleic acids in Chapter 14. The pH at which a molecule
has no net charge is called the isoelectric pH, or isoelectric point (given the
symbol pI). At its isoelectric pH, a molecule will not migrate in an electric
field. This property can be put to use in separation methods. The pl of an
amino acid can be calculated by the following equation:

_ pKal + pKaQ

I
P 9

Biochemistry(Z)Now™ ACTIVE FIGURE 3.7
The titration curve of histidine. The isoelectric pH
(pI) is the value at which positive and negative
charges are the same. The molecule has no net
charge. Watch this Active Figure at http://now
.brookscole.com/campbell5

Table 3.2

pK, Values of Common Amino Acids

Acid «-COOH a-NHZ RH or RH*
Gly 2.34 9.60

Ala 2.34 9.69

Val 2.32 9.62

Leu 2.36 9.68

Ile 2.36 9.68

Ser 2.21 9.15

Thr 2.63 10.43

Met 2.28 9.21

Phe 1.83 9.13

Trp 2.38 9.39

Asn 2.02 8.80

Gln 2.17 9.13

Pro 1.99 10.6

Asp 2.09 9.82 3.86*
Glu 2.19 9.67 4.25%
His 1.82 9.17 6.0%
Cys 1.71 10.78 8.33%
Tyr 2.20 9.11 10.07
Lys 2.18 8.95 10.53
Arg 2.17 9.04 12.48

*For these amino acids, the R group ionization occurs before the
a-NH; ionization.
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For the majority of the amino acids, there are only two pK, values, so this
equation is easily used to calculate the pl. For the acidic and basic amino
acids, however, we must be sure to average the correct pK, values. The pK,; is
for the functional group that has dissociated at its isoelectric point. If there
are two groups dissociated at isoelectric pH, the pK,, is the higher pK, of the
two. Therefore, pK,, is for the group that has not dissociated at isoelectric
pH. If there are two groups that are not dissociated, the one with the lower
pK, is used. See the following practice session.

Practice Session

1. Which of the following amino acids has a net charge of +2 at low pH?
Which has a net charge of —2 at high pH? Aspartic acid, alanine, argi-
nine, glutamic acid, leucine, lysine.

2. What is the plI for histidine?

Solution

Notice that the first part of this practice session deals only with the qualita-
tive description of the successive loss of protons by the titratable groups on
the individual amino acids. In the second part, you need to refer to the
titration curve as well to do a numerical calculation of pH values.

1. Arginine and lysine have net charges of +2 at low pH because of their
basic side chains; aspartic acid and glutamic acid have net charges of
—2 at high pH because of their carboxylic acid side chains. Alanine and
leucine do not fall into either category because they do not have titrat-
able side chains.

2. Draw or picture histidine at very low pH. It will have the formula shown
in Figure 3.5b on the far left side. This form has a net charge of +2. To
arrive at the isoelectric point, we must add some negative charge or
remove some positive charge. This will happen in solution in order of
increasing pK,. Therefore, we begin by taking off the hydrogen from
the carboxyl group because it has the lowest pK, (1.82). This leaves us
with the form shown second from the left in Figure 3.5. This form has a
charge of +1, so we must remove yet another hydrogen to arrive at the
isoelectric form. This hydrogen would come from the imidazole side
chain because it has the next highest pK, (6.0); this is the isoelectric
form (second from right). Now we average the pK, from the highest
pK, group that lost a hydrogen with that of the lowest pK, group that
still retains its hydrogen. In the case of histidine, the numbers to substi-
tute in the equation for the pI are 6.0 [pK,;] and 9.17 [pK_,], which
gives a pI of 7.58.

3.4 | What Is the Peptide Bond?

Individual amino acids can be linked together by forming covalent bonds.

The bond is formed between the a-carboxyl group of one amino acid and the
a-amino group of the next one. Water is eliminated in the process, and the
linked amino acid residues remain after water is eliminated (Figure 3.8). A
bond formed in this way is called a peptide bond. Peptides are compounds
formed by linking small numbers of amino acids, ranging from two to several
dozen. In a protein, many amino acids (usually more than a hundred) are
linked by peptide bonds to form a polypeptide chain (Figure 3.9). Another



Two amino acids

Removal of a
water molecule...

H,0
Peptide bond
— ...formation of
the CO—NH
b
Amino end Carboxyl end
Peptide bonds
(AR A A N R
+
F N S A I SR
Ry H H O R H H O R; H H
D —
N-terminal residue Direction of peptide chain C-terminal residue

name for a compound formed by the reaction between an amino group and a
carboxyl group is an amide.

The carbon-nitrogen bond formed when two amino acids are linked in a
peptide bond is usually written as a single bond, with one pair of electrons
shared between the two atoms. With a simple shift in the position of a pair of
electrons, it is quite possible to write this bond as a double bond. This shift-
ing of electrons is well known in organic chemistry and results in resonance
structures, structures that differ from one another only in the positioning of
electrons. The positions of double and single bonds in one resonance struc-
ture are different from their positions in another resonance structure of the
same compound. No single resonance structure actually represents the bond-
ing in the compound; instead all resonance structures contribute to the
bonding situation.

Text continues on page 72.
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Binchemistry@ Now™ ANIMATED FIGURE 3.8
Formation of the peptide bond. (Illustration, Irving Geis.
Rights owned by Howard Hughes Medical Institute. Not to be repro-
duced without permission.) See this figure animated at
http://now.brookscole.com/campbell5

<« FIGURE 3.9 A small peptide showing the direc-
tion of the peptide chain (N-terminal to C-terminal).

Essential Information

When the carboxyl group of one amino acid reacts
with the amino group of another to give an amide
linkage and eliminate water, a peptide bond is
formed. In a protein, upward of a hundred amino
acids are so joined to form a polypeptide chain.
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Biochemical Connections

Amino Acid Functions Other Than in Peptides

Amino acids have biological functions other than as parts of proteins and oligopeptides. The following examples illustrate some of
these functions for a few of the amino acids.

Glycine

As the simplest amino acid, glycine is among the most water soluble, and it is often added to other molecules to make them more
water soluble, often so that they can be excreted in the urine. Many drugs and medications are oxidized in the liver to compounds
that contain a hydroxyl group, which then are conjugated to glycine; the final product is then removed from the blood in the kidney.

Benzoic acid, a byproduct of many aromatic substances, which is not water soluble, is conjugated via an amide bond to the amino
group of glycine to form hippuric acid, a metabolic waste product.

O
Il . I |
C—0O~ + H,N—CH,—COO~ T> C—NH—CH,—C—0O"
H,O
Benzoic acid Glycine Hippuric acid
(as benzoate) (as hippurate)

Glycine is also added to cholic acid to form glycocholic acid, one of the two major bile salts, potent detergents used in the digestion
of fats.

Glycocholate

Methionine
A derivative of this amino acid, Sadenosylmethionine, is the source of the methyl group in many methylation reactions. The corre-

sponding compound that contains an ethyl group, ethionine, is a potent poison because it transfers an ethyl group, rather than the
required methyl group.
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Methionine S-Adenosylmethionine Ethionine




3.4 What Is the Peptide Bond?

Glutamic Acid

Monosodium glutamate, or MSG, is a derivative of glutamic acid that finds wide use as a flavor enhancer. MSG causes a physiological
reaction in some people, with chills, headaches, and dizziness resulting. Because many Asian foods contain significant amounts of
MSG, this problem is often referred to as Chinese restaurant syndrome.

-Alanine

The a-amino acids are not the only biologically important ones. This 3-amino acid is found in the vitamin pantothenic acid and is an
important part of the enzyme cofactor Coenzyme A.
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Histidine
If the acid group of histidine is removed, it is converted to histamine, which is a potent vasodilator, increasing the diameter of blood
vessels. Histamine, which is released as part of the immune response, increases the localized blood volume for white blood cells. This

results in the swelling and stuffiness that are associated with a cold. Most cold medications contain antihistamines to overcome this
stuffiness.

/=TCH2—CH2—NH2
N NH
\/
Histamine
Arginine
This basic amino acid is involved in the urea cycle, a series of reactions of fundamental importance in the use of nitrogen by living
organisms.

NH,
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Asparagine and Glutamine
These two amino acids can be considered derivatives of the acidic amino acids aspartate and glutamate. Like arginine, however, they

play a role in the way living things use nitrogen. In animals, they are involved in detoxification of ammonia; in plants, they play a role
in nitrogen storage.

Al
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» FIGURE 3.10 The resonance structures of the
peptide bond lead to a planar group. (a) Resonance
structures of the peptide group. (b) The planar pep-
tide group. (fllustration, Irving Geis. Rights owned by Howard
Hughes Medical Institute. Not to be reproduced without permission.)

» FIGURE 3.11 Structures of carnosine and its
component amino acid B-alanine.
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Peptide group

The peptide bond can be written as a resonance hybrid of two structures
(Figure 3.10), one with a single bond between the carbon and nitrogen and
the other with a double bond between the carbon and nitrogen. The peptide
bond has partial double bond character. As a result, the peptide group that
forms the link between the two amino acids is planar. The peptide bond is also
stronger than an ordinary single bond because of this resonance stabilization.

This structural feature has important implications for the three-dimen-
sional conformations of peptides and proteins. There is free rotation around
the bonds between the a-carbon of a given amino acid residue and the amino
nitrogen and carbonyl carbon of that residue, but there is no significant rota-
tion around the peptide bond. This stereochemical constraint plays an impor-
tant role in determining how the protein backbone can fold.

3.5 | Are Small Peptides Physiologically Active?

The simplest possible covalently bonded combination of amino acids is a dipep-
tide, in which two amino acid residues are linked by a peptide bond. An exam-
ple of a naturally occurring dipeptide is carnosine, which is found in muscle
tissue. This compound, which has the alternative name B-alanyl-L-histidine,
has an interesting structural feature. (In the systematic nomenclature of pep-
tides, the N-terminal amino acid residue—the one with the free amino group—
is given first; then other residues are given as they occur in sequence. The C-
terminal amino acid residue—the one with the free carboxyl group—is given
last.) The N-terminal amino acid residue, B-alanine, is structurally different
from the a-amino acids we have seen up to now. As the name implies, the
amino group is bonded to the third or B-carbon of the alanine (Figure 3.11).

Amide bond
(0]
. i LB o
HyN — CH,CH,C —ITI—(|JH—COO_ H3NCH,CH,COO™

' cn,

H— N \

(Y

[-Alanyl-L-histidine (carnosine) -Alanine
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The peptide bond in this dipeptide is formed between the carboxyl group of
the B-alanine and the amino group of the histidine, which is the C-terminal
amino acid. The following Biochemical Connections box discusses another
dipeptide of some interest, and the Biochemical Connections box on page 75
discusses health-related implications of the use of this same dipeptide.

Practice Session

Write an equation with structures for the formation of a dipeptide when
alanine reacts with glycine to form a peptide bond. Is there more than one
possible product for this reaction?

Solution

The main point here is to be aware of the possibility that amino acids can
be linked together in more than one order when they form peptide bonds.
Thus, there are two possible products when alanine and glycine react:
alanylglycine, in which alanine is at the N-terminal end and glycine is at
the C-terminal end, and glycylalanine, in which glycine is at the N-terminal
end and alanine is at the C-terminal end.

Glutathione is a commonly occurring tripeptide; it has considerable physi-
ological importance because it is a scavenger for oxidizing agents. Recall from
Section 1.9 that oxidation is the loss of electrons; an oxidizing agent causes
another substance to lose electrons. (It is thought that some oxidizing agents
are harmful to organisms and play a role in the development of cancer.) In
terms of its amino acid composition and bonding order, it is y-glutamyl-L-
cysteinylglycine (Figure 3.12a). The letter y (gamma) is the third letter in the

Biochemical Connections

Aspartame, the Sweet Peptide

The dipeptide L-aspartyl-L-phenylalanine is of considerable com-
mercial importance. The aspartyl residue has a free a-amino
group, the N-terminal end of the molecule, and the phenyl-
alanyl residue has a free carboxyl group, the C-terminal end.
This dipeptide is about 200 times sweeter than sugar. A methyl
ester derivative of this dipeptide is of even greater commercial
importance than the dipeptide itself. The derivative has a
methyl group at the C-terminal end in an ester link-

age to the carboxyl group. The methyl ester deriva- @)
tive is called aspartame and is marketed as a sugar
substitute under the trade name NutraSweet.

The consumption of common table sugar in the
United States is about 100 pounds per person per
year. Many people want to curtail their sugar intake
in the interest of fighting obesity. Others must limit |
their sugar intake because of diabetes. One of the
most common ways of doing so is by drinking diet
soft drinks. The soft-drink industry is one of the
largest markets for aspartame. The use of this sweet-
ener was approved by the U.S. Food and Drug
Administration in 1981 after extensive testing,
although there is still considerable controversy about
its safety. Diet soft drinks sweetened with aspartame

s

COO~
CH,

H;N—CH—C —N—CH—C—O—CH,

L-Aspartyl-L-phenylalanine (methyl ester)

carry warning labels about the presence of phenylalanine. This
information is of vital importance to people who have phenyl-
ketonuria, a genetic disease of phenylalanine metabolism. (See
the Biochemical Connections box on page 75). Note that both
amino acids have the L configuration. If a b-amino acid is substi-
tuted for either amino acid or for both of them, the resulting
derivative is bitter rather than sweet.

(b)

o) CHy, O
| [

H

A (2) Structure of aspartame. (b) Space-filling model of aspartame.
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(a)
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» FIGURE 3.12 The oxidation and reduction of glutathione. (a) The structure of reduced glu-
tathione. (b) A schematic representation of the oxidation-reduction reaction. (c) The structure
of oxidized glutathione.

Greek alphabet; in this notation, it refers to the third carbon atom in the
molecule, counting the one bonded to the amino group as the first. Once
again, the N-terminal amino acid is given first. In this case, the y-carboxyl
group (the side-chain carboxyl group) of the glutamic acid is involved in the
peptide bond; the amino group of the cysteine is bonded to it. The carboxyl
group of the cysteine is bonded, in turn, to the amino group of the glycine.
The carboxyl group of the glycine forms the other end of the molecule, the
C-terminal end. The glutathione molecule shown in Figure 3.12a is the
reduced form. It scavenges oxidizing agents by reacting with them. The oxi-
dized form of glutathione is generated from two molecules of the reduced
peptide by forming a disulfide bond between the —SH groups of the two cys-
teine residues (Figure 3.12b). The full structure of oxidized glutathione is
shown in Figure 3.12c.

Two pentapeptides found in the brain are known as enkephalins, naturally
occurring analgesics (pain relievers). For molecules of this size, abbreviations
for the amino acids are more convenient than structural formulas. The same
notation is used for the amino acid sequence, with the N-terminal amino acid
listed first and the C-terminal listed last. The two peptides in question,
leucine enkephalin and methionine enkephalin, differ only in their C-terminal
amino acids.

Tyr—Gly—Gly—Phe—Leu (three-letter abbreviations)
Y—G—G—F—L (one-letter abbreviations)
Leucine enkephalin
Tyr— Gly—Gly—Phe—Met
Y—G—G—F—M

Methionine enkephalin
It is thought that the aromatic side chains of tyrosine and phenylalanine in

these peptides play a role in their activities. It is also thought that there are
similarities between the three-dimensional structures of opiates, such as mor-
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Phenylketonuria and Inborn Errors of Metabolism

Mutations leading to deficiencies in enzymes are usually referred
to as “inborn errors of metabolism,” since they involve defects in
the DNA of the affected individual. Errors in enzymes that cat-
alyze reactions of amino acids frequently have disastrous con-
sequences, many of them leading to severe forms of mental
retardation. Phenylketonuria (PKU) is a well-known example.
Phenylalanine, phenylpyruvate, phenyllactate, and phenylacetate
all accumulate in the blood and urine. Available evidence sug-
gests that phenylpyruvate, which is a phenylketone, causes men-
tal retardation by interfering with the conversion of pyruvate to
acetyl-CoA (an important intermediate in many biochemical
reactions) in the brain. It is also likely that the accumulation of
these products in the brain cells results in an osmotic imbalance
in which water flows into the brain cells. These cells expand in
size until they crush each other in the developing brain. In
either case, the brain is not able to develop normally.

Phenylalanine

. hydroxylase
Tyrosine +——/———— Enzyme
dcﬁaency

in PKU

Fortunately, PKU can be easily detected in newborns, and all
50 states and the District of Columbia mandate that such a test
be performed because it is cheaper to treat the disease with a
modified diet than to cope with the costs of a mentally retarded
individual who is usually institutionalized for life. The dietary
changes are relatively simple. Phenylalanine must be limited to
the amount needed for protein synthesis, and tyrosine must now
be supplemented, since phenylalanine is no longer a source.
You may have noticed that foods containing aspartame carry a
warning about the phenylalanine portion of that artificial sweet-
ener. A substitute for aspartame, which carries the trade name
Alatame, contains alanine rather than phenylalanine. It has
been introduced to retain the benefits of aspartame without the
dangers associated with phenylalanine.

2H" + 2e¢

Phenylalanine ————— @—(:H CCOO~ NN Q—CH CHCOO"
ransaminase

Phenylpyruvate Phenyllactate
(a phenyl ketone)
CO,
@—cmeoo-
Phenylacetate

A Reactions involved in the development of phenylketonuria (PKU). A deficiency in the enzyme that catalyzes the conversion
of phenylalanine to tyrosine leads to the accumulation of phenylpyruvate, a phenyl ketone.

+ 1 2 3
HyN— (llys—Tyr— Ile

Disulfide S 4
bond | Gln
phine, and those of the enkephalins. As a result of these structural similari- ° 6 ‘ 5
ties, opiates bind to the receptors in the brain intended for the enkephalins Cys—Asn e}
and thus .produce their Physiological a.ctivities. PZo— LZu— Gf’ly_(|j| —NH,
Some important peptides have cyclic structures. Two well-known examples .
with many structural features in common are oxytocin and vasopressin (Fig- Oxytocin
ure 3.13). In each, there is an —S—S— bond similar to that in the oxidized
form of glutathione. The disulfide bond is responsible for the cyclic structure. 1 2 8
Each of these peptides contains nine amino acid residues, each has an amide H?’N_(l:ys_Tyr_Phe
group (rather than a free carboxyl group) at the C-terminal end, and each Disulfide S 4
has a disulfide link between cysteine residues at positions 1 and 6. The differ- bond | Gn
ence between these two peptides is that oxytocin has an isoleucine residue at 6 5
position 3 and a leucine residue at position 8, and vasopressin has a phenyl- Cys—Asn 1)
7 8 9

alanine residue at position 3 and an arginine residue at position 8. Both of
these peptides have considerable physiological importance as hormones (see
the following Biochemical Connections box).

In some other peptides, the cyclic structure is formed by the peptide bonds
themselves. Two cyclic decapeptides (peptides containing ten amino acid

Pro—Arg —Gly—C —NH,

Vasopressin

A FIGURE 3.13 Structures of oxytocin and

vasopressin.
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CH,— CHy— CH,—NH;*

*NH3;—CH—COO~
Ornithine (Orn)

1-Val— 1-Orn— 1-Leu— D-Phe — 1-Pro
:| Direction of peptide bond
1-Pro— 1-Phe — 1-Leu— D-Orn— 1-Val
Gramicidin S
1-Val— 1-Orn— 1-Leu— D-Phe— 1-Pro
:| Direction of peptide bond
» FIGURE 3.14 Structures of ornithine, gramicidin L-Tyr— 1-Glu— 1-Asp— D-Phe — 1-Phe

S, and tyrocidine A. Tyrocidine A

residues) produced by the bacterium Bacillus brevis are interesting examples.
Both of these peptides, gramicidin S and tyrocidine A, are antibiotics, and
both contain D-amino acids as well as the more usual L-amino acids (Figure
3.14). In addition, both contain the amino acid ornithine (Orn), which does
not occur in proteins, but which does play a role as a metabolic intermediate
in several common pathways (Section 23.6).

Biochemical Connections

Peptide Hormones

Both oxytocin and vasopressin are peptide hormones. Oxytocin
induces labor in pregnant women and controls contraction of
uterine muscle. During pregnancy, the number of receptors for
oxytocin in the uterine wall increases. At term, the number of
receptors for oxytocin is great enough to cause contraction of
the smooth muscle of the uterus in the presence of small
amounts of oxytocin produced by the body toward the end of
pregnancy. The fetus moves toward the cervix of the uterus
because of the strength and frequency of the uterine contrac-
tions. The cervix stretches, sending nerve impulses to the hypo-
thalamus. When the impulses reach this part of the brain, posi-
tive feedback leads to the release of still more oxytocin by the
posterior pituitary gland. The presence of more oxytocin leads
to stronger contractions of the uterus so that the fetus is forced
through the cervix and the baby is born. Oxytocin also plays a
role in stimulating the flow of milk in a nursing mother. The
process of suckling sends nerve signals to the hypothalamus of
the mother’s brain. Oxytocin is released and carried by the
blood to the mammary glands. The presence of oxytocin causes
the smooth muscle in the mammary glands to contract, forcing
out the milk that is in them. As suckling continues, more hor-
mone is released, producing still more milk.

Vasopressin plays a role in the control of blood pressure by
regulating contraction of smooth muscle. Like oxytocin, vaso-
pressin is released by the action of the hypothalamus on the pos-
terior pituitary and is transported by the blood to specific recep-
tors. Vasopressin stimulates reabsorption of water by the kidney,
thus having an antidiuretic effect. More water is retained, and
the blood pressure increases. A Nursing stimulates the release of oxytocin, producing more milk.

G&M David de Lossy/Image Bank/Getty Images
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Summary

3.1 What Are Amino Acids, and What Is Their
Three-Dimensional Structure? The amino acids that are
the monomer units of proteins have a general structure in common,
with an amino group and a carboxyl group bonded to the same car-
bon atom. The nature of the side chains, which are referred to as R
groups, is the basis of the differences among amino acids. Except for
glycine, amino acids can exist in two forms, designated L and D. These
two stereoisomers are nonsuperimposable mirror images of each
other. The amino acids found in proteins are of the L form, but some
D-amino acids occur in nature.

3.2 What Are the Structures and Properties of the
Individual Amino Acids? A classification scheme for amino
acids can be based on the properties of their side chains. Two particu-
larly important criteria are the polar or nonpolar nature of the side
chain and the presence of an acidic or basic group in the side chain.

3.3 Do Amino Acids Have Specific Acid-Base Prop-
erties? In free amino acids at neutral pH, the carboxylate group is

negatively charged and the amino group is positively charged. Amino
acids without charged groups on their side chains exist in neutral solu-
tion as zwitterions, with no net charge. Titration curves of amino acids
indicate the pH ranges in which titratable groups gain or lose a pro-
ton. Side chains of amino acids can also contribute titratable groups;
the charge (if any) on the side chain must be taken into consideration
in determining the net charge on the amino acid.

3.4 What Is the Peptide Bond? Peptides are formed by
linking the carboxyl group of one amino acid to the amino group of
another amino acid in a covalent (amide) bond. Proteins consist of
polypeptide chains; the number of amino acids in a protein is usually
100 or more. The peptide group is planar; this stereochemical con-
straint plays an important role in determining the three-dimensional
structures of peptides and proteins.

3.5 Are Small Peptides Physiologically Active?
Small peptides, containing two to several dozen amino acid residues,
can have marked physiological effects in organisms.

Critical Questions to Review

3.1 What Are Amino Acids, and What Is Their
Three-Dimensional Structure?

1. Fact Check How do pD-amino acids differ from 1-amino acids? What
biological roles are played by peptides that contain D-amino acids?

3.2 What Are the Structures and Properties of the
Individual Amino Acids?
2. Fact Check Which amino acid is technically nof an amino acid?
Which amino acid contains no chiral carbon atoms?
3. Fact Check Name an amino acid in which the R group contains
the following:

a hydroxyl group a sulfur atom

a second chiral carbon atom an amino group

an amide group an acid group

an aromatic ring a branched side chain

4. Fact Check Identify the polar amino acids, the aromatic amino
acids, and the sulfur-containing amino acids, given a peptide with
the following amino acid sequence:

Val-—Met—Ser—Ile—Phe—Arg—Cys—Tyr—Leu

5. Fact Check Identify the nonpolar amino acids and the acidic
amino acids in the following peptide:

Glu—Thr—Val—Asp—Ile—Ser—Ala

6. Fact Check Are amino acids other than the usual 20 amino acids
found in proteins? If so, how are such amino acids incorporated
into proteins? Give an example of such an amino acid and a pro-
tein in which it occurs.

3.3 Do Amino Acids Have Specific Acid-Base Prop-
erties?

7. Mathematical Predict the predominant ionized forms of the fol-
lowing amino acids at pH 7: glutamic acid, leucine, threonine, his-
tidine, and arginine.

8. Mathematical Draw structures of the following amino acids, indi-
cating the charged form that exists at pH 4: histidine, asparagine,
tryptophan, proline, and tyrosine.

9. Mathematical Predict the predominant forms of the amino acids
from question 8 at pH 10.

10. Mathematical Calculate the isoelectric point of each of the follow-
ing amino acids: glutamic acid, serine, histidine, lysine, tyrosine,
and arginine.

11. Mathematical Sketch a titration curve for the amino acid cysteine,
and indicate the pK, values for all titratable groups. Also indicate
the pH at which this amino acid has no net charge.

12. Mathematical Sketch a titration curve for the amino acid lysine,
and indicate the pK, values for all titratable groups. Also indicate
the pH at which the amino acid has no net charge.

13. Mathematical An organic chemist is generally happy with 95%
yields. If you synthesized a polypeptide and realized a 95% yield
with each amino acid residue added, what would be your overall
yield after adding 10 residues (to the first amino acid)? After
adding 50 residues? After 100 residues? Would these low yields be
biochemically “satisfactory”? How are low yields avoided, bio-
chemically?

14. Mathematical Sketch a titration curve for aspartic acid, and indi-
cate the pK, values of all titratable groups. Also indicate the pH
range in which the conjugate acid-base pair +1 Asp and 0 Asp will
act as a buffer.

15. Thought Question Suggest a reason why amino acids are usually
more soluble at pH extremes than they are at neutral pH. (Note
that this does not mean that they are insoluble at neutral pH.)

16. Thought Question Write equations to show the ionic dissociation
reactions of the following amino acids: aspartic acid, valine, histi-
dine, serine, and lysine.

17. Thought Question Based on the information in Table 3.2, is there
any amino acid that could serve as a buffer at pH 8? If so, which
one?

18. Thought Question If you were to have a mythical amino acid
based on glutamic acid, but one in which the hydrogen that is
attached to the y-carbon were replaced by another amino group,
what would be the predominant form of this amino acid at pH 4,
7, and 10, if the pK, value were 10 for the unique amino group?
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19. Thought Question What would be the pl for the mythical amino
acid described in Question 18?

20. Thought Question Identify the charged groups in the peptide
shown in Question 4 at pH 1 and at pH 7. What is the net charge
of this peptide at these two pH values?

21. Thought Question Consider the following peptides: Phe—Glu—
Ser—Met and Val—Trp—Cys—Leu. Do these peptides have dif-
ferent net charges at pH 1? At pH 7? Indicate the charges at both
pH values.

22. Thought Question In each of the following two groups of amino
acids, which amino acid would be the easiest to distinguish from
the other two amino acids in the group, based on a titration?

(a) gly, leu, lys
(b) glu, asp, ser

23. Thought Question Could the amino acid glycine serve as the basis
of a buffer system? If so, in what pH range would it be useful?

3.4 What Is the Peptide Bond?

24. Fact Check Sketch resonance structures for the peptide group.

25. Fact Check How do the resonance structures of the peptide
group contribute to the planar arrangement of this group of
atoms?

26. Biochemical Connections Which amino acids or their derivatives
are neurotransmitters?

27. Biochemical Connections What is a monoamine oxidase, and
what function does it serve?

28. Thought Question Consider the peptides Ser—Glu—Gly—His—Ala
and Gly—His—Ala—Glu—Ser. How do these two peptides differ?

29. Thought Question Would you expect the titration curves of the
two peptides in Question 28 to differ? Why or why not?

30. Thought Question What are the sequences of all the possible
tripeptides that contain the amino acids aspartic acid, leucine, and
phenylalanine? Use the three-letter abbreviations to express your
answer.

31. Thought Question Answer Question 30 using one-letter designa-
tions for the amino acids.

32. Thought Question Most proteins contain more than 100 amino
acid residues. If you decided to synthesize a “100-mer,” with 20 dif-
ferent amino acids available for each position, how many different
molecules could you make?

33. Biochemical Connections What is the stereochemical basis of the
observation that D-aspartyl-D-phenylalanine has a bitter taste,
whereas L-aspartyl-L-phenylalanine is significantly sweeter than
sugar?

34. Biochemical Connections Why might a glass of warm milk help
you to sleep at night?

35. Biochemical Connections Which would be better to eat before an
exam, a glass of milk or a piece of cheese? Why?

36. Thought Question What might you infer (or know) about the sta-
bility of amino acids, when compared with that of other building-
block units of biopolymers (sugars, nucleotides, fatty acids, etc.)?

37. Thought Question If you knew everything about the properties of
the 20 common (proteinous) amino acids, would you be able to
predict the properties of a protein (or large peptide) made from
them?

38. Thought Question Suggest a reason why the amino acids thyrox-
ine and hydroxyproline are produced by posttranslational modifi-
cation of the amino acids tyrosine and proline, respectively.

39. Thought Question Consider the peptides Gly—Pro—Ser—
Glu—Thr (open chain) and Gly—Pro—Ser—Glu—Thr with a
peptide bond linking the threonine and the glycine. Are these
peptides chemically the same?

40. Thought Question Can you expect to separate the peptides in
Question 39 by electrophoresis?

41. Thought Question Suggest a reason why biosynthesis of amino
acids and of proteins would eventually cease in an organism with
carbohydrates as its only food source.

42. Thought Question You are studying with a friend who draws the
structure of alanine at pH 7. It has a carboxyl group (—COOH)
and an amino group (—NH,). What suggestions would you make?

43. Thought Question Suggest a reason (or reasons) why amino acids
polymerize to form proteins that have comparatively few covalent
crosslinks in the polypeptide chain.

44. Thought Question Suggest the effect on the structure of peptides
if the peptide group were not planar.

45. Thought Question Speculate on the properties of proteins and
peptides if none of the common amino acids were to contain sul-
fur.

46. Thought Question Speculate on the properties of proteins that
would be formed if amino acids were not chiral.

3.5 Are Small Peptides Physiologically Active?

47. Fact Check What are the structural differences between the pep-
tide hormones oxytocin and vasopressin? How do they differ in
function?

48. Fact Check How do the oxidized and reduced forms of glu-
tathione differ from each other?

49. Fact Check What is an enkephalin?

50. Thought Question The enzyme D-amino acid oxidase, which con-
verts D-amino acids to their a-keto form, is one of the most potent
enzymes in the human body. Suggest a reason why this enzyme
should have such a high rate of activity.
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4.1

4.2

4.3

4.4

4.5

4.6

4.7

How Does the Structure of Proteins
Determine Their Function?

What Is the Primary Structure of
Proteins?

What Is the Secondary Structure of
Proteins?

What Can We Say about the
Thermodynamics of Protein Folding?

What Is the Tertiary Structure of
Proteins?

Can We Predict Protein Folding from
Sequence?

What Is the Quaternary Structure
of Proteins?
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@ ® The Three-Dimensional

Structure of Proteins

Amino acids joined together form a protein (polypeptide) chain. The repeat-
ing units are amide planes containing peptide bonds. These amide planes
can twist about their connecting carbon atoms to create the three-dimen-
sional conformations of proteins. More than 50 years ago, Linus Pauling
predicted that linked amino acids could form an a-helix. Years later, his pre-
diction was confirmed when myoglobin, an oxygen-binding protein, was
found to be made from Pauling’s a-helices. This type of local folding of the
protein chain is called secondary structure, the linear sequence being the
primary structure. The conformation of a complete protein chain is its terti-
ary structure. Myoglobin, a molecule that binds oxygen tightly, has a single
protein chain. Hemoglobin, a protein with four myoglobin-like subunits fit-
ted together, has a quaternary structure. This allows it to change from the
oxy conformation, when it binds oxygen in the lungs, to the deoxy form,
when it releases oxygen to working tissues. The discovery of structure—
function relationships in hemoglobin led to an understanding of the way
complex multisubunit enzymes regulate metabolic pathways.

How Does the Structure of Proteins
Determine Their Function?

4.1

Levels of Structure in Proteins

Biologically active proteins are polymers consisting of amino acids linked by
covalent peptide bonds. Many different conformations (three-dimensional
structures) are possible for a molecule as large as a protein. Of these many
structures, one or (at most) a few have biological activity; these are called the
native conformations. Many proteins have no obvious regular repeating struc-
ture. As a consequence, these proteins are frequently described as having
large segments of “random structure” (also referred to as random coil). The
term “random” is really a misnomer, since the same nonrepeating structure is
found in the native conformation of all molecules of a given protein, and this
conformation is needed for its proper function. Because proteins are com-
plex, they are defined in terms of four levels of structure.

Primary structure is the order in which the amino acids are covalently
linked together. The peptide Leu—Gly—Thr—Val—Arg—Asp—His (recall
that the N-terminal amino acid is listed first) has a different primary structure
from the peptide Val-——His—Asp—Leu—Gly—Arg—Thr, even though both
have the same number and kinds of amino acids. Note that the order of
amino acids can be written on one line. The primary structure is the one-
dimensional first step in specifying the three-dimensional structure of a pro-
tein. Some biochemists define primary structure to include all covalent inter-
actions, including the disulfide bonds that can be formed by cysteines;
however, we shall consider the disulfide bonds to be part of the tertiary struc-
ture, which will be considered later.

Two three-dimensional aspects of a single polypeptide chain, called the sec-
ondary and tertiary structure, can be considered separately. Secondary struc-
ture is the arrangement in space of the atoms in the peptide backbone. The



a-helix and B-pleated sheet arrangements are two different types of secondary
structure. Secondary structures have repetitive interactions resulting from
hydrogen bonding between the amide N—H and the carbonyl groups of the
peptide backbone. The conformations of the side chains of the amino acids
are not part of the secondary structure. In many proteins, the folding of parts
of the chain can occur independently of the folding of other parts. Such
independently folded portions of proteins are referred to as domains or
supersecondary structure.

Tertiary structure includes the three-dimensional arrangement of all the
atoms in the protein, including those in the side chains and in any prosthetic
groups (groups of atoms other than amino acids).

A protein can consist of multiple polypeptide chains called subunits. The
arrangement of subunits with respect to one another is the quaternary struc-
ture. Interaction between subunits is mediated by noncovalent interactions,
such as hydrogen bonds, electrostatic attractions, and hydrophobic interactions.

4.2 | What Is the Primary Structure of Proteins?

The amino acid sequence (the primary structure) of a protein determines its
three-dimensional structure, which, in turn, determines its properties. In
every protein, the correct three-dimensional structure is needed for correct
functioning.

One of the most striking demonstrations of the importance of primary
structure is found in the hemoglobin associated with sickle-cell anemia. In this
genetic disease, red blood cells cannot bind oxygen efficiently. The red blood
cells also assume a characteristic sickle shape, giving the disease its name. The
sickled cells tend to become trapped in small blood vessels, cutting off circu-
lation and thereby causing organ damage. These drastic consequences stem
from a change in one amino acid residue in the sequence of the primary
structure.

Considerable research is being done to determine the effects of changes in
primary structure on the functions of proteins. Using molecular-biology tech-
niques, such as site-directed mutagenesis (Section 14.7), it is possible to
replace any chosen amino acid residue in a protein with another specific
amino acid residue. The conformation of the altered protein, as well as its
biological activity, can then be determined. The results of such amino acid
substitutions range from negligible effects to complete loss of activity, depend-
ing on the protein and the nature of the altered residue.

Determining the sequence of amino acids in a protein is a routine, but not
trivial, operation in classical biochemistry. It consists of several steps, which
must be carried out carefully to obtain accurate results (Section 5.4).

The following Biochemical Connections box describes an important practi-
cal aspect of the amino acid composition of proteins. This property can differ
markedly, depending on the source of the protein (plant or animal), with
important consequences for human nutrition.

4.3 | What Is the Secondary
Structure of Proteins?

The secondary structure of proteins is the hydrogen-bonded arrangement of
the backbone of the protein, the polypeptide chain. The nature of the bonds
in the peptide backbone plays an important role here. Within each amino
acid residue are two bonds with reasonably free rotation. They are (1) the
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We shall discuss secondary structure in more
detail in Section 4.3, tertiary structure in Section

4.5, and quaternary structure in Section 4.7.

Essential Information

The primary structure of a protein is the sequence
of amino acids. Determination of the sequence
involves cleaving the protein to smaller peptides,
determining the sequence of the individual pep-
tides, and combining the peptide sequences to
obtain that of the protein.
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Biochemical Connections

Complete Proteins and Nutrition

A complete protein is one that provides all essential amino acids
(Section 23.5) in appropriate amounts for human survival.
These amino acids cannot be synthesized by humans, but they
are needed for the biosynthesis of proteins. Lysine and methion-
ine are two essential amino acids that are frequently in short
supply in plant proteins.

Because grains such as rice and corn are usually poor in
lysine, and because beans are usually poor in methionine, vege-
tarians are at risk for malnutrition unless they eat grains and
beans together. This leads to the concept of complementary pro-
teins, mixtures that provide all the essential amino acids—for
example, corn and beans in succotash, or a bean burrito made
with a corn tortilla. The specific recommended dietary
allowances for adult males follow. Adult females who are neither
pregnant nor lactating need 20% less than the amounts indi-
cated for adult males.

RDA RDA
Arg* Unknown Met 070 g
His* Unknown Phe 1.12 g (includes Tyr)
Ile 0.84¢g Thr 0.56 g
Leu 1.12¢g Trp 021g
Lys 0.84¢g Val 096 g

*The inclusion of His and Arg is controversial. They appear to be required only by
growing children and for the repair of injured tissue. Arg is required to maintain
fertility in males.

The protein eficiency ratio (PER) describes how well a protein
supplies essential amino acids. This parameter is useful for
deciding how much of a food you need to eat. Most college-age,
nonpregnant females require 46 g (or about 1.6 0z) of complete
protein, and males require 58 g (or about 2 oz) of complete
protein per day. If one chooses to pick only a single source of

protein for the diet, eggs are perhaps the best choice because
they contain high-quality protein. For a female, the need for 1.6
oz of complete protein could be met with 10.7 oz of eggs, or
about four whole extra-large eggs. For a male, 13.6 oz of eggs, or
a little more than five eggs, would be needed. The same require-
ment could be met with a lean beef steak, but it would require
345 g, or about 0.75 1b, for a female (or 431 g, or nearly a full
pound, for a male) because beef steak has a lower PER. If one
ate only corn, it would require 1600 g/day for women and 2000
g/day for men (1600 g is about 3.6 pounds of fresh corn ker-
nels—something in excess of 160 eight-inch ears per day). How-
ever, if you simply combine a small amount of beans or peas
with the corn, it complements the low amount of lysine in the
corn, and the protein is now complete. This can easily be done
with normal food portions.

Protein PER % Protein
Whole egg 100 15

Beef muscle 84 16

Cow’s milk 66 4 (largely H,O)
Peanuts 45 28

Corn 32 9
Wheat 26 12

In an attempt to increase the nutritional value of certain
crops that are grown as food for livestock, scientists have used
genetic techniques to create strains of corn that are much
higher in lysine than the wild-type corn. This has proven effec-
tive in increasing growth rates in pigs. Many vegetable crops are
now being produced using biotechnology to increase shelf life,
decrease spoilage, and give crops defenses against insects. These
genetically modified foods are currently a hot spot of debate
and controversy.

bond between the a-carbon and the amino nitrogen of that residue and (2)
the bond between the a-carbon and the carboxyl carbon of that residue. The
combination of the planar peptide group and the two freely rotating bonds
has important implications for the three-dimensional conformations of pep-
tides and proteins. A peptide-chain backbone can be visualized as a series of
playing cards, each card representing a planar peptide group. The cards are
linked at opposite corners by swivels, representing the bonds about which
there is considerable freedom of rotation (Figure 4.1). The side chains also
play a vital role in determining the three-dimensional shape of a protein, but
only the backbone is considered in the secondary structure. The angles ¢
(phi) and ¢ (psi), frequently called Ramachandran angles (after their origi-
nator, G. N. Ramachandran), are used to designate rotations around the
C—N and C—C bonds, respectively. The conformation of a protein back-
bone can be described by specifying the values of ¢ and s for each residue
(—180° to 180°). Two kinds of secondary structures that occur frequently in
proteins are the repeating o-helix and f3-pleated sheet (or B-sheet) hydrogen-
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bonded structures. The ¢ and ¢ angles repeat themselves in contiguous
amino acids in regular secondary structures. The a-helix and B-pleated sheet
are not the only possible secondary structures, but they are by far the most
important and deserve a closer look.

Periodic Structures in Protein Backbones

The o-helix and B-pleated sheet are periodic structures; their features repeat
at regular intervals. The a-helix is rodlike and involves only one polypeptide
chain. The B-pleated sheet structure can give a two-dimensional array and can
involve one or more polypeptide chains.

The a-Helix

The o-helix is stabilized by hydrogen bonds parallel to the helix axis within
the backbone of a single polypeptide chain. Counting from the N-terminal
end, the C—O group of each amino acid residue is hydrogen bonded to the
N—H group of the amino acid four residues away from it in the covalently
bonded sequence. The helical conformation allows a linear arrangement of
the atoms involved in the hydrogen bonds, which gives the bonds maximum
strength and thus makes the helical conformation very stable (Section 2.2).
There are 3.6 residues for each turn of the helix, and the pitch of the helix
(the linear distance between corresponding points on successive turns) is 5.4
A (Figure 4.2).

The angstrom unit, 1 A =10"% cm = 1071° m, is convenient for inter-
atomic distances in molecules, but it is not a Systéme International [SI] unit.
Nanometers (I nm = 107% m) and picometers (1 pm = 107!2 m) are the SI
units used for interatomic distances. In SI units, the pitch of the a-helix is
0.54 nm or 540 pm.). Figure 4.3 shows the structures of two proteins with a
high degree of a-helical content.
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<« FIGURE 4.1 Definition of the angles that deter-
mine the conformation of a polypeptide chain. The
rigid planar peptide groups (called “playing cards”
in the text) are shaded. The angle of rotation around
the C*—N bond is designated ¢ (phi), and the angle
of rotation around the C*—C bond is designated
Ys(psi). These two bonds are the ones around which
there is freedom of rotation. (Illustration, Irving Geis.
Rights owned by Howard Hughes Medical Institute. Not to be repro-
duced without permission.)

Essential Information

Two of the most important structural motifs in pro-
teins are the a-helix and B-pleated sheet.

Biochemistry (&) Now™
Go to BiochemistryNow and click on Biochemistry
Interactive to explore the anatomy of the «-helix.
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turn of <
helix

3.6 residues
per turn;

5.4 A (pitch)

Hydrogen bonds stabilize The helix can be viewed as a
the helix structure. stacked array of peptide planes
hinged at the o-carbons and
(a) approximately parallel to the helix.

A FIGURE 4.2 The o-helix. (a) From left to right, ball-and-stick model of the a-helix,
showing terminology; ball-and-stick model with planar peptide groups shaded; com-
puter-generated space-filling model of the a-helix; outline of the a-helix. (b) Model of
the protein hemoglobin, showing the helical regions. (lilustration, Irving Geis. Rights owned by
Howard Hughes Medical Institute. Not to be reproduced without permission.)

Jane and David Richardson, Dept. of Biochem., Duke Medical Center, NC

Proteins have varying amounts of a-helical structures, varying from a few
percent to nearly 100%. Several factors can disrupt the a-helix. The amino
acid proline creates a bend in the backbone because of its cyclic structure. It
cannot fit into the a-helix because (1) rotation around the bond between the
nitrogen and the a-carbon is severely restricted, and (2) proline’s a-amino
group cannot participate in intrachain hydrogen bonding. Other localized
factors involving the side chains include strong electrostatic repulsion owing
to the proximity of several charged groups of the same sign, such as groups of
positively charged lysine and arginine residues or groups of negatively
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charged glutamate and aspartate residues. Another possibility is crowding
(steric repulsion) caused by the proximity of several bulky side chains. In the
a-helical conformation, all the side chains lie outside the helix; there is not
enough room for them in the interior. The B-carbon is just outside the helix,
and crowding can occur if it is bonded to two atoms other than hydrogen, as
is the case with valine, isoleucine, and threonine.

The B-Sheet

The arrangement of atoms in the B-pleated sheet conformation differs
markedly from that in the a-helix. The peptide backbone in the B-sheet is
almost completely extended. Hydrogen bonds can be formed between differ-
ent parts of a single chain that is doubled back on itself (intrachain bonds) or
between different chains (interchain bonds). If the peptide chains run in the
same direction (i.e., if they are all aligned in terms of their N-terminal and C-
terminal ends), a parallel pleated sheet is formed. When alternating chains run
in opposite directions, an antiparallel pleated sheet is formed (Figure 4.4).
The hydrogen bonding between peptide chains in the B-pleated sheet gives
rise to a repeated zigzag structure; hence, the name “pleated sheet” (Figure
4.5). Note that the hydrogen bonds are perpendicular to the direction of the
protein chain, not parallel to it as in the a-helix.

Irregularities in Regular Structures

Other helical structures are found in proteins. These are often found in
shorter stretches than with the o-helix, and they sometimes break up the reg-
ular nature of the a-helix. The most common is the 3,, helix, which has three
residues per turn and ten atoms in the ring formed by making the hydrogen
bond. Other common helices are designated 2, and 4.4, following the same
nomenclature as the 3, helix.

4.3 What Is the Secondary Structure of Proteins? 85

Binchemistry@ Now™ ANIMATED FIGURE 4.3
The three-dimensional structure of two proteins with
substantial amounts of a-helix in their structures.
The helices are represented by the regularly coiled
sections of the ribbon diagram. Myohemerythrin is
an oxygen-carrying protein in invertebrates. See this
figure animated at http://now.brookscole.com/
campbell5 (jane Richardson.)

Biochemistry@Nowm

Go to BiochemistryNow and click on Biochemistry
Interactive to explore B-sheets, one of the principal
types of secondary structure in proteins.
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» FIGURE 4.4 The arrangement of hydrogen
bonds in (a) parallel and (b) antiparallel B-pleated
sheets.

Biochemistry@Nowm

Go to BiochemistryNow and click on Biochemistry
Interactive to explore discover the features of B-turns
and how they change the direction of a polypeptide
strand.
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A B-bulge is a common nonrepetitive irregularity found in antiparallel -
sheets. It occurs between two normal B-structure hydrogen bonds and
involves two residues on one strand and one on the other. Figure 4.6 shows
typical B-bulges.

Protein folding requires that the peptide backbones and the secondary
structures be able to change directions. Often a reverse turn marks a transi-
tion between one secondary structure and another. For steric (spatial) rea-
sons, glycine is frequently encountered in reverse turns, at which the polypep-
tide chain changes direction; the single hydrogen of the side chain prevents
crowding (Figures 4.7a and 4.7b). Because the cyclic structure of proline has
the correct geometry for a reverse turn, this amino acid is also frequently
encountered in such turns (Figure 4.7c).

Supersecondary Structures and Domains

The a-helix, B-pleated sheet, and other secondary structures are combined in
many ways as the polypeptide chain folds back on itself in a protein. The com-
bination of a- and B-strands produces various kinds of supersecondary struc-
tures in proteins. The most common feature of this sort is the Baf wunit, in
which two parallel strands of B-sheet are connected by a stretch of a-helix
(Figure 4.8a). An aa unit (helix-turn-helix) consists of two antiparallel a-helices
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A FIGURE 4.6 Three different B-bulge structures. Hydrogen bonds are shown as red dots.

<« FIGURE 4.5 The three-dimensional form of the
antiparallel B-pleated sheet arrangement. The chains
do not fold back on each other but are in a fully
extended conformation. (lllustration, Irving Geis. Rights
owned by Howard Hughes Medical Institute. Not to be reproduced
without permission. )

Wide bulge
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(a) Typel (b) Type II (c) Type II (proline-containing)
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A FIGURE 4.7 Structures of reverse turns. Arrows indicate the directions of the polypeptide
chains. (a) A type I reverse turn. In residue 3, the side chain (gold) lies outside the loop, and any
amino acid can occupy this position. (b) A type Il reverse turn. The side chain of residue 3 has
been rotated 180° from the position in the type I turn and is now on the inside of the loop. Only
the hydrogen side chain of glycine can fit into the space available, so glycine must be the third
residue in a type Il reverse turn. (c) The five-membered ring of proline has the correct geometry
for a reverse turn; this residue normally occurs as the second residue of a reverse turn. The turn
shown here is type II, with glycine as the third residue.

(a)
Linker
o-helix
—B-sheet N
(b)

National Archeological Museum, Athens/The Bridgeman Art Library International Ltd., London

(d)

A FIGURE 4.8 Schematic diagrams of supersecondary structures. Arrows indicate the directions
of the polypeptide chains. (a) A Baf3 unit, (b) an aa unit, (c) a B-meander, and (d) the Greek key.
(e) The Greek key motif in protein structure resembles the geometric patterns on this ancient
Greek vase, giving rise to the name.



(Figure 4.8b). In such an arrangement, energetically favorable contacts exist
between the side chains in the two stretches of helix. In a B-meander, an
antiparallel sheet is formed by a series of tight reverse turns connecting
stretches of the polypeptide chain (Figure 4.8c). Another kind of antiparallel
sheet is formed when the polypeptide chain doubles back on itself in a pat-
tern known as the Greek key, named for a decorative design found on pottery
from the classical period (Figure 4.8e). A motif is a repetitive supersecondary
structure. Some of the common smaller motifs are shown in Figure 4.9. These
smaller motifs can often be repeated and organized into larger motifs. Pro-
tein sequences that allow for a 3-meander or Greek key can often be found
arranged into a (-barrel in the tertiary structure of the protein (Figure 4.10).
Motifs are important and tell us much about the folding of proteins. How-
ever, these motifs do not allow us to predict anything about the biological
function of the protein because they are found in proteins and enzymes with
very dissimilar functions.

Many proteins that have the same type of function have similar protein
sequences; consequently, domains with similar conformations are associated
with the particular function. Many types of domains have been identified,
including three different types of domains by which proteins bind to DNA.

4.3 What Is the Secondary Structure of Proteins?

A FIGURE 4.9 Motifs are repeated supersecondary structures, sometimes called modules. (a) The complement-control protein module. (b) The
immunoglobulin module. (c) The fibronectin type I module. (d) The growth-factor module. (e) The kringle module. All of these have a particular

secondary structure that is repeated in the protein. (Reprinted from “Protein Modules,” Trends in Biochemical Sciences, Vol. 16, p. 13-17, Copyright © 1991, with permission

Jfrom Elsevier.)
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A FIGURE 4.10 Some B-barrel arrangements. (a) A linked series of B-meanders. This arrange-
ment occurs in the protein rubredoxin from Clostridium pasteurianum. (b) The Greek key pattern
occurs in human prealbumin. (c) A B-barrel involving alternating B3 units. This arrangement
occurs in triose phosphate isomerase from chicken muscle. (d) Top and side views of the poly-
peptide backbone arrangement in triose phosphate isomerase. Note that the a-helical sections
lie outside the actual B-barrel.

In addition, short polypeptide sequences within a protein direct the post-
translational modification and subcellular localization. For example, several
sequences play a role in the formation of glycoproteins (ones that contain
sugars in addition to the polypeptide chain). Other specific sequences indi-
cate that a protein is to be bound to a membrane or secreted from the cell.
Still other specific sequences mark a protein for phosphorylation by a spe-
cific enzyme.

The Collagen Triple Helix

Collagen, a component of bone and connective tissue, is the most abundant
protein in vertebrates. It is organized in water-insoluble fibers of great
strength. A collagen fiber consists of three polypeptide chains wrapped
around each other in a ropelike twist, or triple helix. Each of the three chains
has, within limits, a repeating sequence of three amino acid residues,
X—Pro— Gly or X—Hyp—Gly, where Hyp stands for hydroxyproline, and
any amino acid can occupy the first position, designated by X.

Proline and hydroxyproline can constitute up to 30% of the residues in
collagen. Hydroxyproline is formed from proline by a specific hydroxylating
enzyme after the amino acids are linked together. Hydroxylysine also occurs
in collagen. In the amino acid sequence of collagen, every third position must



be occupied by glycine. The triple helix is arranged so that every third
residue on each chain is inside the helix. Only glycine is small enough to fit
into the space available (Figure 4.11).
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The three individual collagen chains are themselves helices that differ
from the o-helix. They are twisted around each other in a superhelical
arrangement to form a stiff rod. This triple helical molecule is called tropocol-
lagen; it is 300 nm (3000 A) long and 1.5 nm (15 A) in diameter. The three
strands are held together by hydrogen bonds involving the hydroxyproline
and hydroxylysine residues. The molecular weight of the triple-stranded array
is about 300,000; each strand contains about 800 amino acid residues. Colla-
gen is both intramolecularly and intermolecularly linked by covalent bonds
formed by reactions of lysine and histidine residues. The amount of cross-
linking in a tissue increases with age. That is why meat from older animals is
tougher than meat from younger animals.

Collagen in which the proline is not hydroxylated to hydroxyproline to the
usual extent is less stable than normal collagen. Symptoms of scurvy, such as
bleeding gums and skin discoloration, are the results of fragile collagen. The
enzyme that hydroxylates proline and thus maintains the normal state of col-
lagen requires ascorbic acid (vitamin C) to remain active. Scurvy is ultimately
caused by a dietary deficiency of vitamin C. See the Biochemical Connections
box in Chapter 16.

Two Types of Protein Conformations: Fibrous and Globular

It is difficult to draw a clear separation between secondary and tertiary struc-
tures. The nature of the side chains in a protein (part of the tertiary struc-
ture) can influence the folding of the backbone (the secondary structure).
Comparing collagen with silk and wool fibers can be illuminating. Silk fibers
consist largely of the protein fibroin, which, like collagen, has a fibrous struc-
ture, but which, unlike collagen, consists largely of B-sheets. Fibers of wool
consist largely of the protein keratin, which is largely a-helical. The amino
acids of which collagen, fibroin, and keratin are composed determine which
conformation they will adopt, but all are fibrous proteins (Figure 4.12a).

In other proteins, the backbone folds back on itself to produce a more or
less spherical shape. These are called globular proteins (Figure 4.12b), and we
shall see many examples of them. Their helical and pleated-sheet sections can
be arranged so as to bring the ends of the sequence close to each other in
three dimensions. Globular proteins, unlike fibrous proteins, are water-soluble
and have compact structures; their tertiary and quaternary structures can be
quite complex.
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Binchemistry@ Now™ ACTIVE FIGURE 4.11
Poly (Gly—Pro—Pro), a collagen-like right-handed
triple helix composed of three left-handed helical
chains. (Adapted from M. H. Miller and H. A. Scheraga, 1976,
Calculation of the structures of collagen models. Role of interchain
interactions in determining the triple-helical coiled-coil conforma-
tions. 1. Poly(glycyl-prolyl-prolyl). Journal of Polymer Science
Symposium 54:171-200. © 1976 John Wiley & Sons, Inc.
Reprinted by permission.) Watch this Active Figure at
http://now.brookscole.com/campbell5
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Myoglobin, a globular protein

Charles Grisham

A FIGURE 4.12 A comparison of the shapes of fibrous and globular proteins. (a) Schematic dia-
grams of a portion of a fibrous protein and of a globular protein. (b) Computer-generated model
of a globular protein. The color-coding in this model differs from that of models of smaller mole-
cules. The carbons are represented by light blue spheres, and the yellow spheres represent sulfur.

4.4 | What Can We Say about the
Thermodynamics of Protein Folding?

The primary structure of a protein—the order of amino acids in the polypep-
tide chain—depends on the formation of peptide bonds, which are covalent.
Higher-order levels of structure, such as the conformation of the backbone
(secondary structure) and the positions of all the atoms in the protein (terti-
ary structure), depend on noncovalent interactions; if the protein consists of
several subunits, the interaction of the subunits (quaternary structure) also
depends on noncovalent interactions. Noncovalent stabilizing forces con-
tribute to the most stable structure for a given protein, the one with the low-
est energy.

Several types of hydrogen bonding occur in proteins. Backbone hydrogen
bonding is a major determinant of secondary structure; hydrogen bonds
between the side chains of amino acids are also possible in proteins. Nonpolar
residues tend to cluster together in the interior of protein molecules as a
result of hydrophobic interactions. Llectrostatic attraction between oppositely
charged groups, which frequently occurs on the surface of the molecule,
results in such groups being close to one another. Several side chains can be
complexed to a single metal ion. (Metal ions also occur in some prosthetic
groups.)

In addition to these noncovalent interactions, disulfide bonds form covalent
links between the side chains of cysteines. When such bonds form, they
restrict the folding patterns available to polypeptide chains. There are special-
ized laboratory methods for determining the number and positions of disul-
fide links in a given protein. Information about the locations of disulfide links
can then be combined with knowledge of the primary structure to give the
complete covalent structure of the protein. Note the subtle difference here: The
primary structure is the order of amino acids, whereas the complete covalent
structure also specifies the positions of the disulfide bonds (Figure 4.13).
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A FIGURE 4.13 Forces that stabilize the tertiary structure of proteins. Note that the helical struc-
ture and sheet structure are two kinds of backbone hydrogen bonding. Although backbone
hydrogen bonding is part of secondary structure, the conformation of the backbone puts con-
straints on the possible arrangement of the side chains.

Recall that, as a result of this assortment of stabilizing forces, residues that
are far apart in the primary sequence can be close to each other in the three-
dimensional structure produced by the folding of the protein. When a
polypeptide chain folds back on itself, it can assume a compact globular
shape. A different polypeptide chain (or the same chain under different con-
ditions) can assume a rodlike fibrous form.

The most stable form of the protein is the one with the lowest energy, rep-
resenting a complex interplay of all the forces involved. Many of these forces
involve bond formation, frequently the formation of a large number of weak,
noncovalent bonds. Of these, hydrophobic interactions are a special case in
the sense that the concept of entropy plays a large role in describing them.
This is a good place to take a detailed look at hydrophobic interactions.

Hydrophobic Interactions: A Case Study in Thermodynamics

Hydrophobic interactions have important consequences in biochemistry.
Large arrays of molecules can take on definite structures as a result of
hydrophobic interactions. We have already seen the way in which phospho-
lipid bilayers can form one such array. Recall (Chapter 2, Section 2.1) that
phospholipids are molecules that have polar head groups and long nonpolar
tails of hydrocarbon chains. These bilayers are less complex than a folded
protein, but the interactions that lead to their formation also play a vital role
in protein folding. Under suitable conditions, a double-layer arrangement is
formed so that the polar head groups of many molecules face the aqueous
environment, while the nonpolar tails are in contact with each other and are
kept away from the aqueous environment. These bilayers form three-dimen-
sional structures called liposomes (Figure 4.14). Such structures are useful
model systems for biological membranes, which consist of similar bilayers with
proteins embedded in them. The interactions between the bilayer and the
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» FIGURE 4.14 Schematic diagram of a liposome.
This three-dimensional structure is arranged so that
hydrophilic head groups of lipids are in contact with
the aqueous environment. The hydrophobic tails are
in contact with each other and are kept away from
the aqueous environment.

» FIGURE 4.15 The three-dimensional structure
of the protein cytochrome c. (a) The hydrophobic
side chains (shown in red) are found in the interior
of the molecule. (b) The hydrophilic side chains
(shown in green) are found on the exterior of the
molecule. (Illustration, Irving Geis. Rights owned by Howard
Hughes Medical Institute. Not to be reproduced without permission.)
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embedded proteins are also examples of hydrophobic interactions. The very
existence of membranes depends on hydrophobic interactions. The same
hydrophobic interactions play a crucial role in protein folding.

Hydrophobic interactions are a major factor in the folding of proteins into
the specific three-dimensional structures required for their functioning as
enzymes, oxygen carriers, or structural elements. The order of amino acids
(i.e., the nature of the side chains) automatically determines the three-dimen-
sional structure of the protein. It is known experimentally that proteins tend
to be folded so that the nonpolar hydrophobic side chains are sequestered
from water in the interior of the protein, while the polar hydrophilic side
chains lie on the exterior of the molecule and are accessible to the aqueous
environment (Figure 4.15). What makes hydrophobic interactions favorable?

Hydrophobic interactions are spontaneous processes. The entropy of the
universe increases when hydrophobic interactions occur.

AS,

universe

>0
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As an example, let us assume that we have tried to mix the liquid hydrocar-
bon hexane (C;H,,) with water and have obtained not a solution but a two-
layer system, one layer of hexane and one of water. Formation of a mixed
solution is nonspontaneous, and the formation of two layers is spontaneous.
Unfavorable entropy terms enter into the picture if solution formation
requires the creation of ordered arrays of solvent, in this case water (Figure
4.16). The water molecules surrounding the nonpolar molecules can hydro-
gen bond with each other, but they have fewer possible orientations than if
they were surrounded by other water molecules on all sides. This introduces a
higher degree of order, preventing the dispersion of energy, more like the lat-
tice of ice than liquid water, and thus a lower entropy. The required entropy
decrease is too large for the process to take place. Therefore, nonpolar sub-
stances do not dissolve in water; rather, nonpolar molecules associate with
one another by hydrophobic interactions and are excluded from water.

4.5 | What Is the Tertiary Structure of Proteins?

The tertiary structure of a protein is the three-dimensional arrangement of all
the atoms in the molecule. The conformations of the side chains and the
positions of any prosthetic groups are parts of the tertiary structure, as is the
arrangement of helical and pleated-sheet sections with respect to one
another. In a fibrous protein, the overall shape of which is a long rod, the sec-
ondary structure also provides much of the information about the tertiary
structure. The helical backbone of the protein does not fold back on itself,
and the only important aspect of the tertiary structure that is not specified by
the secondary structure is the arrangement of the atoms of the side chains.

For a globular protein, considerably more information is needed. It is nec-
essary to determine the way in which the helical and pleated-sheet sections
fold back on each other, in addition to the positions of the side-chain atoms
and any prosthetic groups. The interactions between the side chains play an
important role in the folding of proteins. The folding pattern frequently
brings residues that are separated in the amino acid sequence into proximity
in the tertiary structure of the native protein.
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Essential Information

The tertiary structure of a protein is the three-
dimensional arrangement of all atoms in a protein
chain. The secondary and tertiary structures of a
protein can be determined simultaneously.

Not every protein necessarily exhibits all possible structural features of the
kinds we described in Section 4.4. For instance, there are no disulfide bridges
in myoglobin and hemoglobin, which are oxygen-storage and transport pro-
teins and classic examples of protein structure, but they both contain Fe (II)
ions as part of a prosthetic group. In contrast, the enzymes trypsin and chy-
motrypsin do not contain complexed metal ions, but they do have disulfide
bridges. Hydrogen bonds, electrostatic interactions, and hydrophobic interac-
tions occur in most proteins.

The three-dimensional conformation of a protein is the result of the inter-
play of all the stabilizing forces. It is known, for example, that proline does
not fit into an o-helix and that its presence can cause a polypeptide chain to
turn a corner, ending an a-helical segment. The presence of proline is not,
however, a requirement for a turn in a polypeptide chain. Other residues are
routinely encountered at bends in polypeptide chains. The segments of pro-
teins at bends in the polypeptide chain and in other portions of the protein
that are not involved in helical or pleated-sheet structures are frequently
referred to as “random” or “random coil.” In reality, the forces that stabilize
each protein are responsible for its conformation.

The experimental technique used to determine the tertiary structure of a
protein is X-ray crystallography. Perfect crystals of some proteins can be
grown under carefully controlled conditions. In such a crystal, all the individ-
ual protein molecules have the same three-dimensional conformation and the
same orientation. Crystals of this quality can be formed only from proteins of
very high purity, and it is not possible to obtain a structure if the protein can-
not be crystallized.

When a suitably pure crystal is exposed to a beam of X rays, a diffraction
pattern is produced on a photographic plate (Figure 4.17a) or a radiation
counter. The pattern is produced when the electrons in each atom in the
molecule scatter the X rays. The number of electrons in the atom determines
the intensity of its scattering of X rays; heavier atoms scatter more effectively
than lighter atoms. The scattered X rays from the individual atoms can rein-
force each other or cancel each other (set up constructive or destructive
interference), giving rise to the characteristic pattern for each type of mole-
cule. A series of diffraction patterns taken from several angles contains the
information needed to determine the tertiary structure. The information is
extracted from the diffraction patterns through a mathematical analysis
known as a Fourier series. Many thousands of such calculations are required to
determine the structure of a protein, and even though they are performed by
computer, the process is a fairly long one. Improving the calculation proce-
dure is a subject of active research. The articles by Hauptmann and by Karle
listed in the bibliography at the end of this chapter outline some of the
accomplishments in the field.

Another technique that supplements the results of X-ray diffraction has
come into wide use in recent years. It is a form of nuclear magnetic resonance
(NMR) spectroscopy. In this particular application of NMR, called 2-D (two-
dimensional) NMR, large collections of data points are subjected to computer
analysis (Figure 4.17b). Like X-ray diffraction, this method uses a Fourier
series to analyze results. It is similar to X-ray diffraction in other ways: It is a
long process, and it requires considerable amounts of computing power and
milligram quantities of protein. One way in which 2-D NMR differs from X-
ray diffraction is that it uses protein samples in aqueous solution rather than
crystals. This environment is closer to that of proteins in cells, and thus it is
one of the main advantages of the method. The NMR method most widely
used in the determination of protein structure ultimately depends on the dis-
tances between hydrogen atoms, giving results independent of those obtained
by X-ray crystallography. The NMR method is undergoing constant improve-
ment and is being applied to larger proteins as these improvements progress.
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A FIGURE 4.17 Large numbers of data points are needed
to determine the tertiary structure of a protein. (a) X-ray
diffraction photograph of glutathione synthetase. (b) NMR
data for a-lactalbumin, a detailed view of a key part of a
larger spectrum. Both X-ray and NMR results are processed
by computerized Fourier analysis. (c) The tertiary structure
of a-lactalbumin. (See Figure 4.18 for the structure of myo-
globin as determined by X-ray crystallography.) (b, courtesy of
C Professor C. M. Dobson, University of Oxford.)

Ahelix (5-11)

Myoglobin: An Example of Protein Structure

In many ways, myoglobin is the classic example of a globular protein. We shall
use it here as a case study in tertiary structure. (We shall see the tertiary struc-
tures of many other proteins in context when we discuss their roles in bio-
chemistry.) Myoglobin was the first protein for which the complete tertiary
structure (Figure 4.18) was determined by X-ray crystallography. The com-
plete myoglobin molecule consists of a single polypeptide chain of 153 amino
acid residues and includes a prosthetic group, the heme group, which also
occurs in hemoglobin. The myoglobin molecule (including the heme group)
has a compact structure, with the interior atoms very close to each other. This
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» FIGURE 4.18 The structure of the myoglobin
molecule, showing the peptide backbone and the
heme group. The helical segments are designated
by the letters A through H. The terms NH; and
COO" indicate the N-terminal and C-terminal
ends, respectively.

Heme group (Fe)

structure provides examples of many of the forces responsible for the three-
dimensional shapes of proteins.

In myoglobin, there are eight a-helical regions and no B-pleated sheet
regions. Approximately 75% of the residues in myoglobin are found in these
helical regions, which are designated by the letters A through H. Hydrogen
bonding in the polypeptide backbone stabilizes the o-helical regions; amino
acid side chains are also involved in hydrogen bonds. The polar residues are
on the exterior of the molecule. The interior of the protein contains almost
exclusively nonpolar amino acid residues. Two polar histidine residues are
found in the interior; they are involved in interactions with the heme group
and bound oxygen, and thus play an important role in the function of the
molecule. The planar heme group fits into a hydrophobic pocket in the pro-
tein portion of the molecule and is held in position by hydrophobic attrac-
tions between heme’s porphyrin ring and the nonpolar side chains of the pro-
tein. The presence of the heme group drastically affects the conformation of
the polypeptide: The apoprotein (the polypeptide chain alone, without the
prosthetic heme group) is not as tightly folded as the complete molecule.

The heme group consists of a metal ion, Fe(Il), and an organic part, pro-
toporphyrin IX (Figure 4.19). (The notation Fe(Il) is preferred to Fe?" when
metal ions occur in complexes.) The porphyrin part consists of four five-
membered rings based on the pyrrole structure; these four rings are linked by
bridging methine (— CH=) groups to form a square planar structure. The
Fe(II) ion has six coordination sites, and it forms six metal-ion complexation
bonds. Four of the six sites are occupied by the nitrogen atoms of the four
pyrrole-type rings of the porphyrin to give the complete heme group. The
presence of the heme group is required for myoglobin to bind oxygen.
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A FIGURE 4.19 The structure of the heme group. Four pyrrole rings are linked by bridging
groups to form a planar porphyrin ring. Several isomeric porphyrin rings are possible, depending
on the nature and arrangement of the side chains. The porphyrin isomer found in heme is proto-
porphyrin IX. Addition of iron to protoporphyrin IX produces the heme group.

The fifth coordination site of the Fe(II) ion is occupied by one of the
nitrogen atoms of the imidazole side chain of histidine residue F8 (the eighth
residue in helical segment F). This histidine residue is one of the two in the
interior of the molecule. The oxygen is bound at the sixth coordination site
of the iron. The fifth and sixth coordination sites lie perpendicular to, and on
opposite sides of, the plane of the porphyrin ring. The other histidine residue
in the interior of the molecule, residue E7 (the seventh residue in helical seg-
ment E), lies on the same side of the heme group as the bound oxygen (Fig-
ure 4.20). This second histidine is not bound to the iron, or to any part of the
heme group, but it acts as a gate that opens and closes as oxygen enters the
hydrophobic pocket to bind to the heme. The E7 histidine sterically inhibits
oxygen from binding perpendicularly to the heme plane, with biologically
important ramifications. The affinity of free heme for carbon monoxide
(CO) is 25,000 times greater than its affinity for oxygen. When carbon
monoxide is forced to bind at an angle in myoglobin due to the steric block
by His E7, its advantage over oxygen drops by two orders of magnitude (Fig-
ure 4.21). This guards against the possibility that traces of CO produced dur-
ing metabolism would occupy all the oxygen-binding sites on the hemes. Nev-
ertheless, CO is a potent poison in larger quantities because of its effect both
on oxygen binding to hemoglobin and on the final step of the electron trans-
port chain (Section 20.5).

In the absence of the protein, the iron of the heme group can be oxidized
to Fe(III); the oxidized heme will not bind oxygen. Thus, the combination of
both heme and protein is needed to bind O, for oxygen storage.

Denaturation and Refolding

The noncovalent interactions that maintain the three-dimensional structure
of a protein are weak, and it is not surprising that they can be disrupted eas-
ily. The unfolding of a protein is called denaturation. Reduction of disulfide
bonds leads (Section 3.5) to even more extensive unraveling of the tertiary
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» FIGURE 4.20 The oxygen-binding site of myoglo-
bin. The porphyrin ring occupies four of the six
coordination sites of the Fe(II). Histidine F8 (His

F8) occupies the fifth coordination site of the iron
(see text). Oxygen is bound at the sixth coordination
site of the iron, and histidine E7 lies close to the oxy-
gen. (Leonard Lessin/Waldo Feng/Mt. Sinai CORE.)
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structure. Denaturation and reduction of disulfide bonds are frequently com-
bined when complete disruption of the tertiary structure of proteins is desired.
Under proper experimental conditions, the disrupted structure can then be
completely recovered. This process of denaturation and refolding is a dra-
matic demonstration of the relationship between the primary structure of the
protein and the forces that determine the tertiary structure. For many pro-
teins, various other factors are needed for complete refolding, but the impor-
tant point is that the primary structure determines the tertiary structure.

Proteins can be denatured in several ways. One is /eat. An increase in tem-
perature favors vibrations within the molecule, and the energy of these vibra-
tions can become great enough to disrupt the tertiary structure. At either
high or low extremes of pH, at least some of the charges on the protein are
missing, and so the electrostatic interactions that would normally stabilize the
native, active form of the protein are drastically reduced. This leads to denat-
uration. The binding of detergents, such as sodium dodecyl sulfate (SDS), also
denatures proteins. Detergents tend to disrupt hydrophobic interactions. If a
detergent is charged, it can also disrupt electrostatic interactions within the
protein. Other reagents, such as urea and guanidine hydrochloride, form hydro-
gen bonds with the protein that are stronger than those within the protein
itself. These two reagents can also disrupt hydrophobic interactions in much
the same way as detergents (Figure 4.22).

B-Mercaptoethanol (HS— CH,— CHy,— OH) is frequently used to reduce
disulfide bridges to two sulthydryl groups. Urea is usually added to the reac-
tion mixture to facilitate unfolding of the protein and to increase the accessi-
bility of the disulfides to the reducing agent. If experimental conditions are
properly chosen, the native conformation of the protein can be recovered
when both mercaptoethanol and urea are removed (Figure 4.23). Experi-
ments of this type provide some of the strongest evidence that the amino acid
sequence of the protein contains all the information required to produce the
complete three-dimensional structure. Protein researchers are pursuing with
some interest the conditions under which a protein can be denatured—includ-
ing reduction of disulfides—and its native conformation later recovered.

4.6 | Can We Predict Protein Folding
from Sequence?

Since the sequence of amino acids determines the three-dimensional struc-
ture of a protein, a question that arises naturally is, “Can we predict the terti-
ary structure of a protein if we know its amino acid sequence?” The answer is
that we can, within limits. Modern computing techniques greatly facilitate the
operation, which requires processing large amounts of information. The
encounter of biochemistry and computing has given rise to the burgeoning
field of bioinformatics. Prediction of protein structure is one of the principal
applications of bioinformatics. Another important application is the compari-
son of base sequences in nucleic acids, a topic we shall discuss in Chapter 14,
along with other methods for working with nucleic acids.

The first step in predicting protein architecture is a search of databases of
known structures for sequence homology between the protein whose structure is
to be determined and proteins of known architecture, where the term homol-
ogy refers to similarity of two or more sequences. If the sequence of the
known protein is similar enough to that of the protein being studied, the
known protein’s structure becomes the point of departure for comparative
modeling. Use of modeling algorithms that compare the protein being studied
with known structures leads to a structure prediction. This method is most
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Essential Information

The primary structure of a protein contains all the
information needed to specify the tertiary structure.

Native ribonuclease

8M urea and
B-mercaptoethanol

Denatured reduced
ribonuclease

Removal of urea and
B-mercaptoethanol

Air oxidation of the
sulfhydryl groups in
reduced ribonuclease

Native ribonuclease

A FIGURE 4.23 Denaturation and refolding in
ribonuclease. The protein ribonuclease can be
completely denatured by the actions of urea and
mercaptoethanol. When denaturing conditions
are removed, activity is recovered.
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s N useful when the sequence homology is greater than 25-30%. If the sequence
Ficgein homology is less than 25-30%, other approaches are more useful. Fold recogni-

L seduence y tion algorithms allow comparison with known folding motifs common to many
secondary structures. We saw a number of these motifs in Section 4.3. Here is

ﬂ an application of that information. Yet another method is de novo prediction,

( Search ) based on first principles from chemistry, biology, and physics. This method
databases of too can give rise to structures subsequently confirmed by X-ray crystallogra-
known structures phy. The flow chart in Figure 4.24 shows how prediction techniques use exist-
u ing information from databases. Figure 4.25 shows a comparison of the pre-

dicted structures of two proteins (right side) for the DNA repair protein MutS

Homologous and the bacterial protein HI0O817. The crystal structures of the two proteins
sequence of known
structure found? are shown on the left.
Yes _ Y, No

A considerable amount of information about protein sequences and archi-
tecture is available on the World Wide Web. One of the most important

Comparative De novo resources is the Protein Data Bank operated under the auspices of the Research
modeling prediction Collaboratory for Structural Bioinformatics (RCSB). Its URL is http://www.rcsb
~ .org/pdb. This site, which has a number of mirror sites around the world, is
Fold Fhe single rep.ository of stru.cturgl information abQut large molecules. It
TecoeT on includes material about nucleic acids as well as proteins. Its home page has a
button with links specifically geared to educational applications.
ﬂ No Results of structure prediction using the methods discussed in this section
p N are available on the Web as well. One of the most useful URLs is http://
Fold predicied  |_J) pre.dlctloncenter.llnl.gov/.caspf). OFher excellent sources of information are
successfully? available through the National Institutes of Health (http://pubmedcentral.nih
~ J .gov/tocrender.fcgi?iid=1005, and http://www.ncbi.nlm.nih.gov), and through
uYeS the ExPASy (Expert Protein Analysis System) server (http://us.expasy.org).
s A
Three-dimensional . .
)| protein structure | Protein-Folding Chaperones
- o The primary structure conveys all the information necessary to produce the
A FIGURE 4.24 A flow chart showing the use of correct tertiary structure, but the folding process in vivo can be a bit trickier.
existing information from databases to predict pro- In the protein-dense environment of the cell, proteins may begin to fold incor-

tein conformation. (Courtesy of Rob Russell, EMBL.) rectly as they are produced, or they may begin to associate with other proteins

before completing their folding process. In eukaryotes, proteins may need to
remain unfolded long enough to be transported across the membrane of a
subcellular organelle. Special proteins called chaperones aid in the correct
and timely folding of many other proteins (see the Biochemical Connections
box in Chapter 12). The first such proteins discovered were a family called

A FIGURE 4.25 A comparison of the predicted structures of two proteins (right side) for the
DNA repair protein MutS and the bacterial protein HI0817. The crystal structures of the two
proteins are shown on the left. (Courtesy of University of Washington, Seaitle.)
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Prions

It has been established that the causative agent of mad-cow dis-
ease, as well as the related diseases scrapie in sheep and spongi-
form encephalopathy (kuru and Creutzfeldt-Jakob disease) in
humans, is a small (28-kD) protein called a prion. Prions are gly-
coproteins found in the cell membranes of nerve tissue. The dis-
eases come about when the normal form of the prion protein,
PrP (Figure a), folds into an incorrect form called PrP* (Figure
b). The abnormal form of the prion protein is able to convert
other, normal forms into abnormal forms. As recently discov-
ered, this change can be propagated in nervous tissue. Scrapie
had been known for years, but it had not been known to cross
species barriers. Then an outbreak of mad-cow disease was
shown to have followed the inclusion of sheep remains in cattle
feed. It is now known that eating tainted beef from animals with
mad-cow disease can cause spongiform encephalopathy, now
known as new variant Creutzfeldt-Jakob disease, in humans. The
normal prions have a large percentage of a-helix, but the abnor-
mal forms have more B-pleated sheets. Notice that in this case
the same protein (a single, well-defined sequence) can exist in
alternative forms. These B-pleated sheets in the abnormal pro-

(a) (b)

teins interact between protein molecules and form insoluble
plaques, a fate also seen in Alzheimer’s disease. Ingested abnor-
mal prions use macrophages from the immune system to travel
in the body until they come in contact with nerve tissue. They
can then propagate up the nerves until they reach the brain.

This mechanism was a subject of considerable controversy
when it was first proposed. A number of scientists expected that
a slow-acting virus would be found to be the ultimate cause of
these neurological diseases. A susceptibility to these diseases can
be inherited, so some involvement of DNA (or RNA) was also
expected. Some went so far as to talk about “heresy” when Stan-
ley Prusiner received the 1997 Nobel Prize in medicine for his
discovery of prions. It now appears that genes for susceptibility
to the incorrect form exist in all vertebrates, giving rise to the
observed pattern of disease transmission, but many individuals
with the genetic susceptibility never develop the disease if they
do not come in contact with abnormal prions from another
source. See the articles by Ferguson and Peretz in the bibliogra-
phy of this chapter.

<« (a) Normal prion structure (PrP).
(b) Abnormal prion (PrP).

hsp70 (for 70,000 MW Heat-Shock Protein), which are proteins produced in E.
coli grown above optimal temperatures. Chaperones exist in organisms from

prokaryotes through humans, and their mechanisms of action are currently
being studied. (See the article by Helfand in the bibliography of this chapter.)
In recent years, it has become evident that protein-folding dynamics is crucial
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» FIGURE 4.26 The structure of hemoglobin.
Hemoglobin (ayB,) is a tetramer consisting of four
polypeptide chains (two a-chains and two B-chains).

to protein function in vivo. The Biochemical Connections box on the previous
page describes a particularly striking example of the importance of protein
folding.

4.7 | What Is the Quaternary
Structure of Proteins?

Quaternary structure is a property of proteins that consist of more than one
polypeptide chain. Each chain is called a subunit. The number of chains can
range from two to more than a dozen, and the chains may be identical or dif-
ferent. Commonly occurring examples are dimers, trimers, and tetramers,
consisting of two, three, and four polypeptide chains, respectively. (The
generic term for such a molecule, made up of a small number of subunits, is
oligomer.) The chains interact with one another noncovalently via electro-
static attractions, hydrogen bonds, and hydrophobic interactions.

As a result of these noncovalent interactions, subtle changes in structure at
one site on a protein molecule may cause drastic changes in properties at a
distant site. Proteins that exhibit this property are called allosteric. Not all
multisubunit proteins exhibit allosteric eftects, but many do.

A classic illustration of the quaternary structure of proteins and its effect
on properties is a comparison of hemoglobin, an allosteric protein, with myo-
globin, which consists of a single polypeptide chain.

Hemoglobin

Hemoglobin is a tetramer, consisting of four polypeptide chains, two a-chains
and two B-chains (Figure 4.26). (In oligomeric proteins, the types of polypep-

Heme group (Fe)



tide chains are designated with Greek letters.) The two a-chains of hemoglo-
bin are identical, as are the two 3-chains. The overall structure of hemoglobin
is ayP, in Greek-letter notation. Both the a- and B-chains of hemoglobin are
very similar to the myoglobin chain. The a-chain is 141 residues long, and the
B-chain is 146 residues long; for comparison, the myoglobin chain is 153
residues long. Many of the amino acids of the a-chain, the B-chain, and myo-
globin are homologous; that is, the same amino acid residues are in the same
positions. The heme group is the same in myoglobin and hemoglobin.

We have already seen that one molecule of myoglobin binds one oxygen
molecule. Four molecules of oxygen can therefore bind to one hemoglobin
molecule. Both hemoglobin and myoglobin bind oxygen reversibly, but the
binding of oxygen to hemoglobin exhibits positive cooperativity, whereas oxy-
gen binding to myoglobin does not. Positive cooperativity means that when
one oxygen molecule is bound, it becomes easier for the next to bind. A
graph of the oxygen-binding properties of hemoglobin and myoglobin is one
of the best ways to illustrate this point (Figure 4.27).

When the degree of saturation of myoglobin with oxygen is plotted against
oxygen pressure, a steady rise is observed until complete saturation is
approached and the curve levels off. The oxygen-binding curve of myoglobin
is thus said to be hyperbolic. In contrast, the shape of the oxygen-binding
curve for hemoglobin is sigmoidal. This shape indicates that the binding of
the first oxygen molecule facilitates the binding of the second oxygen, which
facilitates the binding of the third, which in turn facilitates the binding of the
fourth. This is precisely what is meant by the term “cooperative binding.”
However, note that even though cooperative binding means that binding of
each subsequent oxygen is easier than the previous one, the binding curve is
still lower than that of myoglobin at any oxygen pressure. In other words, at
any oxygen pressure, myoglobin will have a higher percentage of saturation
than hemoglobin.

The two types of behavior are also related to the functions of these pro-
teins. Myoglobin has the function of oxygen storage in muscle. It must bind
strongly to oxygen at very low pressures, and it is 50% saturated at 1 torr par-
tial pressure of oxygen. (The torr is a widely used unit of pressure, but it is
not an SI unit. One torr is the pressure exerted by a column of mercury 1
mm high at 0°C. One atmosphere is equal to 760 torr.) The function of
hemoglobin is oxygen transport, and it must be able both to bind strongly to
oxygen and to release oxygen easily, depending upon conditions. In the alve-
oli of lungs (where hemoglobin must bind oxygen for transport to the tis-
sues), the oxygen pressure is 100 torr. At this pressure, hemoglobin is 100%
saturated with oxygen. In the capillaries of active muscles, the pressure of oxy-
gen is 20 torr, corresponding to less than 50% saturation of hemoglobin,
which occurs at 26 torr. In other words, hemoglobin gives up oxygen easily in
capillaries, where the need for oxygen is great.

Structural changes during binding of small molecules are characteristic of
allosteric proteins such as hemoglobin. Hemoglobin has different quaternary
structures in the bound (oxygenated) and unbound (deoxygenated) forms.
The two B-chains are much closer to each other in oxygenated hemoglobin
than in deoxygenated hemoglobin. The change is so marked that the two
forms of hemoglobin have different crystal structures (Figure 4.28).

Conformational Changes That Accompany Hemoglobin Function

Other ligands are involved in cooperative effects when oxygen binds to hemo-
globin. Both H* and CO,, which themselves bind to hemoglobin, affect the
affinity of hemoglobin for oxygen by altering the protein’s three-dimensional
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A FIGURE 4.27 A comparison of the oxygen-
binding behavior of myoglobin and hemoglobin.
The oxygen-binding curve of myoglobin is hyper-
bolic, whereas that of hemoglobin is sigmoidal.
Myoglobin is 50% saturated with oxygen at 1 torr
partial pressure; hemoglobin does not reach 50%
saturation until the partial pressure of oxygen
reaches 26 torr.
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» FIGURE 4.28 The structures of (a) deoxyhemo-
globin and (b) oxyhemoglobin. Note the motions of
subunits with respect to one another. There is much
less room at the center of oxyhemoglobin. (fitustration,
Irving Geis. Rights owned by Howard Hughes Medical Institute.
Not to be reproduced without permission.)
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structure in subtle but important ways. The effect of H* (Figure 4.29) is called
the Bohr effect, after its discoverer, Christian Bohr (the father of physicist Niels
Bohr). The oxygen-binding ability of myoglobin is not affected by the pres-
ence of H* or of CO.,.

An increase in the concentration of H* (i.e., a lowering of the pH) reduces
the oxygen affinity of hemoglobin. Increasing H* causes the protonation of
key amino acids, including the N-terminals of the a-chains and His!*® of the
B-chains. The protonated histidine is attracted to, and stabilized by, a salt
bridge to Asp?%. This favors the deoxygenated form of hemoglobin. Actively
metabolizing tissue, which requires oxygen, releases H", thus acidifying its
local environment. Hemoglobin has a lower affinity for oxygen under these
conditions, and it releases oxygen where it is needed (Figure 4.30). Hemoglo-
bin’s acid-base properties affect, and are affected by, its oxygen-binding prop-
erties. The oxygenated form of hemoglobin is a stronger acid (has a lower
pK,) than the deoxygenated form. In other words, deoxygenated hemoglobin
has a higher affinity for H* than does the oxygenated form. Thus, changes in
the quaternary structure of hemoglobin can modulate the buffering of blood
through the hemoglobin molecule itself.

Table 4.1 summarizes the important features of the Bohr effect.

100 — —
Myoglobin

pH 7.6
g
2 pH 7.4
-
=1
3 pH 7.2
g pH 7.0
S
A pH 6.8

Arterial
102
I I I 1
0 20 40 60 80 100 120 140
$pOo, mm Hg

Table 4.1
A Summary of the Bohr Effect
Lungs Actively Metabolizing Muscle
Higher pH than actively metabolizing tissue Lower pH due to production of H*
Hemoglobin binds O, Hemoglobin releases O,
Hemoglobin releases H* Hemoglobin binds H*
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<« FIGURE 4.29 The general features of the Bohr
effect. In actively metabolizing tissue, hemoglobin
releases oxygen and binds both CO, and H*. In the
lungs, hemoglobin releases both CO, and H* and
binds oxygen.

<« FIGURE 4.30 The oxygen saturation curves for
myoglobin and for hemoglobin at five different pH
values.
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A FIGURE 4.31 The structure of BPG (2,3-
bisphosphoglycerate), an important allosteric
effector of hemoglobin.

» FIGURE 4.32 The binding of BPG to deoxyhe-
moglobin. Note the electrostatic interactions
between the BPG and the protein. (Jilustration, Irving
Geis. Rights owned by Howard Hughes Medical Institute. Not to be
reproduced without permission.)

Large amounts of CO, are produced by metabolism. The CO,, in turn,
forms carbonic acid, HyCOs. The pK, of H,COg is 6.35; the normal pH of
blood is 7.4. As a result, about 90% of dissolved CO, will be present as the
bicarbonate ion, HCOj3, releasing H*. (The Henderson-Hasselbalch equa-
tion can be used to confirm this point.) The in vivo buffer system involving
H,CO3 and HCOy in blood was discussed in Section 2.6. The presence of
larger amounts of H as a result of CO, production favors the quaternary
structure that is characteristic of deoxygenated hemoglobin. Hence, the affin-
ity of hemoglobin for oxygen is lowered. The HCOy is transported to the
lungs, where it combines with H* released when hemoglobin is oxygenated,
producing H,COs. In turn, H,COg4 liberates CO,, which is then exhaled.
Hemoglobin also transports some CO, directly. When the CO, concentration
is high, it combines with the free c-amino groups to form carbamate:

R—NH, + CO, = R—NH—COO~ + H"

This reaction turns the c-amino terminals into anions, which can then inter-
act with the a-chain Arg!*!, also stabilizing the deoxygenated form.

In the presence of large amounts of H* and CO,, as in respiring tissue,
hemoglobin releases oxygen. The presence of large amounts of oxygen in the
lungs reverses the process, causing hemoglobin to bind O,. The oxygenated




1.0

1.0 Fetal hemoglobin

Maternal
hemoglobin

0.5 Oy flows from

maternal
oxyhemoglobin
to fetal
deoxyhemoglobin

Degree of saturation
=
[©28
!

Degree of saturation

Og pressure (pOy in torrs)

0 T T T T ]
0 20 40 60 80 100

0, pressure (pOy in torrs) A FIGURE 4.34 A comparison of the

oxygen-binding capacity of fetal and
maternal hemoglobins. Fetal hemo-
A FIGURE 4.33 A comparison of the globin binds less strongly to BPG and,
oxygen-binding properties of hemoglobin consequently, has a greater affinity for

in the presence and absence of BPG. Note oxygen than does maternal hemoglobin.
that the presence of the BPG markedly

decreases the affinity of hemoglobin for
oxygen.

hemoglobin can then transport oxygen to the tissues. The process is complex,
but it allows for fine tuning of pH as well as levels of CO, and O.,.

Hemoglobin in blood is also bound to another ligand, 2,3-bisphosphoglycerate
(BPG) (Figure 4.31), with drastic effects on its oxygen-binding capacity. The
binding of BPG to hemoglobin is electrostatic; specific interactions take place
between the negative charges on BPG and the positive charges on the protein
(Figure 4.32). In the presence of BPG, the partial pressure at which 50% of
hemoglobin is bound to oxygen is 26 torr. If BPG were not present in blood,
the oxygen-binding capacity of hemoglobin would be much higher (50% of
hemoglobin bound to oxygen at about 1 torr), and little oxygen would be
released in the capillaries. “Stripped” hemoglobin, which is isolated from
blood and from which the endogenous BPG has been removed, displays this
behavior (Figure 4.33).

BPG also plays a role in supplying a growing fetus with oxygen. The fetus
obtains oxygen from the mother’s bloodstream via the placenta. Fetal hemo-
globin (Hb F) has a higher affinity for oxygen than does maternal hemoglo-
bin, allowing for efficient transfer of oxygen from the mother to the fetus
(Figure 4.34). Two features of fetal hemoglobin contribute to this higher oxy-
gen-binding capacity. One is the presence of two different polypeptide chains.
The subunit structure of Hb F is ayy,, where the B-chains of adult hemoglo-
bin (Hb A), the usual hemoglobin, have been replaced by the y-chains, which
are similar but not identical in structure. The second feature is that Hb F
binds less strongly to BPG than does Hb A. In the B-chain of adult hemoglo-
bin, His!* makes a salt bridge to BPG. In the fetal hemoglobin, the y-chain
has an amino acid substitution of a serine for His'#®. This change of a posi-
tively charged amino acid for a neutral one diminishes the number of con-
tacts between the hemoglobin and the BPG, effectively reducing the allosteric
effect enough to give fetal hemoglobin a higher binding curve than adult
hemoglobin.

4.7 What Is the Quaternary Structure of Proteins?
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Summary

4.1 How Does the Structure of Proteins Deter-
mine Their Function? The structure of proteins is complex,
with few obvious regular structures. Many three-dimensional confor-
mations are possible for proteins, but only one, or at most a few, have
biological activity; these are called the native conformations. To facili-
tate structure determination, it is customary to define four levels of
organization.

4.2 What Is the Primary Structure of Proteins? Pri-
mary structure is the order in which the amino acids are covalently
linked. The primary structure of a protein can be determined by
chemical methods. The amino acid sequence (the primary structure)
of a protein determines its three-dimensional structure, which in turn
determines its properties. A striking example of the importance of pri-
mary structure is sickle-cell anemia, a disease caused by a change in
one amino acid in each of two of the four chains of hemoglobin.

4.3 What Is the Secondary Structure of Proteins?
Secondary structure is the hydrogen-bonded arrangement in space of
the backbone, the polypeptide chain. Some of the most important
backbone arrangements are the o-helix, the B-sheet, and the B-turn.
They can be combined in a number of ways to produce structural
motifs that occur in many proteins.

4.4 What Can We Say about the Thermodynamics
of Protein Folding? The higherorder (secondary and terti-
ary) levels of structure depend primarily on noncovalent interactions,
including hydrogen bonds, hydrophobic interactions, electrostatic
interactions, and complexation of metal ions. Hydrophobic interac-
tions, which depend on the unfavorable entropy of the water of hydra-
tion surrounding nonpolar solutes, are particularly important determi-
nants of protein folding.

4.5 What Is the Tertiary Structure of Proteins?
Tertiary structure includes the three-dimensional arrangement of all
the atoms in the protein. The three-dimensional structures of proteins
can be completely disrupted and, under proper experimental condi-
tions, completely recovered. This process of denaturation and refold-
ing is a dramatic example of the relationship between the primary
structure of the protein and the forces that determine the tertiary
structure. The secondary and tertiary structures of a protein can be
determined simultaneously by X-ray crystallography. The oxygen-stor-
age protein myoglobin was the first protein for which the complete
tertiary structure was determined by crystallography.

4.6 Can We Predict Protein Folding from Sequence?
It is possible, to some extent, to predict the three-dimensional struc-
ture of a protein from its amino acid sequence. Computer algorithms
are based on two approaches, one of which is based on comparison of
sequences with those of proteins whose folding pattern is known.
Another one is based on the folding motifs that occur in many proteins.

4.7 What Is the Quaternary Structure of Proteins?
Quaternary structure is the arrangement of subunits in multisubunit
proteins. The individual polypeptide chains of multisubunit proteins
interact with one another noncovalently. As a result, subtle changes in
structure at one site on the molecule can cause drastic changes in
properties at a distant site. Proteins that exhibit this property are
referred to as allosteric. The properties of the allosteric protein hemo-
globin can be contrasted with those of myoglobin, which is not
allosteric. In hemoglobin, an oxygen-transport protein, the binding of
oxygen is cooperative (as each oxygen is bound, it becomes easier for
the next one to bind) and is modulated by such ligands as H*, CO,,
and BPG. The binding of oxygen to myoglobin is not cooperative.

Critical Questions to Review

4.1 How Does the Structure of Proteins Deter-
mine Their Function?
1. Fact Check Match the following statements about protein struc-
ture with the proper levels of organization.
(a) Primary
structure

(1) Three-dimensional arrangement of all
atoms

(2) The order of amino acid residues in the
polypeptide chain

(b) Secondary
structure

(3) The interaction between subunits in
proteins that consist of more than one
polypeptide chain

(c) Tertiary
structure

(d) Quaternary
structure

(4) The hydrogen-bonded arrangement of the
polypeptide backbone

2. Fact Check Define denaturation in terms of the effects of second-
ary, tertiary, and quaternary structure.

3. Fact Check What is the nature of “random” structure in proteins?

4.2 What Is the Primary Structure of Proteins?

4. Thought Question Suggest an explanation for the observation
that, when proteins are chemically modified so that specific side
chains have a different chemical nature, these proteins cannot be
denatured reversibly.

5. Thought Question Rationalize the following observations.

(a) Serine is the amino acid residue that can be replaced with the
least effect on protein structure and function.

(b) Replacement of tryptophan causes the greatest effect on pro-
tein structure and function.

(c) Replacements such as Lys — Arg and Leu — Ile usually have
very little effect on protein structure and function.

6. Thought Question Glycine is a highly conserved amino acid
residue in proteins (i.e., it is found in the same position in the pri-
mary structure of related proteins). Suggest a reason why this
might occur.

7. Thought Question A mutation that changes an alanine residue in
a protein to an isoleucine leads to a loss of activity. Activity is
regained when a further mutation at the same site changes the
isoleucine to a glycine. Why?

8. Thought Question A biochemistry student characterizes the
process of cooking meat as an exercise in denaturing proteins.
Comment on the validity of this remark.

9. Biochemical Connections Severe combined immunodeficiency dis-
ease (SCID) is characterized by the complete lack of an immune
system. Strains of mice have been developed that have SCID.
When SCID mice that carry genetic predisposition to prion dis-
eases are infected with PrP*, they do not develop prion diseases.
How do these facts relate to the transmission of prion diseases?

10. Biochemical Connections An isolated strain of sheep was found in
New Zealand. Most of these sheep carried the gene for predisposi-
tion to scrapie, yet none of them ever came down with the disease.
How do these facts relate to the transmission of prion diseases?



4.3 What Is the Secondary Structure of Proteins?

11. Fact Check List three major differences between fibrous and glob-
ular proteins.

12. Biochemical Connections What is a protein efficiency ratio?

13. Biochemical Connections Which food has the highest PER?

14. Biochemical Connections What are the essential amino acids?

15. Biochemical Connections Why are scientists currently trying to
create genetically modified foods?

16. Fact Check What are Ramachandran angles?

17. Fact Check What is a B-bulge?

18. Fact Check What is a reverse turn? Draw two types of reverse
turns.

19. Fact Check List some of the differences between the a-helix and
-sheet forms of secondary structure.

20. Fact Check List some of the possible combinations of a-helices
and B-sheets in supersecondary structures.

21. Fact Check Why is proline frequently encountered at the places
in the myoglobin and hemoglobin molecules where the polypep-
tide chain turns a corner?

22. Fact Check Why must glycine be found at regular intervals in the
collagen triple helix?

23. Thought Question You hear the comment that the difference
between wool and silk is the difference between helical and
pleated-sheet structures. Do you consider this a valid point of
view? Why or why not?

24. Thought Question Woolen clothing shrinks when washed in hot
water, but items made of silk do not. Suggest a reason, based on
information from this chapter.

4.4 What Can We Say about the Thermodynamics

of Protein Folding?

25. Fact Check List five forces that are responsible for maintaining
the correct three-dimensional shapes of proteins. Specify which
groups on the protein are involved in each type of interaction.

26. Thought Question Comment on the energetics of protein folding
in light of the information in this chapter.

4.5 What Is the Tertiary Structure of Proteins?

27. Fact Check Draw two hydrogen bonds, one that is part of a sec-
ondary structure and another that is part of a tertiary structure.

28. Fact Check Draw a possible electrostatic interaction between two
amino acids in a polypeptide chain.

29. Fact Check Draw a disulfide bridge between two cysteines in a
polypeptide chain.

30. Fact Check Draw a region of a polypeptide chain showing a
hydrophobic pocket containing nonpolar side chains.

31. Fact Check What is a chaperone?

32. Thought Question The terms configuration and conformation
appear in descriptions of molecular structure. How do they differ?

33. Thought Question Theoretically, a protein could assume a virtu-
ally infinite number of configurations and conformations. Suggest
several features of proteins that drastically limit the actual number.

34. Thought Question What is the highest level of protein structure
found in collagen?

4.6 Can We Predict Protein Folding from Sequence?

35. Thought Question You have discovered a new protein, one whose
sequence has about 25% homology with ribonuclease A. How
would you go about predicting, rather than experimentally deter-
mining, its tertiary structure?
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36. Thought Question Go to the RCSB site for the Protein Data Bank
(http://www.rcsb.org/pdb). Give a brief description of the mole-
cule prefoldin, which can be found under chaperones.

4.7 What Is the Quaternary Structure of Proteins?

37. Biochemical Connections What is a prion?

38. Biochemical Connections What are the known diseases caused by
abnormal prions?

39. Biochemical Connections What are the protein secondary struc-
tures that differ between a normal prion and an infectious one?

40. Fact Check List two similarities and two differences between
hemoglobin and myoglobin.

41. Fact Check What are the two critical amino acids near the heme
group in both myoglobin and hemoglobin?

42. Fact Check What is the highest level of organization in myoglo-
bin? In hemoglobin?

43. Fact Check Suggest a way in which the difference between the
functions of hemoglobin and myoglobin is reflected in the shapes
of their respective oxygen-binding curves.

44. Fact Check Describe the Bohr effect.

45. Fact Check Describe the effect of 2,3-bisphosphoglycerate on the
binding of oxygen by hemoglobin.

46. Fact Check How does the oxygen-binding curve of fetal hemoglo-
bin differ from that of adult hemoglobin?

47. Fact Check What is the critical amino acid difference between the
-chain and the y-chain of hemoglobin?

48. Thought Question In oxygenated hemoglobin, pK, = 6.6 for the
histidines at position 146 on the B-chain. In deoxygenated hemo-
globin, the pK, of these residues is 8.2. How can this piece of
information be correlated with the Bohr effect?

49. Thought Question You are studying with a friend who is in the
process of describing the Bohr effect. She tells you that, in the
lungs, hemoglobin binds oxygen and releases hydrogen ion; as a
result, the pH increases. She goes on to say that, in actively metab-
olizing muscle tissue, hemoglobin releases oxygen and binds
hydrogen ion and, as a result, the pH decreases. Do you agree
with her reasoning? Why or why not?

50. Thought Question How does the difference between the B-chain
and the +y-chain of hemoglobin explain the differences in oxygen
binding between Hb A and Hb F?

51. Thought Question Suggest a reason for the observation that per-
sons with sickle-cell trait sometimes have breathing problems dur-
ing high-altitude flights.

52. Thought Question Does a fetus homozygous for Hb S have nor-
mal Hb F?

53. Thought Question Why is fetal Hb essential for the survival of pla-
cental animals?

54. Thought Question Why might you expect to find some Hb F in
adults who are afflicted with sickle-cell anemia?

55. Thought Question When deoxyhemoglobin was first isolated in
crystalline form, the researcher who did so noted that the crystals
changed color from purple to red and also changed shape as he
observed them under a microscope. What is happening on the
molecular level? Hint: The crystals were mounted on a microscope
slide with a loosely fitting cover slip.

Binchemistry‘fE)Nowm
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Protein Purification and
Characterization Techniques

Because a cell contains thousands of different protein molecules, the task of
separating them and determining the structure of a single protein is exceed-
ingly difficult. There are many techniques for purifying and characterizing a
protein, ranging from strategies for determining such physical characteristics
as molecular weight, isoelectric point, and number of subunits to discover-
ing the number and type of its constituent amino acids and elucidating its
complete amino acid sequence. When a protein has been degraded to its
amino acids, they can be identified by chromatography according to their
charge and polarity. The amino acids at the ends of a protein can be estab-
lished by chemical labeling. The whole chain can be degraded by specific
cleavage to give related peptide fragments. Each peptide can then be
degraded one amino acid at a time to discover its sequence. In a final step
of structure determination, a complete protein can be subjected to X-ray dif-
fraction analysis to determine its three-dimensional conformation. However,
the protein must first be purified, by such techniques as column chromatog-
raphy and electrophoresis, and then crystallized.

5.1 | How Do We Extract Pure Proteins
from Cells?

Many different proteins exist in a single cell. A detailed study of the proper-
ties of any one protein requires a homogeneous sample consisting of only
one kind of molecule. The separation and isolation, or purification, of pro-
teins constitutes an essential first step to further experimentation. In general,
separation techniques focus on size, charge, and polarity—the sources of dif-
ferences between molecules. Many techniques are performed to eliminate
contaminants and to arrive at a pure sample of the protein of interest. As the
purification steps are followed, we make a table of the recovery and purity of
the protein to gauge our success. Table 5.1 shows a typical purification for an
enzyme. The percent recovery column tracks how much of the protein of
interest has been retained at each step. This number usually drops steadily
during the purification; however, we hope that, by the time the protein is
pure, sufficient product will be left for study and characterization. The fold
purification column compares the purity of the protein at each step, and this
value should go up if the purification is successful.

Isolation of Proteins from Cells

Before the real purification steps can begin, the protein must be released
from the cells and subcellular organelles. The first step is called homogeniza-
tion and involves the breaking open of the cells. This can be done with a wide
variety of techniques. The simplest approach is grinding the tissue in a
blender with a suitable buffer. The cells are broken open, releasing soluble
proteins. This process also breaks many of the subcellular organelles, such as
mitochondria, peroxisomes, and endoplasmic reticulum. A gentler technique

© Jerry Mason/Photo Researchers, Inc.
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5.3
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How Do We Extract Pure Proteins
from Cells?

What Is Column Chromatography?
What Is Electrophoresis?

How Do We Determine the Primary
Structure of a Protein?

Binchemistry@anm

Test yourself on these Critical Questions at the
BiochemistryNow website at http://now
.brookscole.com/campbell5



114

Chapter 5 Protein Purification and Characterization Techniques

Table 5.1

Example of a Protein Purification Scheme:
Purification of the Enzyme Xanthine Dehydrogenase from a Fungus

Volume Total Total Specific Percent
Fraction (mL) Protein (mg) Activity Activity Recovery
1. Crude extract 3,800 22,800 2,460 0.108 100
2. Salt precipitate 165 2,800 1,190 0.425 48
3. Ton-exchange chromatography 65 100 720 7.2 29
4. Molecular-sieve chromatography 40 14.5 555 38.3 23
5. Immunoaffinity chromatography 6 1.8 275 152.108 11

is to use a Potter-Elvejhem homogenizer, a thick-walled test tube through
which a tightfitting plunger is passed. The squeezing of the homogenate
around the plunger breaks open cells, but it leaves many of the organelles
intact. Another technique, called sonication, involves using sound waves to
break open the cells. Cells can also be ruptured by cycles of freezing and
thawing. If the protein of interest is solidly attached to a membrane, deter-
gents may have to be added to detach the proteins.

After the cells are homogenized, they are subjected to differential centrifu-
gation. Spinning the sample at 600 times the force of gravity (600 X g) will
result in a pellet of unbroken cells and nuclei. If the protein of interest is not
found in the nuclei, this precipitate is discarded. The supernatant can then be
centrifuged at higher speed, such as 15,000 X g, to bring down the mitochon-
dria. Further centrifugation at 100,000 X g brings down the microsomal frac-
tion, consisting of ribosomes and membrane fragments. If the protein of inter-
est is soluble, the supernatant from this spin will be collected and will already
be partially purified because the nuclei and mitochondria will have been
removed. Figure 5.1 shows a typical separation via differential centrifugation.

After the proteins are solubilized, they are often subjected to a crude
purification based on solubility. Ammonium sulfate is the most common
reagent to use at this step, and this procedure is referred to as salting out.
Proteins have varying solubilities in polar and ionic compounds. Proteins
remain soluble due to their interactions with water. When ammonium sulfate
is added to a protein solution, some of the water is taken away from the pro-
tein to make ion-dipole bonds with the salts. With less water available to
hydrate the proteins, they begin to interact with each other through
hydrophobic bonds. At a defined amount of ammonium sulfate, a precipitate
that contains contaminating proteins forms. These proteins are centrifuged
down and discarded. Then more salt is added, and a different set of proteins,
which usually contains the protein of interest, will precipitate. This precipitate
is collected by centrifugation and saved. The quantity of ammonium sulfate is
usually measured in comparison with a 100% saturated solution. A common
procedure involves bringing the solution to around 40% saturation and then
spinning down the precipitate that forms. Next, more ammonium sulfate is
added to the supernatant, often to a level of 60% to 70% saturation. The pre-
cipitate that forms often contains the protein of interest. These preliminary
techniques will not generally give a sample that is very pure, but they serve
the important task of preparing the crude homogenate for the more effective
procedures that follow.
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5.2 | What Is Column Chromatography?

The word “chromatography” comes from the Greek chroma, “color,” and
graphein, “to write”; the technique was first used around the beginning of the
20th century to separate plant pigments with easily visible colors. It has long
since been possible to separate colorless compounds, as long as there are meth-
ods for detecting them. Chromatography is based on the fact that different com-
pounds can distribute themselves to varying extents between different phases, or
separable portions of matter. One phase is the stationary phase, and the other
is the mobile phase. The mobile phase flows over the stationary material and
carries the sample to be separated along with it. The components of the sample
interact with the stationary phase to different extents. Some components inter-
act relatively strongly with the stationary phase and are therefore carried along
more slowly by the mobile phase than are those that interact less strongly. The
differing mobilities of the components are the basis of the separation.

Many chromatographic techniques used for research on proteins are forms
of column chromatography, in which the material that makes up the station-
ary phase is packed in a column. The sample is a small volume of concen-
trated solution that is applied to the top of the column; the mobile phase,
called the eluent, is passed through the column. The sample is diluted by the
eluent, and the separation process also increases the volume occupied by the
sample. In a successful experiment, the entire sample eventually comes off
the column. Figure 5.2 diagrams an example of column chromatography.

compounds of the

P —
Time - Time -
Ll ~
Effluent is collected
As the eluent flows Three zones are ma:§;1 1socro ecte
through the column, being separated Y
automatically and
. . . analyzed for the
sample migrate at Elution continues
. presence (and
different rates .
sometimes the
amount) of solute
6

The fastest moving
substance eluted
from column )

ALLALLL

A FIGURE 5.2 An example of column chromatography. A sample containing several compo-
nents is applied to the column. The various components travel at different rates and can be
collected individually.




Size-exclusion chromatography, also called gelfiltration chromatography,
separates molecules on the basis of size, making it a useful way to sort proteins
of varied molecular weights. It is a form of column chromatography in which
the stationary phase consists of cross-linked gel particles. The gel particles are
usually in bead form and consist of one of two kinds of polymers. The first is a
carbohydrate polymer, such as dextran or agarose; these two polymers are
often referred to by the trade names Sephadex® and Sepharose™, respectively
(Figure 5.3). The second is based on polyacrylamide (Figure 5.4), which is
sold under the trade name Bio-Gel®. The cross-linked structure of these poly-
mers produces pores in the material. The extent of cross-linking can be con-
trolled to select a desired pore size. When a sample is applied to the column,
smaller molecules, which are able to enter the pores, tend to be delayed in
their progress down the column, unlike the larger molecules. As a result, the
larger molecules are eluted first, followed later by the smaller ones, after hav-
ing escaped from the pores. Molecularsieve chromatography is represented
schematically in Figure 5.5. The advantages of this type of chromatography are
(1) its convenience as a way to separate molecules on the basis of size and (2)
the fact that it can be used to estimate molecular weight by comparing the
sample with a set of standards. Each type of gel used has a specific range of
sizes that will separate linearly with the log of the molecular weight. Each gel
also has an exclusion limit, a size of protein that is too large to fit inside the
pores. All proteins that size or larger will elute first and simultaneously.

Affinity chromatography uses the specific binding properties of many pro-
teins. It is another form of column chromatography with a polymeric material
used as the stationary phase. The distinguishing feature of affinity chromatog-
raphy is that the polymer is covalently linked to some compound, called a lig-
and, that binds specifically to the desired protein (Figure 5.6). The other pro-
teins in the sample do not bind to the column and can easily be eluted with
buffer, while the bound protein remains on the column. The bound protein
can then be eluted from the column by adding high concentrations of the
ligand in soluble form, thus competing for the binding of the protein with
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Agarose
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0 OcH, |,
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A FIGURE 5.3 The repeating disaccharide unit of
agarose, which is used for column chromatography.

<« FIGURE 5.4 The structure of cross-linked
polyacrylamide, a polymer used in column
chromatography.
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<« FIGURE 5.5 Gelfiltration chromatography.

(a) Larger molecules are excluded from the gel and
move more quickly through the column. Small mole-
cules have access to the interior of the gel beads, so
they take a longer time to elute. (b) V is the void vol-
ume, the volume of elution for a molecule excluded
from the gel bead. V_ is the elution volume for a par-
ticular molecule that can enter the bead. V_ is the
total volume, the elution volume for a very small
molecule that enters the bead unhindered.

<« FIGURE 5.6 The principle of affinity chromatog-
raphy. In a mixture of proteins, only one (designated
P,) will bind to a substance (S) called the substrate.
The substrate is attached to the column matrix. Once
the other proteins (P, and P3) have been washed out,
P, can be eluted, either by adding a solution of high
salt concentration or by adding free S.
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the stationary phase. The protein binds to the ligand in the mobile phase and
is recovered from the column. This protein-ligand interaction can also be dis-
rupted with a change in pH or ionic strength. Affinity chromatography is a
convenient separation method and has the advantage of producing very pure
proteins. The Biochemical Connections box in Chapter 13 describes an inter-
esting way in which affinity chromatography can be combined with molecular
biological techniques to offer a one-step purification of a protein.
Ion-exchange chromatography is logistically similar to affinity chromatogra-
phy. Both use a column resin that binds the protein of interest. With ion-
exchange chromatography, however, the interaction is less specific and is
based on net charge. An ion-exchange resin will have a ligand with a positive
charge or a negative charge. A negatively charged resin is a cation exchanger,
and a positively charged one is an anion exchanger. Figure 5.7 shows some
typical ion-exchange ligands. Figure 5.8 illustrates their principle of operation
with three amino acids of different charge. Figure 5.9 shows how cation-
exchange chromatography would separate proteins. The column is initially
equilibrated with a buffer of suitable pH and ionic strength. The exchange
resin is bound to counterions. A cation-exchange resin is usually bound to
Na* or K* ions, and an anion exchanger is usually bound to Cl~ ions. A mix-
ture of proteins is loaded on the column and allowed to flow through it.
Those proteins that have a net charge opposite to that of the exchanger will
stick to the column, exchanging places with the bound counterions. Those pro-
teins that have no net charge or have the same charge as the exchanger will
elute. After all the nonbinding proteins are eluted, the eluent will be changed

5.2 What Is Column Chromatography?
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<« FIGURE 5.7 (a) Cation-exchange resins and (b)
anion-exchange resins commonly used for biochemi-

cal separations.
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» FIGURE 5.9 Ion-exchange chro-
matography using a cation exchanger.
(a) At the beginning of the separa-
tion, various proteins are applied to
the column. The column resin is
bound to Na™ counterions (small red
spheres). (b) Proteins that have no
net charge or a net negative charge
pass through the column. Proteins
that have a net positive charge stick
to the column, displacing the Na™.
(c) An excess of Na™ ion is then
added to the column. (d) The Na*
ions outcompete the bound proteins
for the binding sites on the resin, and
the proteins elute.

(b) (c) Asp, the least

(d) Serine is eluted next (e) Lysine, the most
positively charged
amino acid, is
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Binchemistry@Nuwm A ANIMATED FIGURE 5.8 Operation of a cation-exchange column,
separating a mixture of aspartate, serine, and lysine. (a) The cation-exchange resin in the begin-
ning, Na* form. (b) A mixture of aspartate, serine, and lysine is added to the column containing
the resin. (c) A gradient of the eluting salt (for example, NaCl) is added to the column. Aspar-
tate, the least positively charged amino acid, is eluted first. (d) As the salt concentration
increases, serine is eluted. (e) As the salt concentration is increased further, lysine, the most
positively charged of the three amino acids, is eluted last. See this figure animated at http://now
.brookscole.com/campbell5

(b) (c) (d)
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either to a buffer that has a pH that will remove the charge on the bound
proteins or to one with a higher salt concentration. The latter will outcom-
pete the bound proteins for the limited binding space on the column. The
once-bound molecules will then elute, having been separated from many of
the contaminating ones.

5.3 | What Is Electrophoresis?

Electrophoresis is based on the motion of charged particles in an electric
field toward an electrode of opposite charge. Macromolecules have differing
mobilities based on their charge, shape, and size. Although many supporting
media have been used for electrophoresis, including paper and liquid, the
most common support is a polymer of agarose or acrylamide that is similar to
those used for column chromatography. A sample is applied to wells that are
formed in the supporting medium. An electric current is passed through the
medium at a controlled voltage to achieve the desired separation (Figure
5.10). After the proteins are separated on the gel, the gel is stained to reveal
the protein locations, as shown in Figure 5.11.

Agarose-based gels are most often used to separate nucleic acids and will
be discussed in Chapter 13. For proteins, the most common electrophoretic
support is polyacrylamide (Figure 5.4). The polyacrylamide gel is prepared
and cast as a continuous cross-linked matrix, rather than being produced in
the bead form employed in column chromatography. In one variation of poly-
acrylamide-gel electrophoresis, the protein sample is treated with the deter-
gent sodium dodecyl sulfate (SDS) before it is applied to the gel. The struc-
ture of SDS is CH;(CH,),,CH,OSO;Na". The anion binds strongly to
proteins via nonspecific adsorption. The larger the protein, the more of the
anion it will adsorb. SDS completely denatures proteins, breaking all the non-
covalent interactions that determine tertiary and quaternary structure. This
means that multisubunit proteins can be analyzed as the component polypep-
tide chains. All the proteins in a sample have a negative charge as a result of
adsorption of the anionic SO3. The proteins will also have roughly the same
shape, which will be a random coil. In SDS—polyacrylamide-gel electrophore-
sis (SDS-PAGE), the acrylamide offers more resistance to large molecules
than to small molecules. Because the shape and charge are approximately the
same for all the proteins in the sample, the size of the protein becomes the
determining factor in the separation: small proteins move faster than large
ones. Like molecular-sieve chromatography, SDS-PAGE can be used to esti-
mate the molecular weights of proteins by comparing the sample with stan-
dard samples. For most proteins, the log of the molecular weight is linearly
related to its mobility on SDS-PAGE, as shown in Figure 5.12.

Isoelectric focusing is another variation of gel electrophoresis. Since differ-
ent proteins have different titratable groups, they also have different isoelec-
tric points. Recall (Section 3.3) that the isoelectric pH (pI) is the pH at which
a protein (or amino acid or peptide) has no net charge. At the pl, the num-
ber of positive charges exactly balances the number of negative charges. In an
isoelectric focusing experiment, the gel is prepared with a pH gradient that
parallels the electric-field gradient. As proteins migrate through the gel under
the influence of the electric field, they encounter regions of different pH, so
the charge on the protein changes. Eventually each protein reaches the point
at which it has no net charge—its isoelectric point—and no longer migrates.
Each protein remains at the position on the gel corresponding to its pl, allow-
ing for an effective method of separation.

An ingenious combination, known as two-dimension gel electrophoresis (2-
D gels), allows for enhanced separation by using isoelectric focusing in one
dimension and SDS-PAGE run at 90° to the first (Figure 5.13).
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Buffer solution Gel

A FIGURE 5.10 The experimental setup for gel
electrophoresis. The samples are placed on the left
side of the gel. When the current is applied, the neg-
atively charged molecules migrate toward the positive
electrode.

Michael Gabridge/Visuals Unlimited

A FIGURE 5.11 Separation of proteins by gel elec-
trophoresis. Each band seen in the gel represents

a different protein. In the SDS-PAGE technique, the
sample is treated with detergent before being
applied to the gel. In isoelectric focusing, a pH
gradient runs the length of the gel.

Log molecular weight

Relative electrophoretic ——
mobility

A FIGURE 5.12 A plot of the log of the molecular
weight versus the relative electrophoretic mobility.
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» FIGURE 5.13 Two-dimensional electrophoresis.
A mixture of proteins is separated by isoelectric
focusing in one direction. The focused proteins are
then run using SDS-PAGE perpendicular to the
direction of the isoelectric focusing. Thus the bands
that appear on the gel have been separated first by
charge and then by size.

Essential Information

The primary structure of a protein is its sequence
of amino acids. The sequence is determined by
cleaving the protein into smaller peptides, verify-
ing the sequence of the individual peptides, and
combining overlapping peptide sequences to
obtain that of the protein.
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5.4 | How Do We Determine

the Primary Structure of a Protein?

Determining the sequence of amino acids in a protein is a routine, but not
trivial, operation in classical biochemistry. Its several parts must be carried out
carefully to obtain accurate results (Figure 5.14).

Step 1 in determining the primary structure of a protein is to establish
which amino acids are present and in what proportions. Breaking a protein
down to its component amino acids is relatively easy: Heat a solution of the
protein in acid, usually 6 M HCI, at 100°C to 110°C for 12 to 36 hours to
hydrolyze the peptide bonds. Separation and identification of the products
are somewhat more difficult and are best done by an amino acid analyzer.
This automated instrument gives both qualitative information about the iden-
tities of the amino acids present and quantitative information about the rela-
tive amounts of those amino acids. Not only does it analyze amino acids, but
it also allows informed decisions to be made about which procedures to
choose later in the sequencing (see Steps 3 and 4 in Figure 5.14). An amino
acid analyzer separates the mixture of amino acids either by ion-exchange
chromatography or by high-performance liquid chromatography (HPLC), a
chromatographic technique that allows high-resolution separations of many
amino acids in a short time frame. Figure 5.15 shows a typical result of amino
acid separation with this technique.

In Step 2, the identities of the N-terminal and C-terminal amino acids in a
protein sequence are determined. This procedure is becoming less and less
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Binchemistry@ Now™ ANIMATED FIGURE 5.16
(a) Trypsin is a proteolytic enzyme, or protease, that
specifically cleaves only those peptide bonds in
which arginine or lysine contributes the carbonyl
function. (b) The products of the reaction are a
mixture of peptide fragments with C-terminal Arg

or Lys residues and a single peptide derived from

the polypeptide’s C-terminal end. See this figure
animated at http://now.brookscole.com/campbell5

necessary as the sequencing of individual peptides improves, but it can be
used to check whether a protein consists of one or two polypeptide chains.

In Steps 3 and 4, the amino acid sequence is determined. Automated
instruments can perform a stepwise modification starting from the N-terminal
end, followed by cleavage of each amino acid in the sequence and the subse-
quent identification of each modified amino acid as it is removed. The
process (the Edman degradation method) becomes more difficult as the
number of amino acids increases. In most proteins, the chain is more than
100 residues long. For sequencing, it is usually necessary to break a long
polypeptide chain into fragments, ranging from 20 to 50 residues.

Cleavage of the Protein into Peptides

Proteins can be cleaved at specific sites by enzymes or by chemical reagents.
The enzyme trypsin cleaves peptide bonds preferentially at amino acids that
have positively charged R groups, such as lysine and arginine. The cleavage
takes place in such a way that the amino acid with the charged side chain
ends up at the C-terminal end of one of the peptides produced by the reac-
tion (Figure 5.16). The C-terminal amino acid of the original protein can be
any one of the 20 amino acids and is not necessarily one at which cleavage
takes place. A peptide can be automatically identified as the C-terminal end
of the original chain if its C-terminal amino acid is not a site of cleavage.

Another enzyme, chymotrypsin, cleaves peptide bonds preferentially at the
aromatic amino acids: tyrosine, tryptophan, and phenylalanine. The aromatic
amino acid ends up at the C-terminal ends of the peptides produced by the
reaction (Figure 5.17).
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In the case of the chemical reagent cyanogen bromide (CNBr), the sites of
cleavage are at internal methionine residues. The sulfur of the methionine
reacts with the carbon of the cyanogen bromide to produce a homoserine lac-
tone at the C-terminal end of the fragment (Figure 5.18).

The cleavage of a protein by any of these reagents produces a mixture of
peptides, which are then separated by high-performance liquid chromatogra-
phy. The use of several such reagents on different samples of a protein to be
sequenced produces different mixtures. The sequences of a set of peptides
produced by one reagent will overlap the sequences produced by another
reagent (Figure 5.19). As a result, the peptides can be arranged in the proper
order after their own sequences have been determined.

+
cee— N—C——C=N—-cee

<« FIGURE 5.17 Cleavage of proteins by enzymes.
Chymotrypsin hydrolyzes proteins at aromatic amino
acids.

(C-terminal peptide)
H;N — Peptide

H,0

Binchemistry@ Now™ ANIMATED FIGURE 5.18
Cleavage of proteins at internal methionine residues
by cyanogen bromide. See this figure animated at
http://now.brookscole.com/campbell5
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Chymotrypsin
Cyanogen bromide
Chymotrypsin
Cyanogen bromide
Cyanogen bromide

Chymotrypsin

HSKI —Leu—Asn—Asp—Phe
Hgg] —Leu—Asn—Asp—Phe—His—Met
His —Met— Thr —Met—Ala—Trp
Thr —Met
Ala— Trp —Val —Lys —COO™

Val —Lys —COO™

Overall sequence

H;ﬁ —Leu—Asn—Asp—Phe—His—Met— Thr—Met—Ala— Trp —Val —Lys —COO™

A FIGURE 5.19 Use of overlapping sequences to determine protein sequence. Partial digestion
was effected using chymotrypsin and cyanogen bromide. For clarity, only the original N-terminus
and C-terminus of the complete peptide are shown.

Sequencing of Peptides: The Edman Method

The actual sequencing of each peptide produced by specific cleavage of a
protein is accomplished by repeated application of a procedure called the
Edman degradation. The sequence of a peptide containing 10 to 40 residues
can be determined by this method in about 30 minutes using as little as 10
picomoles of material, with the range being based on the amount of purified
fragment and the complexity of the sequence. For example, proline is more
difficult to sequence than serine because of its chemical reactivity. (The
amino acid sequences of the individual peptides in Figure 5.19 are deter-
mined by the Edman method after the peptides are separated from one
another.) The overlapping sequences of peptides produced by different
reagents provide the key to solving the puzzle. The alignment of like
sequences on different peptides makes deducing the overall sequence possi-
ble. The Edman method has become so efficient that it is no longer consid-
ered necessary to identify the N-terminal and C-terminal ends of a protein by
chemical or enzymatic methods. While interpreting results, however, it is nec-
essary to keep in mind that a protein may consist of more than one polypep-
tide chain.

In the sequencing of a peptide, the Edman reagent, phenyl isothiocyanate,
reacts with the peptide’s N-terminal residue. The modified amino acid can be
cleaved off, leaving the rest of the peptide intact, and can be detected as the
phenylthiohydantoin derivative of the amino acid. The second amino acid of
the original peptide can then be treated in the same way, as can the third.
With an automated instrument called a sequencer (Figure 5.20), the process
is repeated until the whole peptide is sequenced.

Another sequencing method uses the fact that the amino acid sequence of
a protein reflects the base sequence of the DNA in the gene that coded for
that protein. Using currently available methods, it is sometimes easier to
obtain the sequence of the DNA than that of the protein. (See Section 13.11
for a discussion of sequencing methods for nucleic acids.) Using the genetic
code (Section 12.2), one can immediately determine the amino acid
sequence of the protein. Convenient though this method may be, it does not
determine the positions of disulfide bonds or detect amino acids, such as
hydroxyproline, that are modified after translation, nor does it take into
account the extensive processing that occurs with eukaryotic genomes before
the final protein is synthesized (Chapters 11 and 12).
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Practice Session

A solution of a peptide of unknown sequence was divided into two sam-
ples. One sample was treated with trypsin, and the other was treated with
chymotrypsin.

The smaller peptides obtained by trypsin treatment had the following
sequences:

Leu—Ser—Tyr—Ala—Ile—Arg
LSYAIR
and
Asp—Gly—Met—Phe—Val—Lys
DGMFVK

The smaller peptides obtained by chymotrypsin treatment had the follow-
ing sequences:

Val—Lys—Leu—Ser—Tyr
VKLSY

Ala—TIle—Arg
AIR
and
Asp—Gly—Met—Phe
DGMF

Deduce the sequence of the original peptide.

o N_ S
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Binchemistry@ Now™ ANIMATED FIGURE 5.20
Sequencing of peptides by the Edman method.

(1) Phenylisothiocyanate combines with the
N-terminus of a peptide under mildly alkaline con-
ditions to form a phenylthiocarbamoyl substitution.
(2) Upon treatment with TFA (trifluoroacetic acid),
this cyclizes to release the N-terminal amino acid
residue as a thiazolinone derivative, but the other
peptide bonds are not hydrolyzed. (3) Organic
extraction and treatment with aqueous acid yield the
N-terminal amino acid as a phenylthiohydantoin
(PTH) derivative. The process is repeated with the
remainder of the peptide chain to determine the
N-terminus exposed at each stage until the entire
peptide is sequenced. Watch this Active Figure at
http://now.brookscole.com/campbell
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Solution

The key point here is that the fragments produced by treatment with the
two different enzymes have overlapping sequences. These overlapping
sequences can be compared to give the complete sequence. The results of
the trypsin treatment indicate that there are two basic amino acids in the
peptide, arginine and lysine. One of them must be the C-terminal amino
acid, because no fragment was generated with a C-terminal amino acid other
than these two. If there had been an amino acid other than a basic residue
at the C-terminal position, trypsin treatment alone would have provided the
sequence. Treatment with chymotrypsin gives the information needed. The
sequence of the peptide Val—Lys—Leu—Ser—Tyr (VKLSY) indicates that
lysine is an internal residue. The complete sequence is Asp—Gly—Met—

Phe—Val—Lys—Leu—Ser—TIyr—Ala—Ile—Arg (DGMFVKLSYAIR).

Summary

5.1 How Do We Extract Pure Proteins from Cells?
Disruption of cells is the first step in protein purification. The various
parts of cells can be separated by centrifugation. This is a useful step
because proteins tend to occur in given organelles. High salt concen-
trations will precipitate groups of proteins, which are then further sep-
arated by chromatography and electrophoresis.

5.2 What Is Column Chromatography? Two of the
most important methods for separating amino acids, peptides, and
proteins are chromatography and electrophoresis. The various forms
of chromatography rely on differences in charge, polarity, or size of
the molecules to be separated, depending on the application.

5.3 What Is Electrophoresis? In electrophoresis, differ-
ences in charge and in size are the criteria for separation. The sieving

action of gel slabs is used in conjunction with the charge on proteins
to achieve separation. The electrophoretic mobilities of proteins can
be used to estimate their molecular weights.

5.4 How Do We Determine the Primary Structure
of a Protein? Determination of the N-terminal and C-terminal
amino acids of proteins depends on the use of these separation meth-
ods after the ends of the molecule have been chemically labeled.
Selective cleavage of the protein into peptides by enzymatic or chemi-
cal hydrolysis produces fragments of manageable size for sequencing.
The amino acid sequence can then be determined by the Edman
method.

Critical Questions to Review

5.1 How Do We Extract Pure Proteins from Cells?
1. Fact Check What are the types of homogenization techniques
available for solubilizing a protein?
2. Fact Check When would you choose to use a Potter—Elvejhem
homogenizer instead of a blender?

3. Fact Check What is meant by “salting out” How does it work?

4. Fact Check What differences between proteins are responsible for
their differential solubility in ammonium sulfate?

5. Fact Check How could you isolate mitochondria from liver cells
using differential centrifugation?

6. Fact Check Can you separate mitochondria from peroxisomes
using only differential centrifugation?

7. Fact Check Give an example of a scenario in which you could par-
tially isolate a protein with differential centrifugation using only
one spin.

8. Fact Check Describe a procedure for isolating a protein that is
strongly embedded in the mitochondrial membrane.

9. Thought Question You are purifying a protein for the first time.
You have solubilized it with homogenization in a blender followed
by differential centrifugation. You wish to try ammonium sulfate
precipitation as the next step. Knowing nothing beforehand about
the amount of ammonium sulfate to add, design an experiment to
find the proper concentration (% saturation) of ammonium sul-
fate to use.

10. Thought Question If you were to have a protein X, which is a sol-
uble enzyme found inside the peroxisome, and you wished to sep-
arate it from a similar protein Y, which is an enzyme found embed-
ded in the mitochondrial membrane, what would be your initial
techniques for isolating those proteins?

5.2 What Is Column Chromatography?

11. Fact Check What is the basis for the separation of proteins by the
following techniques?

(a) gelfiltration chromatography
(b) affinity chromatography
(c) ion-exchange chromatography

12. Fact Check What is the order of elution of proteins on a gel-filtra-
tion column? Why is this so?

13. Fact Check What are two ways that a compound can be eluted
from an affinity column? What could be the advantages or disad-
vantages of each?

14. Fact Check What are two ways that a compound can be eluted
from an ion-exchange column? What could be the advantages or
disadvantages of each?

15. Fact Check Why do most people elute bound proteins from an
ion-exchange column by raising the salt concentration instead of
changing the pH?



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Fact Check What are two types of compounds that make up the
resin for column chromatography?

Fact Check Draw an example of a compound that would serve as
a cation exchanger. Draw one for an anion exchanger.

Fact Check How can gelfiltration chromatography be used to
arrive at an estimate of the molecular weight of a protein?

Thought Question Sephadex® G-75 has an exclusion limit of
80,000 molecular weight for globular proteins. If you tried to use
this column material to separate alcohol dehydrogenase (MW
150,000) from B-amylase (MW 200,000), what would happen?

Thought Question Referring to the question above, could you
separate [(-amylase from bovine serum albumin (MW 66,000)
using this column?

Thought Question Design an experiment to purify protein X on an
anion-exchange column. Protein X has an isoelectric point of 7.0.
Thought Question Referring to the problem above, how would
you purify protein X using ion-exchange chromatography if it
turns out the protein is only stable at a pH between 6 and 6.5?
Thought Question What could be an advantage of using an
anion exchange column based on a quaternary amine [i.e.,
resin-N*(CH,CHj);] as opposed to a tertiary amine [resin—
NH*(CH,CHj),]?

Thought Question You wish to separate and purify enzyme A from
contaminating enzymes B and C. Enzyme A is found in the matrix
of the mitochondria. Enzyme B is embedded in the mitochondrial
membrane, and enzyme C is found in the peroxisome. Enzymes A
and B have molecular weights of 60,000 daltons. Enzyme C has a
molecular weight of 100,000. Enzyme A has a pI of 6.5. Enzymes B
and C have pl values of 7.5. Design an experiment to separate
enzyme A from the other two enzymes.

Thought Question An amino acid mixture consisting of lysine,
leucine, and glutamic acid is to be separated by ion-exchange
chromatography, using a cation-exchange resin at pH 3.5, with the
eluting buffer at the same pH. Which of these amino acids will be
eluted from the column first? Will any other treatment be needed
to elute one of these amino acids from the column?

Thought Question An amino acid mixture consisting of phenyl-
alanine, glycine, and glutamic acid is to be separated by HPLC.
The stationary phase is aqueous and the mobile phase is a solvent
less polar than water. Which of these amino acids will move the
fastest? Which one will move the slowest?

Thought Question In reverse-phase HPLC, the stationary phase is
nonpolar and the mobile phase is a polar solvent at neutral pH.
Which of the three amino acids in Question 26 will move fastest on
a reverse-phase HPLC column? Which one will move the slowest?
Thought Question Gelfiltration chromatography is a useful
method for removing salts, such as ammonium sulfate, from pro-
tein solutions. Describe how such a separation is accomplished.

5.3 What Is Electrophoresis?

29.

30.

31.

32.

33.

Fact Check What are the physical parameters of a protein that
control its migration on electrophoresis?

Fact Check What are the types of compounds that make up the
gels used in electrophoresis?

Fact Check Of the two principal polymers used in column chro-
matography and electrophoresis, which one would be most
immune to contamination by bacteria and other organisms?

Fact Check What types of macromolecules are usually separated
on agarose electrophoresis gels?

Fact Check If you had a mixture of proteins with different sizes,
shapes, and charges and you separated them with electrophoresis,
which proteins would move fastest toward the anode (positive
electrode)?

34.

35.

36.

37.
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Fact Check What does SDS-PAGE stand for? What is the benefit
of doing SDS-PAGE?

Fact Check How does the addition of sodium dodecylsulfate to
proteins affect the basis of separation on electrophoresis?

Fact Check Why is the order of separation based on size opposite
for gel filtration and gel electrophoresis, even though they often
use the same compound to form the matrix?

Fact Check The figure shown below is from an electrophoresis
experiment using SDS-PAGE. The left lane has the following stan-
dards: Bovine Serum Albumin (MW 66,000), Ovalbumin (MW
45,000), Glyceraldehyde 3-Phosphate Dehydrogenase (MW 36,000),
Carbonic Anhydrase (MW 24,000), and Trypsinogen (MW 20,000).
The right lane is an unknown. Calculate the MW of the unknown.

5.4 How Do We Determine the Primary Structure

38.

39.

40.

41.

42.

43.

of a Protein?

Fact Check Why is it no longer considered necessary to determine
the N-terminal amino acid of a protein as a separate step?

Fact Check What useful information might you get if you did
determine the N-terminal amino acid as a separate step?

Thought Question Show by a series of equations (with structures)
the first stage of the Edman method applied to a peptide that has
leucine as its N-terminal residue.

Thought Question Why can the Edman degradation not be used
effectively with very long peptides? (Hint: Think about the stoi-
chiometry of the peptides and the Edman reagent and the per-
cent yield of the organic reactions involving them.)

Thought Question What would happen during an amino acid
sequencing experiment using the Edman degradation if you acci-
dentally added twice as much Edman reagent (on a permole
basis) as the peptide you were sequencing?

Thought Question A sample of an unknown peptide was divided
into two aliquots. One aliquot was treated with trypsin, and the
other with cyanogen bromide. Given the following sequences (N-
terminal to C-terminal) of the resulting fragments, deduce the
sequence of the original peptide.

Trypsin treatment

Asn—Thr—Trp—Met—Ile—Lys
Gly—Tyr—Met—GIn—Phe
Val—Leu—Gly—Met—Ser—Arg
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Cyanogen bromide treatment

GIn—Phe
Val—Leu—Gly—Met
Ile—Lys—Gly—Tyr—Met
Ser—Arg—Asn—Thr—Trp—Met
44. Thought Question A sample of a peptide of unknown sequence was
treated with trypsin; another sample of the same peptide was treated

with chymotrypsin. The sequences (N-terminal to C-terminal) of
the smaller peptides produced by trypsin digestion were

Met—Val—Ser—Thr—Lys
Val—Ile—Trp—Thr—Leu—Met—Ile
Leu—Phe—Asn—Glu—Ser—Arg

The sequences of the smaller peptides produced by chymotrypsin
digestion were
Asn—Glu—Ser—Arg—Val—Ile—Trp
Thr—Leu—Met—TIle
Met—Val—Ser—Thr—Lys—Leu—Phe

Deduce the sequence of the original peptide.

45. Thought Question You are in the process of determining the
amino acid sequence of a protein and must reconcile contradic-
tory results. In one trial, you determine a sequence with glycine as
the N-terminal amino acid and asparagine as the C-terminal
amino acid. In another trial, your results indicate phenylalanine as
the N-terminal aminio acid and alanine as the C-terminal amino
acid. How do you reconcile this apparent contradiction?

46. Thought Question You are in the process of determining the amino
acid sequence of a peptide. After trypsin digestion followed by the
Edman degradation, you see the following peptide fragments:

Leu—Gly—Arg
Gly—Ser—Phe—Tyr—Asn—His
Ser—Glu—Asp—Met—Cys—Lys

Thr—Tyr—Glu—Val—Cys—Met—-His

What is abnormal concerning these results? What might have
been the problem that caused it?

47. Thought Question Amino acid compositions can be determined
by heating a protein in 6 M HCI and running the hydrolysate

through an ion-exchange column. If you were going to do an
amino acid sequencing experiment, why would you want to get an
amino acid composition first?

48. Thought Question Assume that you are getting ready to do an
amino acid sequencing experiment on a protein containing 100
amino acids, and amino acid analysis shows the following data:

Amino Acid Number of Residues
Ala 7
Arg 23.7
Asn 5.6
Asp 4.1
Cys 4.7
Gln 4.5
Glu 2.2
Gly 3.7
His 3.7
Ile 1.1
Leu 1.7
Lys 11.4
Met 0
Phe 2.4
Pro 4.5
Ser 8.2
Thr 4.7
Trp 0
Tyr 2.0
Val 5.1

Which of the chemicals or enzymes normally used for cutting pro-
teins into fragments would be the least useful to you?

49. Thought Question Which enzymes or chemicals would you
choose to use to cut the protein from Question 487 Why?

50. Thought Question With which amino acid sequences would chy-

motrypsin be an effective reagent for sequencing the protein from
Question 487 Why?

Biuchemistry@Nuwm
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The Behavior
of Proteins: Enzymes

Your automobile is powered by the oxidation of the hydrocarbon gasoline
to carbon dioxide and water in a controlled explosion within an engine
where hot gases can reach 4000°F. In contrast, the living cell gets energy
by oxidizing the carbohydrate glucose to carbon dioxide and water at a
temperature (in humans) of 98.6°F (37°C). The secret ingredient in living
organisms is catalysis, a process performed by protein enzymes. Their three-
dimensional architecture gives them exquisite specificity to select the sub-
strate molecules to which they will bind and on which they will operate.
Each enzyme has, in fact, a miniature “operating table” where the sub-
strate is momentarily held in a predetermined position so that it can be cut
or altered with surgical precision. The scene of the operation, called the
active site, is usually a groove, cleft, or cavity on the surface of the protein.
Enzyme surgery, such as cleaving molecules or “stitching” them together,
frequently occurs many times (and in some cases many thousands of times)
per second. The miracle of life is that a myriad chemical reactions in the cell
occur simultaneously with great accuracy and at astonishing speed. With-
out the proper enzymes to process the food you eat, it might take you 50
years to digest your breakfast.

6.1 | What Makes Enzymes Such

Effective Biological Catalysts?

Of all the functions of proteins, catalysis is probably most important. In the
absence of catalysis, most reactions in biological systems would take place far
too slowly to provide products at an adequate pace for a metabolizing organ-
ism. The catalysts that serve this function in organisms are called enzymes.
With the exception of some RNAs (ribozymes) that have catalytic activity
(described in Section 11.7 and 12.4), all enzymes are proteins. Enzymes are
the most efficient catalysts known; they can increase the rate of a reaction by
a factor of up to 10?° over uncatalyzed reactions. Nonenzymatic catalysts, in
contrast, typically enhance the rate of reaction by factors of 10? to 10%
Enzymes are highly specific, even to the point of being able to distinguish
stereoisomers of a given compound. In many cases, the actions of enzymes
are fine-tuned by regulatory processes.

What Is the Difference between
the Kinetic and the Thermodynamic
Aspects of Reactions?

6.2

The rate of a reaction and its thermodynamic favorability are two different top-
ics, although they are closely related. This is true of all reactions, whether or
not a catalyst is involved. The difference between the energies of the reactants
(the initial state) and the energies of the products (the final state) of a reac-
tion gives the energy change for that reaction, expressed as the standard free
energy change, or AG°. Energy changes can be described by several related

©BrandX Pictures/Getty Images

CHAPTER 6

Critical Questions

6.1

6.2

6.3

6.4
6.5

6.6

6.7

What Makes Enzymes Such Effective
Biological Catalysts?

What Is the Difference between the
Kinetic and the Thermodynamic
Aspects of Reactions?

How Can We Describe Enzyme
Kinetics in Mathematical Terms?

How Do Substrates Bind to Enzymes?

What Are Some Examples of Enzyme-
Catalyzed Reactions?

What Is the Michaelis—Menten
Approach to Enzyme Kinetics?

How Do Enzymatic Reactions
Respond to Inhibitors?

Binchemistry@anm

Test yourself on these Critical Questions at the
BiochemistryNow website at http://now
.brookscole.com/campbell5
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(a)

Transition state

AG®* = Activation energy

Free energy

Reactants \
AG°® =Free

energy chz%-e/

Products

Progress of reaction —>

(b)

Uncatalyzed

Free energy

Reactants
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Progress of reaction —>

A FIGURE 6.1 Activation energy profiles. (a) The
activation energy profile for a typical reaction. The
reaction shown here is exergonic (energy-releasing).
Note the difference between the activation energy
(AG**) and the standard free energy of the reaction
(AG®). (b) A comparison of activation energy profiles
for catalyzed and uncatalyzed reactions. The activa-
tion energy of the catalyzed reaction is much less
than that of the uncatalyzed reaction.

thermodynamic quantities. We shall use standard free energy changes for our
discussion; the question whether a reaction is favored depends on AG® (see
Sections 1.9 and 15.2). Enzymes, like all catalysts, speed up reactions, but they
cannot alter the equilibrium constant or the free energy change. The reaction
rate depends on the free energy of activation or activation energy (AGY), the
energy input required to initiate the reaction. The activation energy for an
uncatalyzed reaction is higher than that for a catalyzed reaction; in other
words, an uncatalyzed reaction requires more energy to get started. For this
reason, its rate is slower than that of a catalyzed reaction.

The reaction of glucose and oxygen gas to produce carbon dioxide and
water is an example of a reaction that requires a number of enzymatic catalysts:

Glucose + 60, — 6CO, + 6H,O

This reaction is thermodynamically favorable (spontaneous in the thermody-
namic sense) because its free energy change is negative (AG® = —2880 kJ
mol~! = —689 kcal mol™!). Note that the term “spontaneous” does not mean
instantaneous. Glucose is stable in air with an unlimited supply of oxygen.
The energy that must be supplied to start the reaction (which then proceeds
with a release of energy)—the activation energy—is conceptually similar to
the act of pushing an object to the top of a hill so that it can then slide down
the other side.

Activation energy and its relationship to the free energy change of a reac-
tion can best be shown graphically. In Figure 6.1a, the x coordinate shows the
extent to which the reaction has taken place, and the y coordinate indicates
free energy for an idealized reaction. The activation energy profile shows the
intermediate stages of a reaction, those between the initial and final states.
Activation energy profiles are essential in the discussion of catalysts. The acti-
vation energy directly affects the rate of reaction, and the presence of a cata-
lyst speeds up a reaction by changing the mechanism and thus lowering the
activation energy. Figure 6.1a plots the energies for an exergonic, sponta-
neous reaction, such as the complete oxidation of glucose. At the maximum
of the curve connecting the reactants and the products lies the transition
state with the necessary amount of energy and the correct arrangement of
atoms to produce products. The activation energy can also be seen as the
amount of free energy required to bring the reactants to the transition state.

The analogy of traveling over a mountain pass between two valleys is fre-
quently used in discussions of activation energy profiles. The change in
energy corresponds to the change in elevation, and the progress of the reac-
tion corresponds to the distance traveled. The analogue of the transition state
is the top of the pass. Considerable effort has gone into elucidating the inter-
mediate stages in reactions of interest to chemists and biochemists and deter-
mining the pathway or reaction mechanism that lies between the initial and
final states. Reaction dynamics, the study of the intermediate stages of reac-
tion mechanisms, is currently a very active field of research.

The most important effect of a catalyst on a chemical reaction is apparent
from a comparison of the activation energy profiles of the same reaction, cat-
alyzed and uncatalyzed, as shown in Figure 6.1b. The standard free energy
change for the reaction, AG®, remains unchanged when a catalyst is added,
but the activation energy, AG%, is lowered. In the hill-and-valley analogy, the
catalyst is a guide that finds an easier path between the two valleys. A similar
comparison can be made between two routes from San Francisco to Los
Angeles. The highest point on Interstate 5 is Tejon Pass (elevation 4400 feet)
and is analogous to the uncatalyzed path. The highest point on U.S. Highway
101 is not much over 1000 feet. Thus, Highway 101 is an easier route and is
analogous to the catalyzed pathway. The initial and final points of the trip are
the same, but the paths between them are different, as are the mechanisms of
catalyzed and uncatalyzed reactions. The presence of an enzyme lowers the
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Table 6.1

Lowering of the Activation Energy of Hydrogen
Peroxide Decomposition by Catalysts

Activation Free Energy

Reaction Conditions kJ mol~! kcal mol~! Relative Rate
No catalyst 75.2 18.0 1

Platinum surface 48.9 11.7 2.77 X 104
Catalase 23.0 5.5 6.51 X 108

Rates are given in arbitrary units relative to a value of 1 for the uncatalyzed reaction at 37°C.

activation energy needed for substrate molecules to reach the transition state.
The concentration of the transition state increases markedly. As a result, the
rate of the catalyzed reaction is much greater than the rate of the uncatalyzed
reaction. Enzymatic catalysts enhance a reaction rate by many powers of 10.

The biochemical reaction in which hydrogen peroxide (H,O,) is con-
verted to water and oxygen provides an example of the effect of catalysts on
activation energy.

Essential Information

2 HyOy =2 HyO + O, Enzymes are biological catalysts. They increase the
rates of reactions by lowering the free energy of
activation, but they do not affect the thermody-

namic aspects of reactions.

The activation energy of this reaction is lowered if the reaction is allowed to
proceed on platinum surfaces, but it is lowered even more by the enzyme
catalase. Table 6.1 summarizes the energies involved.

Biochemical Connections

Enzymes as Markers for Disease

Some enzymes are found only in specific tissues or in a limited
number of such tissues. The enzyme lactate dehydrogenase
(LDH) has two different types of subunits—one found primarily
in heart muscle (H), and another found in skeletal muscle (M).
The two different subunits differ slightly in amino acid composi-
tion; consequently, they can be separated electrophoretically or
chromatographically on the basis of charge. Because LDH is a
tetramer of four subunits, and because the H and M subunits
can combine in all possible combinations, LDH can exist in five
different forms, called isozymes, depending on the source. An
increase of any form of LDH in the blood indicates some kind
of tissue damage. A heart attack used to be diagnosed by an
increase of LDH from heart muscle. Similarly, there are differ-
ent forms of creatine kinase (CK), an enzyme that occurs in the
brain, heart, and skeletal muscle. Appearance of the brain type
can indicate a stroke or a brain tumor, whereas the heart type
indicates a heart attack. After a heart attack, CK shows up more
rapidly in the blood than LDH. Monitoring the presence of
both enzymes extends the possibility of diagnosis, which is use-
ful, since a very mild heart attack might be difficult to diagnose.
An elevated level of the isozyme from heart muscle in blood is a
definite indication of damage to the heart tissue.

A particularly useful enzyme to assay is acetylcholinesterase
(ACE), which is important in controlling certain nerve impulses.
Many pesticides interfere with this enzyme, so farm workers are
often tested to be sure that they have not received inappropriate
exposure to these important agricultural toxins. In fact, more

than 20 enzymes are typically used in the clinical lab to diagnose
disease. There are highly specific markers for enzymes active in
the pancreas, red blood cells, liver, heart, brain, prostate gland,
and many of the endocrine glands. Because these enzymes are
relatively easy to assay, even using automated techniques, they
are part of the “standard” blood test your doctor is likely to
request.

MyH MoH, MH,
Heterogeneous forms

H | H

H | H

M, H,
Homogeneous forms

A The possible isozymes of lactate dehydrogenase. The symbol M refers
to the dehydrogenase form that predominates in skeletal muscle, and the
symbol H refers to the form that predominates in heart (cardiac) muscle.
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A FIGURE 6.2 The effect of temperature on

enzyme activity. The relative activity of an enzymatic
reaction as a function of temperature. The decrease

in activity above 50°C is due to thermal denaturation.

Raising the temperature of a reaction mixture increases the energy avail-
able to the reactants to reach the transition state. Consequently, the rate of a
chemical reaction increases with temperature. One might be tempted to
assume that this is universally true for biochemical reactions. In fact, increase
of reaction rate with temperature occurs only to a limited extent with bio-
chemical reactions. It is helpful to raise the temperature at first, but eventu-
ally there comes a point at which heat denaturation of the enzyme (Section
4.4) is reached. Above this temperature, adding more heat denatures more
enzyme and slows down the reaction. Figure 6.2 shows a typical curve of tem-
perature effect on an enzyme-catalyzed reaction. The Biochemical Connec-
tions box above describes another way in which the specificity of enzymes is of
great use.

6.3 | How Can We Describe Enzyme Kinetics
in Mathematical Terms?

The rate of a chemical reaction is usually expressed in terms of a change in
the concentration of a reactant or of a product in a given time interval. Any
convenient experimental method can be used to monitor changes in concen-
tration. In a reaction of the form A + B — P, where A and B are reactants
and P is the product, the rate of the reaction can be expressed either in terms
of the rate of disappearance of one of the reactants or in terms of the rate of
appearance of the product. The rate of disappearance of A is —A[A]/Ag
where A symbolizes change, [A] is the concentration of A in moles per liter,
and ¢ is time. Likewise, the rate of disappearance of B is —A[B]/A¢, and the
rate of appearance of P is A[P] /At The rate of the reaction can be expressed
in terms of any of these changes because the rates of appearance of product
and disappearance of reactant are related by the stoichiometric equation for
the reaction.

_ —A[A] —A[B] A[P]
Rate === =7 ~ A

The negative signs for the changes in concentration of A and B indicate that
A and B are being used up in the reaction, while P is being produced.

It has been established that the rate of a reaction at a given time is propor-
tional to the product of the concentrations of the reactants raised to the
appropriate powers,

Rate = [A}[B]¢
or, as an equation,
Rate = KA} [B]¢

where kis a proportionality constant called the rate constant. The exponents
fand g must be determined experimentally. They are not necessarily equal to the
coefficients of the balanced equation, but frequently they are. The square
brackets, as usual, denote molar concentration. When the exponents in the
rate equation have been determined experimentally, a mechanism for the
reaction—a description of the detailed steps along the path between reactants
and products—can be proposed.

The exponents in the rate equation are usually small whole numbers, such
as 1 or 2. (There are also some cases in which the exponent 0 occurs.) The
values of the exponents are related to the number of molecules involved in
the detailed steps that constitute the mechanism. The overall order of a reac-



tion is the sum of all the exponents. If, for example, the rate of a reaction A
— P is given by the rate equation

Rate = k[A]! (6.1)

where k is the rate constant and the exponent for the concentration of A is 1,
then the reaction is first order with respect to A and first order overall. The
rate of radioactive decay of the widely used tracer isotope phosphorus 32 (*2P;
atomic weight = 32) depends only on the concentration of 3P present. Here
we have an example of a firstorder reaction. Only the *?P atoms are involved in
the mechanism of the radioactive decay, which, as an equation, takes the form

2P — decay products
Rate = k[**P]' = k[**P]
If the rate of a reaction A + B — C + D is given by
Rate = K[A]'[B]' (6.2)

where £ is the rate constant, the exponent for the concentration of A is 1, and
the exponent for the concentration of B is 1, then the reaction is said to be first
order with respect to A, first order with respect to B, and second order overall.
In the reaction of glycogen, (a polymer of glucose with n glucose residues)
with inorganic phosphate, P;, to form glucose 1-phosphate + glycogen,_,, the
rate of reaction depends on the concentrations of both reactants.

Glycogen,, + P, — Glucose 1-phosphate + Glycogen,,_,
Rate = k[Glycogen]![P,]! = k[Glycogen][P,]

where £ is the rate constant. Both the glycogen and the phosphate take part
in the reaction mechanism. The reaction of glycogen with phosphate is first
order with respect to glycogen, first order with respect to phosphate, and sec-
ond order overall.

Many common reactions are first or second order. After the order of the
reaction is determined experimentally, proposals can be made about the
mechanism of a reaction.

The possibility exists that exponents in a rate equation may be equal to
zero, with the rate for a reaction A — B given by the equation

Rate = k[A] = & (6.3)

Such a reaction is called zero order, and its rate, which is constant, depends
not on concentrations of reactants but on other factors, such as the presence
of catalysts. Enzyme-catalyzed reactions can exhibit zero-order kinetics when
the concentrations of reactants are so high that the enzyme is completely sat-
urated with reactant molecules. This point will be discussed in more detail
later in this chapter, but, for the moment, we can consider the situation anal-
ogous to a traffic bottleneck in which six lanes of cars are trying to cross a
two-lane bridge. The rate at which the cars cross is not affected by the num-
ber of waiting cars, only by the number of lanes available on the bridge.

6.4 | How Do Substrates Bind to Enzymes?

In an enzyme-catalyzed reaction, the enzyme binds to the substrate (one of
the reactants) to form a complex. The formation of the complex leads to the
formation of the transition-state species, which then forms the product. The
nature of transition states in enzymatic reactions is a large field of research in
itself, but some general statements can be made on the subject. A substrate

6.4 How Do Substrates Bind to Enzymes?
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(a)

Active site

Lock-and-key model (b) Induced-fit model

A FIGURE 6.3 Two models for the binding of a substrate to an enzyme. (a) In the lock-and-key
model, the shape of the substrate and the conformation of the active site are complementary to
one another. (b) In the induced-fit model, the enzyme undergoes a conformational change upon
binding to substrate. The shape of the active site becomes complementary to the shape of the
substrate only after the substrate binds to the enzyme.

binds, usually by noncovalent interactions, to a small portion of the enzyme
called the active site, frequently situated in a cleft or crevice in the protein
and consisting of certain amino acids that are essential for enzymatic activity
(Figure 6.3). The catalyzed reaction takes place at the active site, usually in
several steps. The first step is the binding of substrate to the enzyme, which
occurs because of highly specific interactions between the substrate and the
side chains and backbone groups of the amino acids making up the active
site. Two important models have been developed to describe the binding
process. The first, the lock-and-key model, assumes a high degree of similarity
between the shape of the substrate and the geometry of the binding site on
the enzyme (Figure 6.3a). The substrate binds to a site whose shape comple-
ments its own, like a key in a lock or the correct piece in a three-dimensional
jigsaw puzzle. This model is now largely of historical interest because it does
not take into account an important property of proteins—namely, their con-
formational flexibility. The second model takes into account the fact that pro-
teins have some three-dimensional flexibility. According to this induced-fit
model, the binding of the substrate induces a conformational change in the
enzyme that results in a complementary fit after the substrate is bound (Fig-
ure 6.3b). The binding site has a different three-dimensional shape before
the substrate is bound. The induced-fit model is also more attractive when we
consider the nature of the transition state and the lowered activation energy
that occurs with an enzyme-catalyzed reaction. The enzyme and substrate
must bind to form the ES complex before anything else can happen. What
would happen if this binding were too perfect? Figure 6.4 shows what hap-
pens when E and S bind. There must be an attraction between E and S for
them to bind. This attraction will cause the ES complex to be lower on an
energy diagram than the E + S at the start. Then the bound ES must attain
the conformation of the transition state EX'. If the binding of E and S to
form ES were a perfect fit, the ES would be at such a low energy that the dif-
ference between ES and EX! would be very large. This would slow down the
rate of reaction. Many studies have shown that enzymes increase the rate of
reaction by lowering the energy of the transition state, EX*, while raising the
energy of the ES complex. The induced-fit model certainly supports this last
consideration better than the lock-and-key model; in fact, the induced-fit
model mimics the transition state.
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Progress of reaction —— <« FIGURE 6.4 The activation energy profile of a
- - reaction with strong binding of the substrate to the
E+S ES < EXt ——————— E+P enzyme to form an enzyme-substrate complex.

Product

Product released

from enzyme ’

Product

formed |

Product

A FIGURE 6.5 Formation of product from substrate (bound to the enzyme), followed by release
of the product.

After the substrate is bound and the transition state is subsequently
formed, catalysis can occur. This means that bonds must be rearranged. In
the transition state, the substrate is bound close to atoms with which it is to
react. Furthermore, the substrate is placed in the correct orientation with
respect to those atoms. Both effects, proximity and orientation, speed up the
reaction. As bonds are broken and new bonds are formed, the substrate is
transformed into product. The product is released from the enzyme, which
can then catalyze the reaction of more substrate to form more product (Fig-
ure 6.5). Each enzyme has its own unique mode of catalysis, which is not sur-
prising in view of enzymes’ great specificity. Even so, there are some general
modes of catalysis in enzymatic reactions. Two enzymes, chymotrypsin and
aspartate transcarbamoylase, are good examples of these general principles.

6.5 | What Are Some Examples
of Enzyme-Catalyzed Reactions?

Chymotrypsin is an enzyme that catalyzes the hydrolysis of peptide bonds,
with some specificity for residues containing aromatic side chains. Chy-
motrypsin also cleaves peptide bonds at other sites, such as leucine, histidine,
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Reaction velocity (V)

p—Nitrophenylacetate ——
concentration [S]

A FIGURE 6.6 Dependence of reaction velocity, V,
on pnitrophenylacetate concentration, [S], in a reac-
tion catalyzed by chymotrypsin. The shape of the
curve is hyperbolic.

and glutamine, but with a lower frequency than at aromatic amino acid
residues. It also catalyzes the hydrolysis of ester bonds.

Reactions catalyzed by chymotrypsin
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Although ester hydrolysis is not important to the physiological role of chy-
motrypsin in the digestion of proteins, it is a convenient model system for
investigating the enzyme’s catalysis of hydrolysis reactions. The usual labora-
tory procedure is to use pnitrophenyl esters as the substrate and to monitor
the progress of the reaction by the appearance of a yellow color in the reac-
tion mixture caused by the production of p-nitrophenolate ion.

In a typical reaction in which a pnitrophenyl ester is hydrolyzed by chy-
motrypsin, the experimental rate of the reaction depends on the concentra-
tion of the substrate—in this case, the pnitrophenyl ester. At low substrate
concentrations, the rate of reaction increases as more substrate is added. At
higher substrate concentrations, the rate of the reaction changes very little
with the addition of more substrate, and a maximum rate is reached. When
these results are presented in a graph, the curve is hyperbolic (Figure 6.6).

Another enzyme-catalyzed reaction is the one catalyzed by the enzyme
aspartate transcarbamoylase (ATCase). This reaction is the first step in a path-
way leading to the formation of cytidine triphosphate (CTP) and uridine
triphosphate (UTP), which are ultimately needed for the biosynthesis of RNA
and DNA. In this reaction, carbamoyl phosphate reacts with aspartate to pro-
duce carbamoyl aspartate and phosphate ion.

Carbamoyl phosphate + Aspartate — Carbamoyl aspartate + HPO3~

Reaction catalyzed by aspartate transcarbamoylase

The rate of this reaction also depends on substrate concentration—in this
case, the concentration of aspartate (the carbamoyl phosphate concentration
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is kept constant). Experimental results show that, once again, the rate of the
reaction depends on substrate concentration at low and moderate concentra-
tions, and, once again, a maximum rate is reached at high substrate concen-
trations. There is, however, one very important difference. For this reaction, a
graph showing the dependence of reaction rate on substrate concentration
has a sigmoidal rather than hyperbolic shape (Figure 6.7).

The results of experiments on the reaction kinetics of chymotrypsin and
aspartate transcarbamoylase are representative of experimental results
obtained with many enzymes. The overall kinetic behavior of many enzymes
resembles that of chymotrypsin, while other enzymes behave similarly to
aspartate transcarbamoylase. We can use this information to draw some gen-
eral conclusions about the behavior of enzymes. The comparison between the
kinetic behaviors of chymotrypsin and ATCase is reminiscent of the relation-
ship between the oxygen-binding behaviors of myoglobin and hemoglobin,
discussed in Chapter 4. ATCase and hemoglobin are allosteric proteins; chy-
motrypsin and myoglobin are not. (Recall, from Section 4.7, that allosteric
proteins are the ones in which subtle changes at one site affect structure and
function at another site. Cooperative effects, such as the fact that the binding
of the first oxygen molecule to hemoglobin makes it easier for other oxygen
molecules to bind, are a hallmark of allosteric proteins.) The differences in
behavior between allosteric and nonallosteric proteins can be understood in
terms of models based on structural differences between the two kinds of pro-
teins. We shall need a model that explains the hyperbolic plot of kinetic data
for nonallosteric enzymes and another model that explains the sigmoidal plot
for allosteric enzymes, when we encounter the mechanisms of the many
enzyme-catalyzed reactions in subsequent chapters. The Michaelis—-Menten
model is widely used for nonallosteric enzymes, and several models are used
for allosteric enzymes.

6.6 | What Is the Michaelis—-Menten
Approach to Enzyme Kinetics?

A particularly useful model for the kinetics of enzyme-catalyzed reactions was
devised in 1913 by Leonor Michaelis and Maud Menten. It is still the basic
model for nonallosteric enzymes and is widely used, even though it has
undergone many modifications.

A typical reaction might be the conversion of some substrate, S, to a prod-
uct, P. The stoichiometric equation for the reaction is

S—P

The mechanism for an enzyme-catalyzed reaction can be summarized in the
form

E+S%ES£E+P (6.4)
~1

Note the assumption that the product is not converted to substrate to any
appreciable extent. In this equation, k, is the rate constant for the formation
of the enzyme-substrate complex, ES, from the enzyme, E, and the substrate,
S; k_, is the rate constant for the reverse reaction, dissociation of the ES com-
plex to free enzyme and substrate; and k, is the rate constant for the conver-
sion of the ES complex to product P and the subsequent release of product
from the enzyme. The enzyme appears explicitly in the mechanism, and the
concentrations of both free enzyme, E, and enzyme-substrate complex, ES,
therefore, appear in the rate equations. Catalysts characteristically are regen-
erated at the end of the reaction, and this is true of enzymes.

Reaction velocity (V)

Aspartate concentration [S] ———

A FIGURE 6.7 Dependence of reaction velocity, V,
on aspartate concentration, [S], in a reaction cat-
alyzed by aspartate transcarbamoylase. The shape
of the curve is sigmoidal.
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Zero-order kinetics
(rate does not depend
on concentration

of substrate)

First-order kinetics
(rate depends on
concentration of
substrate)

Initial velocity (Vin;o)

Substrate concentration [S]——

A FIGURE 6.8 The rate and the observed kinetics
of an enzymatic reaction depend on substrate con-
centration. The concentration of enzyme, [E], is
constant.

Essential Information

The main feature of the Michaelis—Menten model
for enzymatic reactions is the formation of an
enzyme—substrate complex. The concentration of
enzyme—substrate complex is low, but it remains
unchanged to any appreciable extent over the
course of the reaction. The substrate is converted
to product, which is released from the enzyme.
Like all catalysts, the enzyme is regenerated at the
end of the reaction.

When we measure the rate (also called the velocity) of an enzymatic reac-
tion at varying substrate concentrations, we see that the rate depends on the
substrate concentration, [S]. We measure the initial rate of the reaction (the
rate measured immediately after the enzyme and substrate are mixed) so that
we can be certain that the product is not converted to substrate to any appre-
ciable extent. This velocity is sometimes written V|, or V, to indicate this ini-
tial velocity, but it is important to remember that all the calculations involved
in enzyme kinetics assume that the velocity measured is the initial velocity. We
can graph our results as in Figure 6.8. In the lower region of the curve (at low
levels of substrate), the reaction is first order (Section 6.3), implying that the
velocity, V, depends on substrate concentration [S]. In the upper portion of
the curve (at higher levels of substrate), the reaction is zero order; the rate is
independent of concentration. The active sites of all of the enzyme molecules
are saturated. At infinite substrate concentration, the reaction would proceed
at its maximum velocity, written V..

The substrate concentration at which the reaction proceeds at one-half its
maximum velocity has a special significance. It is given the symbol Ky;, which
can be considered an inverse measure of the affinity of the enzyme for the
substrate. The lower the Ky;, the higher the affinity.

Let us examine the mathematical relationships among the quantities [E],
[S], V. and K,;. The general mechanism of the enzyme-catalyzed reaction
involves binding of the enzyme, E, to the substrate to form a complex, ES,
which then forms the product. The rate of formation of the enzyme—substrate
complex, ES, is

A[ES]

Rate of formation = VR k[E]S]

(6.5)

where A[ES]/A¢ means the change in the concentration of the complex,
A[ES], during a given time A, and k, is the rate constant for the formation of
the complex.

The ES complex breaks down in two reactions, by returning to enzyme and
substrate or by giving rise to product and releasing enzyme. The rate of disap-
pearance of complex is the sum of the rates of the two reactions.

— A[ES]

A, h-lES]+ B[ES]

Rate of breakdown = (6.6)
The negative sign in the term —A[ES]/A¢ means that the concentration of
the complex decreases as the complex breaks down. The term k_, is the rate
constant for the dissociation of complex to regenerate enzyme and substrate,
and k, is the rate constant for the reaction of the complex to give product
and enzyme.

Enzymes are capable of processing the substrate very efficiently, and a
steady state is soon reached in which the rate of formation of the enzyme-
substrate complex equals the rate of its breakdown. Very little complex is
present, and it turns over rapidly, but its concentration stays the same with
time. According to the steady-state theory, then, the rate of formation of the
enzyme—substrate complex equals the rate of its breakdown,

A[ES]  — A[ES]
At At 6.7
and
k[E][S] = k- [ES] + k[ES] (6.8)

To solve for the concentration of the complex, ES, it is necessary to know
the concentration of the other species involved in the reaction. The initial
concentration of substrate is a known experimental condition and does not
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change significantly during the initial stages of the reaction. The substrate
concentration is much greater than the enzyme concentration. The total con-
centration of the enzyme, [E], is also known, but a large proportion of it
may be involved in the complex. The concentration of free enzyme, [E], is
the difference between [E]}, the total concentration, and [ES], which can be
written as an equation:

[E] = [E]y — [ES] (6.9)
Substituting for the concentration of free enzyme, [E], in Equation 6.8,
ki ([E]lr — [ES]) [S] = k_, [ES] + &, [ES] (6.10)
Collecting all the rate constants for the individual reactions,
(E)s — [ESDIS] _ ki + hy
[ES] ky

= Ky (6.11)

where K, is called the Michaelis constant. It is now possible to solve Equation
6.11 for the concentration of enzyme-substrate complex, [ES],

((E}x — [ES]) [S] _
[ES] -

[E]¢[S] — [ES][S] = Ky [ES]
[E]r[S] = [ES](Ky + [S])

or

[E]:[S]

[ES] Ky + [S] (6.12)
In the initial stages of the reaction, so little product is present that no
reverse reaction of product to complex need be considered. Thus the initial
rate determined in enzymatic reactions depends on the rate of breakdown of
the enzyme-substrate complex into product and enzyme. In the
Michaelis-Menten model, the initial rate, V, of the formation of product

depends only on the rate of the breakdown of the ES complex,

V= k[ES] (6.13)
and on the substitution of the expression for [ES] from Equation 6.12,
E][S
_ B[ER(S] o)
Ky + [S]
If the substrate concentration is so high that the enzyme is completely satu-
rated with substrate ([ES] = [E];), the reaction proceeds at its maximum
possible rate (V,,.). Substituting [E]; for [ES] in Equation 6.13,
V="V, = kl[El; (6.15)

The total concentration of enzyme is a constant, which means that

Viax = Constant

m

This expression for V, .
Equation 6.3:

resembles that for a zero-order reaction given in

X

Rate = k[A], =k

Note that the concentration of substrate, [A], appears in Equation 6.3 rather
than the concentration of enzyme, [E], as in Equation 6.15. When the
enzyme is saturated with substrate, zero-order kinetics with respect to sub-
strate are observed.

141
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Michaelis—Menten equation

Biuchemistry@?Nuwm
Go to BiochemistryNow and click on Biochemistry
Interactive to review Michaelis—Menten kinetics.

max

Reaction velocity (V)

Substrate concentration [S]—>

A FIGURE 6.9 Graphical determination of V,, and
K, from a plot of reaction velocity, V, against sub-
strate concentration, [S]. V. is the constant rate
reached when the enzyme is completely saturated
with substrate, a value that frequently must be esti-

mated from such a graph.

Substituting the expression for V, . into Equation 6.14 enables us to relate
the observed velocity at any substrate concentration to the maximum rate of

an enzymatic reaction:

v a

Figure 6.8 shows the effect of increasing substrate concentration on the
observed rate. In such an experiment, the reaction is run at several substrate
concentrations, and the rate is determined by following the disappearance of
reactant, or the appearance of product, by way of any convenient method. At
low-substrate concentrations, first-order kinetics are observed. At higher sub-
strate concentrations (well beyond 10 X K,;), when the enzyme is saturated,
the constant reaction rate characteristic of zero-order kinetics is observed.

This constant rate, when the enzyme is saturated with substrate, is the V.
for the enzyme, a value that can be roughly estimated from the graph. The
value of K\, can also be estimated from the graph. From Equation 6.16,

_ Vi [S]
- KM + [S]

When experimental conditions are adjusted so that [S] = K,

_ Vi [S]
[T+ (8]

and

In other words, when the rate of the reaction is half its maximum value, the
substrate concentration is equal to the Michaelis constant (Figure 6.9). This
fact is the basis of the graphical determination of K.

Note that the reaction used to generate the Michaelis-Menten equation
was the simplest enzyme equation possible, that with a single substrate
going to a single product. Most enzymes catalyze reactions containing two
or more substrates. This does not invalidate our equations, however. For
enzymes with multiple substrates, the same equations can be used, but only
one substrate can be studied at a time. If, for example, we had the enzyme-
catalyzed reaction

A+B—>P+Q

we could still use the Michaelis-Menten approach. If we hold A at saturating
levels and then vary the amount of B over a broad range, the curve of velocity
versus [B] will still be a hyperbola, and we can still calculate the K; for B.
Conversely, we could hold the level of B at saturating levels and vary the
amount of A to determine the Kj; for A. There are even enzymes that have
two substrates where, if we plot V versus [substrate A], we will see the
Michaelis-Menten hyperbola, but, if we plot Vversus [substrate B], we will see
the sigmoidal curve shown for aspartate transcarbamoylase in Figure 6.7.
Technically the term Ky, is only appropriate for those enzymes that exhibit a
hyperbolic curve of velocity versus [substrate].

Linearizing the Michaelis—Menten Equation

The curve that describes the rate of a nonallosteric enzymatic reaction is
hyperbolic. It is quite difficult to estimate V., because it is an asymptote, and
the value is never reached with any finite substrate concentration. This, in
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turn, makes it difficult to determine the K; of the enzyme. It is considerably
easier to work with a straight line than a curve. One can transform the equa-
tion for a hyperbola (Equation 6.16) into an equation for a straight line by
taking the reciprocals of both sides:

l_KMJr[S]
Vo Vi [S]
1_ Ko, 8]
V' Vi [S] Vi [S]
1K1

(6.17)

The equation now has the form of a straight line, y = mx + 5, where 1/V
takes the place of the y coordinate and 1/[S] takes the place of the x coordi-
nate. The slope of the line, m, is Ky/V, .. and the intercept, b, is 1/ V.. Fig-
ure 6.10 presents this information graphically as a Lineweaver—Burk double-
reciprocal plot. It is usually easier to draw the best straight line through a set
of points than to estimate the best fit of points to a curve. There are conven-
ient computer methods for drawing the best straight line through a series of
experimental points. Such a line can be extrapolated to high values of [S],
ones that might be unattainable due to solubility limits or the cost of the sub-
strate. The extrapolated line can be used to obtain V..

Practice Session

The following data were obtained for the hydrolysis of carbobenzoxyglycyl-
L-tryptophan catalyzed by the enzyme carboxypeptidase (R. Lumry, E. L.
Smith, and R. R. Glantz, J. Amer. Chem. Soc. 73, 4330, 1951). The reaction in
question is

carbobenzoxyglycyl-L-tryptophan + H,O —
carbobenzoxyglycine + L-tryptophan

Plot these results using the Lineweaver-Burk method, and determine
values for Ky and V.. The symbol mM represents millimoles per liter;

Biochemistry(Z)Now™ ACTIVE FIGURE 6.10

A Lineweaver-Burk double reciprocal plot of enzyme
kinetics. The reciprocal of reaction velocity, 1/V, is
plotted against the reciprocal of the substrate con-
centration, 1/[S]. The slope of the line is Ky;/V, ..,
and the yinterceptis 1/V, ... The xintercept is

-1/ K,;. Watch this Active Figure at http://now
.brookscole.com/campbell5
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I mM =1 X 1073 mol L™!. (The concentration of the enzyme is the
same in all experiments.)

Substrate Concentration Velocity
(mM) (mM sec™!)
2.5 0.024
5.0 0.036
10.0 0.053
15.0 0.060
20.0 0.064

Solution
The reciprocal of substrate concentration and of velocity gives the follow-
ing results:

1/[S] (mM™1) 1/V (mM sec™!)~!

0.400 41.667
0.200 27.778
0.100 18.868
0.067 16.667
0.050 15.625
45
40
35
T30
T |
2 25
=
g
= 20
~
15’—, ~— Intercept = VL
07 104
i 5
SFTTTTT ST 0 05 0 a5 2 95 5 a5 4
Intercept = ——

Ky 1/[8] (mM ™)

Plotting the results gives a straight line; the best fit to the experimental points
is 1/V = 75.431 (1/[S]) + 11.8. The reciprocal of the y intercept is V, .,
and the slope is Ky/V, ... Hence, V.. = 0.0847 mM sec™!; K,; = 6.39 mM.

ax”* max

Significance of K, and V,,

We have already seen that, when the rate of a reaction, V, is equal to half the
maximum rate possible, V.=V, . /2, then K,; = [S]. One interpretation of
the Michaelis constant, Ky, is that it equals the concentration of substrate at
which 50% of the enzyme active sites are occupied by substrate. The

Michaelis constant has the units of concentration.
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Another interpretation of Ky; relies on the assumptions of the original
Michaelis-Menten model of enzyme kinetics. Recall Equation 6.4:

k ko
E+S<=ES—E+P (6.4)
ks
As before, k, is the rate constant for the formation of the enzyme-substrate
complex, ES, from the enzyme and substrate; k_, is the rate constant for the
reverse reaction, dissociation of the ES complex to free enzyme and substrate;
and k&, is the rate constant for the formation of product P and the subsequent

release of product from the enzyme. Also recall from Equation 6.11 that
M n

Consider the case in which the reaction E + S — ES takes place more fre-
quently than E + S — E + P. In kinetic terms, this means that the dissocia-
tion rate constant k_, is greater than the rate constant for the formation of
product, ky. If k_| is much larger than k, (k_;>> ky), as was originally assumed
by Michaelis and Menten, then approximately

k. =1
M kl

It is informative to compare the expression for the Michaelis constant with
the equilibrium constant expression for the dissociation of the ES complex,

koy
ES<= E+ S
ky
The k values are the rate constants, as before. The equilibrium constant
expression is
C[E]S] _ky
o[BSk

This expression is the same as that for Ky; and makes the point that, when the
assumption that k_; >> k, is valid, Ky is simply the dissociation constant for
the ES complex. The Ky, is a measure of how tightly the substrate is bound to
the enzyme. The greater the value of the Ky, the less tightly the substrate is
bound to the enzyme. Note that, in the steady-state approach, k, is not
assumed to be small compared with k_;; therefore, Ky, is not technically a dis-
sociation constant, even though it is often used to estimate the affinity of the
enzyme for the substrate.

Vi ax 18 related to the turnover number of an enzyme, a quantity equal to
the catalytic constant, k. This constant is also referred to as k, or k;:

max

ﬁ = turnover number = k.,
The turnover number is the number of moles of substrate that react to form
product per mole of enzyme per unit time. This statement assumes that the
enzyme is fully saturated with substrate and thus that the reaction is proceed-
ing at the maximum rate. Table 6.2 lists turnover numbers for typical
enzymes, where the units are per second.

Turnover numbers are a particularly dramatic illustration of the efficiency
of enzymatic catalysis. Catalase is an example of a particularly efficient
enzyme. In Section 6.1, we encountered catalase in its role in converting
hydrogen peroxide to water and oxygen. As Table 6.2 indicates, it can trans-
form 40 million moles of substrate to product every second. The following
Biochemical Connections describes some practical information available from
the kinetic parameters we have discussed in this section.
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Table 6.2

Turnover Numbers and K, for Some Typical Enzymes
Enzyme Function K..: = Turnover Number* Ky**
Catalase Conversion of HyO, to H,O and O, 4 % 107 25
Carbonic Anhydrase Hydration of CO, 1 X 10° 12
Acetylcholinesterase Regenerates acetylcholine, an important 1.4 X 10* 9.5 X 1072
substance in transmission of nerve
impulses, from acetate and choline
Chymotrypsin Proteolytic enzyme 1.9 X 102 6.6 X 107!
Lysozyme Degrades bacterial cell-wall polysaccharides 0.5 6 %1073

*The definition of turnover number is the moles of substrate converted to product per mole of enzyme per second. The units are sec™".

**The units of K, are millimolar.

Competitive
inhibitor

Noncompetitive
inhibitor

A FIGURE 6.11 Modes of action of inhibitors. The
distinction between competitive and noncompetitive
inhibitors is that a competitive inhibitor prevents
binding of the substrate to the enzyme, whereas a
noncompetitive inhibitor does not. (a) An enzyme—
substrate complex in the absence of inhibitor. (b) A
competitive inhibitor binds to the active site; the sub-
strate cannot bind. (c) A noncompetitive inhibitor
binds at a site other than the active site. The substrate
still binds, but the enzyme cannot catalyze the reac-
tion because of the presence of the bound inhibitor.

6.7 | How Do Enzymatic Reactions
Respond to Inhibitors?

An inhibitor, as the name implies, is a substance that interferes with the
action of an enzyme and slows the rate of a reaction. A good deal of informa-
tion about enzymatic reactions can be obtained by observing the changes in
the reaction caused by the presence of inhibitors. There are two ways in
which inhibitors can affect an enzymatic reaction. A reversible inhibitor can
bind to the enzyme and subsequently be released, leaving the enzyme in its
original condition. An irreversible inhibitor reacts with the enzyme to pro-
duce a protein that is not enzymatically active and from which the original
enzyme cannot be regenerated.

Two major classes of reversible inhibitors can be distinguished on the basis
of the sites on the enzyme to which they bind. One class consists of com-
pounds very similar in structure to the substrate. In this case, the inhibitor
can bind to the active site and block the substrate’s access to it. This mode of
action is called competitive inhibition because the inhibitor competes with
the substrate for the active site on the enzyme. The other major class of
reversible inhibitors includes any inhibitor that binds to the enzyme at a site
other than the active site and, as a result of binding, causes a change in the
structure of the enzyme, especially around the active site. The substrate is still
able to bind to the active site, but the enzyme cannot catalyze the reaction
when the inhibitor is bound to it. This mode of action is called noncompeti-
tive inhibition (Figure 6.11).

The two kinds of inhibition can be distinguished from one another in the
laboratory. The reaction is carried out in the presence of inhibitor at several
substrate concentrations, and the rates obtained are compared with those of
the uninhibited reaction. The differences in the Lineweaver-Burk plots for
the inhibited and uninhibited reactions provide the basis for the comparison.

Kinetics of Competitive Inhibition

In the presence of a competitive inhibitor, the slope of the Lineweaver—Burk
plot changes, but the y intercept does not. (The x intercept also changes.)
The V,_ . is unchanged, but the Ky, increases. More substrate is needed to get
to a given rate in the presence of inhibitor than in its absence. This point
specifically applies to the specific value V_, /2 (recall that at V_ /2, the sub-
strate concentration, [S], equals Ky;) (Figure 6.12). Competitive inhibition

can be overcome by a sufficiently high substrate concentration.
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Practical Information from Kinetic Data

The mathematics of enzyme kinetics can certainly look challeng-
ing. In fact, an understanding of kinetic parameters can often
provide key information about the role of an enzyme within a
living organism. Four aspects are useful: comparison of Ky,
comparison of k, or turnover number, comparison of k. /Ky
ratios, and specific locations of enzymes within an organism.

Comparison of Ky,

Let us start by comparing the values of the Ky, for two enzymes
that catalyze an early step in the breakdown of sugars: hexoki-
nase and glucokinase. Both enzymes catalyze the formation of a
phosphate ester linkage to a hydroxyl group of a sugar. Hexoki-
nase can use any one of several six-carbon sugars, including glu-
cose and fructose, the two components of sucrose (common
table sugar), as substrates. Glucokinase is an isozyme of hexoki-
nase that is primarily involved in glucose metabolism. The Ky,
for hexokinase is 0.15 mM for glucose and 1.5 mM for fructose.
The K, for glucokinase, a liver-specific enzyme, is 20 mM. (We
shall use the expression K,; here, even though some hexoki-
nases studied do not follow Michaelis-Menten kinetics, and the
term [S],; might be more appropriate. Not all enzymes have a
KM{ but they do all have a substrate concentration that gives rise
10 5 Vi)

Comparison of these numbers tells us a lot about sugar
metabolism. Because the resting level for blood glucose is about
5 mM, hexokinase would be expected to be fully active for all
body cells. The liver would not be competing with the other
cells for glucose. However, after a carbohydrate-rich meal, the
blood glucose levels often exceed 10 mM, and, at that concen-
tration, the liver glucokinase would have reasonable activity. Fur-
thermore, since the enzyme is found only in the liver, the excess
glucose will be preferentially taken into the liver, where it can be
stored as glycogen until it is needed. Also, the comparison of
the two sugars for hexokinase indicates clearly that glucose is
preferred over fructose as a nutrient.

Similarly, if one compares the form of the enzyme lactate
dehydrogenase found in heart muscle to the type found in
skeletal muscle, one can see that there are small differences in
amino acid composition. These differences in turn affect the
reaction catalyzed by this enzyme, the conversion of pyruvate to
lactate. The heart type has a high Ky, or a low affinity for pyru-
vate, and the muscle type has a low Ky, or a high affinity for
pyruvate. This means that the pyruvate will be preferentially con-
verted to lactate in the muscle but will be preferentially used for
aerobic metabolism in the heart, rather than being converted to
lactate. These conclusions are consistent with the known biology
and metabolism of these two tissues.

Comparison of Turnover Number

As can be seen from Table 6.2, the first two enzymes are very
reactive; catalase has one of the highest turnover numbers of all
known enzymes. These high numbers allude to their importance
in detoxifying hydrogen peroxide and preventing formation of

CO, bubbles in the blood; these are their respective reactions.
The values for chymotrypsin and acetylcholinesterase are within
the range for “normal” metabolic enzymes. Lysozyme is an
enzyme that degrades certain polysaccharide components of
bacterial cell walls. It is present in many body tissues. Its low cat-
alytic efficiency indicates that it operates well enough to catalyze
polysaccharide degradation under normal conditions.

Comparison of k_, /Ky
Even though the k_, alone is indicative of the catalytic efficiency
under saturating substrate conditions, [S] is rarely saturating
under physiological conditions for many enzymes. The in vivo
ratio of [S]/ K, is often in the range of 0.01 to 1, meaning that
active sites are not filled with substrate. Under these conditions,
the level of substrate is small, and the amount of free enzyme
approximates the level of total enzyme, because most of it is not
bound to substrate. The Michaelis-Menten equation can be
rewritten in the following form:

S [S] _ ke [Eq](S]
Ky +[S] Ky +[S]

If we then replace E; with E and assume that the [S] is negligi-
ble compared with Ky, we can rewrite the equation as follows:

V= (ke Ky) [E][S]

Thus, under these conditions, the ratio of k_, to Ky, is a second-
order rate constant and provides a measure of the catalytic effi-
ciency of the enzyme under nonsaturating conditions. The ratio
of k. to Ky is much more constant between different enzymes
than either the K; or k., alone. Looking at the first three
enzymes in Table 6.2, we can see that the k_ values vary over a
range of nearly 3000. The Ky values vary over a range of nearly

300. When the ratio of k., to Ky, is compared, however, the

‘cat
range is only 4. The upper limit of a second-order rate constant
is dependent on the diffusion-controlled limit of how fast the E
and S can come together. The diffusion limit in an aqueous
environment is in the range of 10° to 10°. Many enzymes have
evolved to have k., to K, ratios that do indeed allow reactions
to proceed at these limiting rates. This is referred to as being

catalytically perfect.

Specific Enzyme Locations

We have already seen an important example here. Because the
liver is the only organ in the human body with glucokinase, it
must be the major organ for storage of excess dietary sugar as
glycogen. Similarly, to replenish blood glucose levels, the glu-
cose produced in the tissue must have its phosphate group
removed by an enzyme called glucose phosphatase. Because this
enzyme is found only in the liver and, to a lesser extent, in the
kidney, we now know that the liver has the primary role of main-
taining blood glucose levels.

In the presence of a competitive inhibitor, the equation for an enzymatic

reaction becomes

+

S
El= E<= ES—E+P

+

—
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Essential Information

The action of enzymes can be inhibited reversibly
or irreversibly. Irreversible inhibition normally
involves formation or breaking of covalent bonds
in the enzyme. In reversible inhibition, some sub-
stance can bind to the enzyme and subsequently
be released. These reversible inhibitors can be
divided into two major groups: competitive
inhibitors that bind at the active site and prevent
binding of substrate and noncompetitive inhibitors
that bind at a site other than the active site, chang-
ing the structure of the enzyme and preventing
catalysis.

Competitive inhibitic

mn

Binchemistry@ Now™ A ACTIVE FIGURE 6.12 A Lineweaver-Burk double-reciprocal plot
of enzyme kinetics for competitive inhibition. Watch this Active Figure at http://now.brookscole
.com/campbell5

where EI is the enzyme-inhibitor complex. The dissociation constant for the
enzyme—inhibitor complex can be written

EI=FE + I
[E](1]

' [E
It can be shown algebraically (although we shall not do it here) that, in the
presence of inhibitor the value of K); increases by the factor
1]

1+
K

If we substitute Ky, (1 + [I]/K)) for K; in Equation 6.17, we obtain

oK1
V VmaX [ ] VmaX
I
LKy, W), 1
V Vmax K [ S:l Vm'dX
y = m X x + b (6.18)

Here the term 1/V takes the place of the y coordinate, and the term 1/[S]
takes the place of the x coordinate, as was the case in Equation 6.17. The
intercept 1/V, .., the b term in the equation for a straight line, has not
changed from the earlier equation, but the slope K;/V, . in Equation 6.17

has increased by the factor (1 + [I]/K}). The slope, the m term in the equa-

tion for a straight line, is now
K I
a0
‘/max KI

accounting for the changes in the slope of the Lineweaver-Burk plot. Note
that the y intercept does not change. This algebraic treatment of competitive
inhibition agrees with experimental results, validating the model, just as
experimental results validate the underlying Michaelis—Menten model for
enzyme action. It is important to remember that the most distinguishing char-
acteristic of a competitive inhibitor is that substrate or inhibitor can bind the
enzyme, but not both. Because both are vying for the same location, suffi-
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Biochemistry ‘(2 Now™ A ACTIVE FIGURE 6.13 A Lineweaver-Burk plot of enzyme kinetics
for noncompetitive inhibition. Watch this Active Figure at http://now.brookscole.com/campbell5

ciently high substrate will “outcompete” the inhibitor. This is why the V, .
does not change; it is a measure of the velocity at infinite [substrate].

Kinetics of Noncompetitive Inhibition

The kinetic results of noncompetitive inhibition differ from those of competi-
tive inhibition. The Lineweaver—Burk plots for a reaction in the presence and
absence of a noncompetitive inhibitor show that both the slope and the y
intercept change for the inhibited reaction (Figure 6.13), without changing
the x intercept. The value of V,_ decreases, but that of K, remains the same;
the inhibitor does not interfere with the binding of substrate to the active
site. Increasing the substrate concentration cannot overcome noncompetitive
inhibition because the inhibitor and substrate are not competing for the
same site.

The reaction pathway has become considerably more complicated, and sev-
eral equilibria must be considered.

+S
E<= ES - E+P
+1 1 +1
ElI = ESI
+S

In the presence of a noncompetitive inhibitor, I, the maximum velocity of the

reaction, VL has the form (we shall not do the derivation here)
V

‘/llnax — max
L+ [1)/K
where K; is again the dissociation constant for the enzyme-inhibitor complex,
EI Recall that the maximum rate, V, .., appears in the expressions for both
the slope and the intercept in the equation for the Lineweaver-Burk plot
(Equation 6.17):

R
I:S:l ‘/max

= m X x + b

1K
V Vmax

=
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In noncompetitive inhibition, we replace the term V,

ax With the expression

for VI, to obtain
I 1
K ), 1
Vo Vi K [S] Vi K
y = m X x + b (6.19)

Noncompetitive inhibition

The expressions for both the slope and the intercept in the equation for a
Lineweaver-Burk plot of an uninhibited reaction have been replaced by more
complicated expressions in the equation that describes noncompetitive inhi-
bition. This interpretation is borne out by the observed results. With a pure,
noncompetitive inhibitor, the binding of substrate does not affect the binding
of inhibitor, and vice versa. Since the Ky, is a measure of the affinity of the
enzyme and substrate, and since the inhibitor does not affect the binding, the
K,; does not change with noncompetitive inhibition.

The two types of inhibition presented here are the two extreme cases.
There are many other types of inhibition. Uncompetitive inhibition is seen
when an inhibitor can bind to the ES complex but not to free E. A
Lineweaver-Burk plot of an uncompetitive inhibitor shows parallel lines. The
Viax decreases and the apparent Ky, decreases as well. Noncompetitive inhibi-
tion is actually a limiting case of a more general inhibition type called mixed
inhibition. With a mixed inhibitor, the same binding diagram is seen as in the
equilibrium equations above, but, in this case, the binding of inhibitor does
affect the binding of substrate and vice versa. A Lineweaver—Burk plot of an
enzyme plus mixed inhibitor gives lines that intersect in the left-hand quad-
rant of the graph. The K, increases, and the V. decreases.

Practice Session

Sucrose (common table sugar) is hydrolyzed to glucose and fructose (Sec-
tion 16.3) in a classic experiment in kinetics. The reaction is catalyzed by
the enzyme invertase. Using the following data, determine, by the
Lineweaver-Burk method, whether the inhibition of this reaction by 2 M
urea is competitive or noncompetitive.

Sucrose Concentration V, no inhibitor V, Inhibitor Present
(mol L71) (arbitrary units) (same arbitrary units)
0.0292 0.182 0.083
0.0584 0.265 0.119
0.0876 0.311 0.154
0.117 0.330 0.167
0.175 0.372 0.192
Solution:

Plot the data with the reciprocal of the sucrose concentration on the x axis
and the reciprocals of the two reaction velocities on the y axis. Note that
the two plots have different slopes and different y axis intercepts, typical of
noncompetitive inhibition. Note the same intercept on the negative x axis,
which gives —1/ K.
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Enzyme Inhibition in the Treatment of AIDS

A Kkey strategy in the treatment of acquired immunodeficiency
syndrome, or AIDS, has been to develop specific inhibitors that
selectively block the actions of enzymes unique to the human
immunodeficiency virus (HIV), which causes AIDS. Many labora-
tories are working on this approach to the development of thera-
peutic agents.

One of the most important target enzymes is HIV protease,
an enzyme essential to the production of new virus particles in
infected cells. HIV protease is unique to this virus. It catalyzes
the processing of viral proteins in an infected cell. Without these
proteins, viable virus particles cannot be released to cause fur-
ther infection. The structure of HIV protease, including its active
site, was known from the results of X-ray crystallography. With
this structure in mind, scientists have designed and synthesized
compounds to bind to the active site. Improvements were made
in the drug design by obtaining structures of a series of
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A Structure of amprenavir (VX-478), an HIV protease inhibitor developed by Vertex

Pharmaceuticals. (Vertex Pharmaceuticals, Inc.)

Vertex Pharmaceuticals, Inc.

A Active site of VX-478 complexed with HIV-1 protease.

inhibitors bound to the active site of HIV protease.
These structures were also elucidated by X-ray crys-
tallography. This process eventually led to several
compounds marketed by several different pharma-
ceutical companies. These HIV protease inhibitors
include saquinavir from Hoffman-LaRoche, ritona-
vir from Abbott Laboratories, indinavir from Merck,
Viracept from Pfizer, and amprenavir from Vertex
Pharmaceuticals. (These companies maintain highly
informative home pages on the World Wide Web.)

Treatment of AIDS is most effective when a
combination of drug therapies is used, and HIV
protease inhibitors play an important role. Espe-
cially promising results (e.g., lowering of levels of
the virus in the bloodstream) are obtained when
HIV protease inhibitors are part of drug therapies
for AIDS.
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Summary

6.1 What Makes Enzymes Such Effective Biologi-
cal Catalysts? Probably the most important function of proteins
is catalysis. Biological catalysts are called enzymes. With the exception
of some recently discovered RNAs that have catalytic activity, all
enzymes are globular proteins. Enzymes are the most efficient catalysts
known.

6.2 What Is the Difference between the Kinetic
and the Thermodynamic Aspects of Reactions? Cat
alysts speed up a reaction by lowering the activation energy, a kinetic
parameter. They do not affect the thermodynamics of the reaction.

6.3 How Can We Describe Enzyme Kinetics in
Mathematical Terms? We can describe the kinetic aspects of
reactions by rate equations. In such equations, we define reaction rate
in terms of the disappearance of reactants or the appearance of prod-
ucts. We can describe rates in terms of changes in the concentrations
of reactants or products as a function of time.

6.4 How Do Substrates Bind to Enzymes? The first
step in an enzyme-catalyzed reaction is the binding of the enzyme to
the substrate to form a complex. The formation of the complex leads
to formation of the transition-state species, which, in turn, forms the
product. A substrate binds to a small portion of the enzyme called the
active site. Two models have been proposed to describe enzyme—sub-
strate binding: the lock-and-key model, in which there is an exact fit
between the enzyme and substrate, and the induced-fit model, in
which the enzyme is considered to have conformational flexibility and
there is an exact fit only when the substrate is bound. The active site
of an enzyme forces the substrate to mimic the transition state of the
reaction, which is the primary way the activation energy of the reac-
tion is lowered.

6.5 What Are Some Examples of Enzyme-Cat-
alyzed Reactions? In some enzyme-catalyzed reactions, the
rate of reaction rises as substrate concentration increases and then lev-
els off. When this behavior is shown on a graph, the curve is hyper-
bolic. Chymotrypsin is a digestive enzyme that shows this behavior. In
other reactions, the shape of the curve is sigmoidal. Aspartate transcar-
bamoylase is an enzyme involved in the production of pyrimidines,
and it shows sigmoidal kinetics.

6.6 What Is the Michaelis-Menten Approach to
Enzyme Kinetics? The kinetics of many enzyme-catalyzed reac-
tions can be described by the Michaelis—Menten model. In this model,
the concept of the steady state, with a constant concentration of the
enzyme-substrate complex, plays a vital role. Much can be learned
about the nature of an enzyme-catalyzed reaction by determining the
kinetic constants, Ky and k_,, for the enzyme.

6.7 How Do Enzymatic Reactions Respond to
Inhibitors? Inhibitors can give a considerable amount of infor-
mation about enzymatic reactions. A reversible inhibitor can bind to
the enzyme and subsequently be released. An irreversible inhibitor
reacts with the enzyme to produce a protein that is not enzymatically
active. Two major kinds of reversible inhibitors are competitive and
noncompetitive inhibitors. Competitive inhibitors bind to the active
site and block access of the substrate to the active site. Noncompetitive
inhibitors bind to the enzyme at a site other than the active site and
cause a change in the structure of the enzyme, especially around the
active site, as a result of binding. In the Michaelis-Menten model,
competitive inhibitors increase the Ky, but leave the V,, unchanged;

max

noncompetitive inhibitors change the V, . but leave the Ky; unchanged.

Critical Questions to Review

6.1 What Makes Enzymes Such Effective Biologi-
cal Catalysts?

1. Fact Check How does the catalytic effectiveness of enzymes com-
pare with that of nonenzymatic catalysts?

2. Fact Check Are all enzymes proteins?

3. Mathematical Catalase breaks down hydrogen peroxide about 107
times faster than the uncatalyzed reaction. If the latter required
one year, how much time would be needed by the catalase cat-
alyzed reaction?

4. Thought Question Give two reasons why enzyme catalysts are 103
to 10° more effective than reactions that are catalyzed by, for
example, simple H* or OH™.

6.2 What Is the Difference between the Kinetic
and Thermodynamic Aspects of Reactions?
5. Fact Check For the reaction of glucose with oxygen to produce
carbon dioxide and water,

Glucose + 60, — 6CO, + 6H,O

the AG° is —2880 k] mol ™!, a strongly exergonic reaction. However,
a sample of glucose can be maintained indefinitely in an oxygen-
containing atmosphere. Reconcile these two statements.

6. Thought Question Would nature rely on the same enzyme to cat-
alyze a reaction either way (forward or backward) if the AG® were
—0.8 kcal mol~!? If it were —5.3 kcal mol™1?

7. Thought Question Suggest a reason why heating a solution con-
taining an enzyme markedly decreases its activity. Why is the
decrease of activity frequently much less when the solution con-
tains high concentrations of the substrate?

8. Thought Question A model is proposed to explain the reaction
catalyzed by an enzyme. Experimentally obtained rate data fit the
model to within experimental error. Do these findings prove the
model or not?

9. Thought Question Does the presence of a catalyst alter the stan-
dard free energy change of a chemical reaction?

10. Thought Question What effect does a catalyst have on the activa-
tion energy of a reaction?

11. Thought Question An enzyme catalyzes the formation of ATP
from ADP and phosphate ion. What is its effect on the rate of
hydrolysis of ATP to ADP and phosphate ion?

12. Thought Question Can the presence of a catalyst increase the
amount of product obtained in a reaction?

6.3 How Can We Describe Enzyme Kinetics in
Mathematical Terms?
13. Fact Check For the hypothetical reaction

3A+2B—=2C+ 3D

the rate was experimentally determined to be
Rate = k[A]! [B]!

What is the order of the reaction with respect to A? With respect
to B? What is the overall order of the reaction? Suggest how many
molecules each of A and B are likely to be involved in the detailed
mechanism of the reaction.

14. Thought Question The enzyme lactate dehydrogenase catalyzes
the reaction

Pyruvate + NADH + H* — lactate + NAD™



15.

16.

NADH absorbs light at 340 nm in the near ultraviolet region of
the electromagnetic spectrum, but NAD* does not. Suggest an
experimental method for following the rate of this reaction,
assuming that you have available a spectrophotometer capable of
measuring light at this wavelength.

Thought Question Would you use a pH meter to monitor the
progress of the reaction described in Question 14? Why or why not?
Thought Question Suggest a reason for carrying out enzymatic
reactions in buffer solutions.

6.4 How Do Substrates Bind to Enzymes?

17.

18.

19.

20.

21.

22.

Fact Check Distinguish between the lock-and-key and induced-fit
models for binding of a substrate to an enzyme.
Fact Check Using an energy diagram, show why the lock-and-key
model could lead to an inefficient enzyme mechanism (Hint:
Remember that the distance to the transition state must be mini-
mized for an enzyme to be an effective catalyst).

Thought Question Other things being equal, what is a potential dis-
advantage of an enzyme having a very high affinity for its substrate?
Thought Question Amino acids that are far apart in the amino
acid sequence of an enzyme can be essential for its catalytic activ-
ity. What does this suggest about its active site?

Thought Question If only a few of the amino acid residues of an
enzyme are involved in its catalytic activity, why does the enzyme
need such a large number of amino acids?

Thought Question A chemist synthesizes a new compound that
may be structurally analogous to the transition-state species in an
enzyme-catalyzed reaction. The compound is experimentally
shown to inhibit the enzymatic reaction strongly. Is it likely that
this compound is indeed a transition-state analog?

6.5 What Are Some Examples of Enzyme-Catalyzed

23.

24.

25.

Reactions?
Fact Check Show graphically the dependence of reaction velocity
on substrate concentration for an enzyme that follows
Michaelis-Menten kinetics and for an allosteric enzyme.
Fact Check Do all enzymes display Kkinetics that obey the
Michaelis-Menten equation? Which ones do not?
Fact Check How can you recognize an enzyme that does not dis-
play Michaelis-Menten kinetics?

6.6 What Is the Michaelis-Menten Approach to

26.

27.

28.

29.

30.

Enzyme Kinetics?
Fact Check Show graphically how the reaction velocity depends
on the enzyme concentration. Can a reaction be saturated with
enzyme?
Fact Check Define steady state, and comment on the relevance of
this concept to theories of enzyme reactivity.

Fact Check How is the turnover number of an enzyme related to
V.

B
Mathematical For an enzyme that displays Michaelis-Menten
kinetics, what is the reaction velocity, V (as a percentage of V__ ),
observed at (a) [S] = K; (b) [S] = 0.5K; (¢) [S] = 0.1Ky; (d)
[S] = 2Ky; (e) [S] = 10K,

Mathematical Determine the values of Ky; and V,

max

boxylation of a B-keto acid given the following data.

for the decar-

Substrate Concentration (mol L~1) Velocity (mM min~")

2.500 0.588
1.000 0.500
0.714 0.417
0.526 0.370
0.250 0.256
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32.

33.

34.

35.

Critical Questions to Review 153

. Mathematical The Kkinetic data in the following table were

obtained for the reaction of carbon dioxide and water to produce
bicarbonate and hydrogen ion catalyzed by carbonic anhydrase

CO, + H,0 - HCO; + H*

(H. De Voe and G. B. Kistiakowsky, J. Am. Chem. Soc. 83, 274,
1961). From these data, determine K,; and V,_ . for the reaction.

max

Carbon Dioxide Concentration 1/Velocity
(mmol L) (M~ sec)

1.25 36 X 10°

2.5 20 X 10°

5.0 12 X 103

20.0 6 X 10°

Mathematical The enzyme B-methylaspartase catalyzes the deami-
nation of B-methylaspartate

CH, NH, CH,

“0O0C—CH—CH—COO =—="00C— CH—CH,—COO" + NHj

mesaconate
absorbs at
240 nm

(V. Williams and J. Selbin, J. Biol. Chem. 239, 1636, 1964). The rate
of the reaction was determined by monitoring the absorbance of
the product at 240 nm (A,,y). From the data in the following
table, determine Ky, for the reaction. How does the method of cal-
culation differ from that in Exercises 30 and 317

Substrate Concentration Velocity
(mol L) (AA,4 min~T)
0.002 0.045
0.005 0.115
0.020 0.285
0.040 0.380
0.060 0.460
0.080 0.475
0.100 0.505

Mathematical The hydrolysis of a phenylalanine-containing pep-
tide is catalyzed by a-chymotrypsin with the following results. Cal-
culate Ky; and V, . for the reaction.

nax

Peptide Concentration Velocity
(M) (Mmin~")
2.5 %1074 2.2 X 1076
5.0 X 1074 3.8 X 1076
10.0 X 1074 5.9 X 1076
15.0 X 1074 7.1 X 1076

Mathematical For the V,_  obtained in Question 30, calculate the
turnover number (catalytic rate constant) assuming that 1 X 107*

mol of enzyme were used.

Mathematical You do an enzyme kinetic experiment and calculate
a V.. of 100 wmol product per minute. If each assay used 0.1 mL
of an enzyme solution that had a concentration of 0.2 mg/mlL,
what would be the turnover number if the enzyme had a molecu-

lar weight of 128,000 g/mol?
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36. Thought Question The enzyme D-amino acid oxidase has a very
high turnover number because the D-amino acids are potentially
toxic. The Ky for the enzyme is in the range of 1 to 2 mM for the
aromatic amino acids and in the range of 15 to 20 mM for such
amino acids as serine, alanine, and the acidic amino acids. Which
of these amino acids are the preferred substrates for the enzyme?

37. Thought Question Why is it useful to plot rate data for enzymatic
reactions as a straight line rather than as a curve?

38. Thought Question Under what conditions can we make the
assumption that Ky, is an indication of the binding affinity
between substrate and enzyme?

6.7 How Do Enzymatic Reactions Respond to
Inhibitors?
39. Fact Check How can competitive and noncompetitive inhibition
be distinguished in terms of Ky?

40. Fact Check Why does a competitive inhibitor not change the V,

?

max*

41. Fact Check Why does a noncompetitive inhibitor not change the
observed K,;?

42. Fact Check Distinguish between the molecular mechanisms of
competitive and noncompetitive inhibition.

43. Fact Check Can enzyme inhibition be reversed in all cases?

44. Fact Check Why is a Lineweaver-Burk plot useful in analyzing
kinetic data from enzymatic reactions?

45. Fact Check Where do lines intersect on a Lineweaver—Burk plot
showing competitive inhibition? On a Lineweaver-Burk plot show-
ing noncompetitive inhibition?

46. Mathematical Draw Lineweaver—Burk plots for the behavior of an
enzyme for which the following experimental data are available.

[S] I, No Inhibitor I, Inhibitor Present
(mM) (mmol min~") (mmol min~1)
3.0 4.58 3.66
5.0 6.40 5.12
7.0 7.72 6.18
9.0 8.72 6.98
11.0 9.50 7.60

What are the Ky; and V, . values for the inhibited and uninhibited

reactions? Is the inhibitor competitive or noncompetitive?

47. Mathematical For the following aspartase reaction (see Question
32) in the presence of the inhibitor hydroxymethylaspartate,
determine the K,; and whether the inhibition is competitive or
noncompetitive.

[S] I, No Inhibitor V, Inhibitor Present

(molarity) (arbitrary units) (same arbitrary units)
1x10°* 0.026 0.010
5Xx 1074 0.092 0.040
1.5 X 1073 0.136 0.086
25 X 1073 0.150 0.120
5 X 1073 0.165 0.142

48. Thought Question Is it good (or bad) that enzymes can be
reversibly inhibited? Why?

49. Thought Question Noncompetitive inhibition is a limiting case in
which the effect of binding inhibitor has no effect on the affinity
for the substrate and vice versa. Suggest what a Lineweaver—Burk
plot would look like for an inhibitor that had a reaction scheme
similar to that on page 149 [noncompetitive inhibition reaction],
but where binding inhibitor lowered the affinity of EI for the sub-
strate.

50. Biochemical Connections You have been hired by a pharmaceuti-
cal company to work on development of drugs to treat AIDS.
What information from this chapter will be useful to you?

51. Thought Question Would you expect an irreversible inhibitor of
an enzyme to be bound by covalent or by noncovalent interac-
tions? Why?

52. Thought Question Would you expect the structure of a noncom-
petitive inhibitor of a given enzyme to be similar to that of its
substrate?

Biochemistry(Z) Now ™
Assess your understanding of this chapter’s topics with additional quizzing
and tutorials at http://now.brookscole.com/campbell5
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The Behavior of Proteins:
Enzymes, Mechanisms,
and Control

A number of control mechanisms combine to regulate enzymatic pathways.
The conformational changes that take place in allosteric enzymes can shut
down long synthetic pathways at their first steps, frequently saving consid-
erable amounts of energy for the cell. Conformational changes combined
with covalent modification of enzymes give rise to a higher level of control.
Enzymes can bind covalently to phosphate groups, affecting both their
activity and their allosteric interactions. This process is reversible because
phosphate groups can be removed by hydrolysis; however, the covalent
modification in zymogen activation is irreversible. It involves the cleavage of
bonds, followed by conformational change. No matter how enzyme activity
is controlled, the net result is to ensure that the three-dimensional arrange-
ment of the active site puts essential amino acid residues into position for
optimum catalytic activity. Concepts from organic chemistry play an impor-
tant role in catalysis, even though they operate in an unfamiliar environ-
ment. Nucleophilic substitution reactions with specific stereochemistry
occur frequently in the active sites of enzymes. A number of other well-
known kinds of reaction mechanisms occur in enzymatic reactions. In addi-
tion, reactions of enzymes may involve cofactors that are not amino acids
but are compounds called vitamins, or metabolites of vitamins.

Does the Michaelis-Menten Model Describe
the Behavior of Allosteric Enzymes?

7.1

The behavior of many well-known enzymes can be described quite adequately
by the Michaelis—-Menten model, but allosteric enzymes behave very differ-
ently. In the last chapter, we saw that there are similarities between the reac-
tion kinetics of an enzyme such as chymotrypsin, which does not display
allosteric behavior, and the binding of oxygen by myoglobin, which is also an
example of nonallosteric behavior. The analogy extends to show the similarity
in the kinetic behavior of an allosteric enzyme such as aspartate transcar-
bamoylase (ATCase) and the binding of oxygen by hemoglobin. Both ATCase
and hemoglobin are allosteric proteins; the behaviors of both exhibit cooper-
ative effects caused by subtle changes in quaternary structure. (Recall that
quaternary structure is the arrangement in space that results from the interac-
tion of subunits through noncovalent forces, and that positive cooperativity
refers to the fact that the binding of low levels of substrate facilitates the
action of the protein at higher levels of substrate, whether the action is cat-
alytic or some other kind of binding.) In addition to displaying cooperative
kinetics, allosteric enzymes have a different response to the presence of
inhibitors from that of nonallosteric enzymes, as characterized by the
Michaelis-Menten model.
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Control Mechanisms That Affect Allosteric Enzymes

ATCase catalyzes the first step in a series of reactions in which the end prod-
uct is cytidine triphosphate (CTP), a nucleoside triphosphate needed to make
RNA and DNA (Chapter 9). The pathways that produce nucleotides are ener-
getically costly and involve many steps. The reaction catalyzed by aspartate
transcarbamoylase is a good example of how such a pathway is controlled to
avoid overproduction of such compounds. For DNA and RNA synthesis, the
levels of several nucleotide triphosphates are controlled. CTP is an inhibitor
of ATCase, the enzyme that catalyzes the first reaction in the pathway. This
behavior is an example of feedback inhibition (also called end-product inhibi-
tion), in which the end product of the sequence of reactions inhibits the first
reaction in the series (Figure 7.1). Feedback inhibition is an efficient control
mechanism because the entire series of reactions can be shut down when an
excess of the final product exists, thus preventing the accumulation of inter-
mediates in the pathway. Feedback inhibition is a general feature of metabo-
lism and is not confined to allosteric enzymes. However, the observed kinetics
of the ATCase reaction, including the mode of inhibition, are typical of
allosteric enzymes.

When ATCase catalyzes the condensation of aspartate and carbamoyl phos-
phate to form carbamoyl aspartate, the graphical representation of the rate as
a function of increasing substrate concentration (aspartate) is a sigmoidal
curve rather than the hyperbola obtained with nonallosteric enzymes (Figure
7.2a). The sigmoidal curve is indicative of the cooperative behavior of
allosteric enzymes. In this two-substrate reaction, aspartate is the substrate for

A schematic representation of a pathway
showing feedback inhibition

Original precursor(s)

/ enzyme 1
Feedback inhibition— The series of
final product blocks enzyme 2 enzyme-catalyzed
an early reaction reactions constitutes
and shuts down a pathway

whole series
enzyme 3

enzyme 4

enzyme 5

enzyme 6

enzyme 7

- ) W Ol w—— [ w—— 0 w—— N -—— =

\ 7
N
~ — Final product

<« FIGURE 7.1 Schematic representation of a path-
way, showing feedback inhibition.
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which the concentration is varied, while the concentration of carbamoyl phos-
phate is kept constant at high levels.

Figure 7.2b compares the rate of the uninhibited reaction of ATCase with
the reaction rate in the presence of CTP. In the latter case, a sigmoidal curve
still describes the rate behavior of the enzyme, but the curve is shifted to
higher substrate levels; a higher concentration of aspartate is needed for the
enzyme to achieve the same rate of reaction. At high substrate concentra-
tions, the same maximal rate, V, ., is observed in the presence and absence
of inhibitor. (Recall this from Section 6.7.) Because in the Michaelis—-Menten
scheme the V. changes when a reaction takes place in the presence of a
noncompetitive inhibitor, noncompetitive inhibition cannot be the case here.
The same Michaelis—-Menten model associates this sort of behavior with com-
petitive inhibition, but that part of the model still does not provide a reason-
able picture. Competitive inhibitors bind to the same site as the substrate
because they are very similar in structure. The CTP molecule is very different
in structure from the substrate, aspartate, and it is bound to a different site
on the ATCase molecule. ATCase is made up of two different types of sub-
units. One of them is the catalytic subunit, which consists of six protein sub-
units organized into two trimers. The other is the regulatory subunit, which
also consists of six protein subunits organized into three dimers (Figure 7.3).
The catalytic subunits can be separated from the regulatory subunits by treat-
ment with p-hydroxymercuribenzoate, which reacts with the cysteines in the
protein. When so treated, ATCase still catalyzes the reaction, but it loses its
allosteric control by CTP, and the curve becomes hyperbolic.
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- / Regulatory dimer

The situation becomes “curiouser and curiouser” when the ATCase reac-
tion takes place not in the presence of CTP, a pyrimidine nucleoside triphos-
phate, but in the presence of adenosine triphosphate (ATP), a purine nucleo-
side triphosphate. The structural similarities between CTP and ATP are
apparent, but ATP is not a product of the pathway that includes the reaction
of ATCase and that produces CTP. Both ATP and CTP are needed for the syn-
thesis of RNA and DNA. The relative proportions of ATP and CTP are speci-
fied by the needs of the organism. If there is not enough CTP relative to the
amount of ATP, the enzyme requires a signal to produce more. In the pres-
ence of ATP, the rate of the enzymatic reaction is increased at lower levels of
aspartate, and the shape of the rate curve becomes less sigmoidal and more
hyperbolic (Figure 7.2b). In other words, there is less cooperativity in the
reaction. The binding site for ATP on the enzyme molecule is the same as
that for CTP (which is not surprising in view of their structural similarity), but
ATP is an activator rather than an inhibitor like CTP. When CTP is in short

Adenosine triphosphate (ATP)
a purine nucleotide;
activator of
ATCase

<« FIGURE 7.3 Organization of aspartate transcar-
bamoylase, showing the two catalytic trimers and the
three regulatory dimers.
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Essential Information

The behavior of allosteric enzymes depends on
conformational change. Two models describe the
conformational changes in the individual subunits
of multisubunit enzymes. In the first, the concerted
model, the conformation of all subunits changes
simultaneously. In the second, the sequential
model, a conformational change in one subunit
makes it easier for another subunit to change its
conformation.

supply in an organism, the ATCase reaction is not inhibited, and the binding
of ATP increases the activity of the enzyme still more.

Even though it is tempting to consider inhibition of allosteric enzymes in
the same fashion as nonallosteric enzymes, much of the terminology is not
appropriate. “Competitive inhibition” and “noncompetitive inhibition” are
terms reserved for the enzymes that behave in line with Michaelis—-Menten
kinetics. With allosteric enzymes, the situation is more complex. In general,
two types of enzyme systems exist, called K systems and V systems. A K system
is an enzyme where the substrate concentration that yields one-half V__ is
altered by the presence of inhibitors or activators. ATCase is an example of a
K system. Because we are not dealing with a Michaelis-Menten type of
enzyme, the term Ky is not applicable. For an allosteric enzyme, the substrate
level at one-half V,_ is called the K. In a V system, the effect of inhibitors
and activators changes the V__ . but not the K.

The key to allosteric behavior, including cooperativity and modifications of
cooperativity, is the existence of multiple forms for the quaternary structures
of allosteric proteins. The word “allosteric” is derived from allo, “other,” and
steric, “shape,” referring to the fact that the possible conformations affect the
behavior of the protein. The binding of substrates, inhibitors, and activators
changes the quaternary structure of allosteric proteins, and the changes in
structure are reflected in the behavior of those proteins. A substance that
modifies the quaternary structure, and thus the behavior, of an allosteric pro-
tein by binding to it is called an allosteric effector. The term “effector” can
apply to substrates, inhibitors, or activators. Several models for the behavior
of allosteric enzymes have been proposed, and it is worthwhile to compare
them.

Let us first define two terms. Homotropic effects are allosteric interactions
that occur when several identical molecules are bound to a protein. The bind-
ing of substrate molecules to different sites on an enzyme, such as the bind-
ing of aspartate to ATCase, is an example of a homotropic effect. Het-
erotropic effects are allosteric interactions that occur when different
substances (such as inhibitor and substrate) are bound to the protein. In the
ATCase reaction, inhibition by CTP and activation by ATP are both het-
erotropic effects.

7.2 | What Are the Models for the Behavior
of Allosteric Enzymes?

The two principal models for the behavior of allosteric enzymes are the con-
certed model and the sequential model. They were proposed in 1965 and
1966, respectively, and both are currently used as a basis for interpreting
experimental results. The concerted model has the advantage of comparative
simplicity, and it describes the behavior of some enzyme systems very well.
The sequential model sacrifices a certain amount of simplicity for a more
realistic picture of the structure and behavior of proteins; it also deals very
well with the behavior of some enzyme systems.

The Concerted Model for Allosteric Behavior

In 1965, Jacques Monod, Jeffries Wyman, and Jean-Pierre Changeux pro-
posed the concerted model for the behavior of allosteric proteins in a paper
that has become a classic in the biochemical literature. (It is listed in the bib-
liography at the end of this chapter.) In this picture, the protein has two con-
formations, the active R (relaxed) conformation, which binds substrate
tightly, and the inactive T (tight, also called taut) conformation, which binds
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A FIGURE 7.4 Monod-Wyman-Changeux (MWC) model for allosteric transitions, also called
the concerted model. (a) A dimeric protein can exist in either of two conformational states at
equilibrium, the T (taut) form or the R (relaxed) form. L is the ratio of the T form to the R form.
With most allosteric systems, L is large, so there is more enzyme present in the T form than in the
R form. (b) By Le Chatelier’s principle, substrate binding shifts the equilibrium in favor of the
relaxed state (R) by removing unbound R. The dissociation constant for the enzyme—substrate
complex is K for the relaxed form and K for the taut form. Ky < Kj so the substrate binds bet-
ter to the relaxed form. The ratio of K/ K; is called ¢. This figure shows a limiting case in which
the taut form does not bind substrate at all, in which case K is infinite and ¢ = 0.

substrate less tightly. The distinguishing feature of this model is that the con-
formations of all subunits change simultaneously. Figure 7.4a shows a hypo-
thetical protein with two subunits. Both subunits change conformation from
the inactive T conformation to the active R conformation at the same time;
that is, a concerted change of conformation occurs. The equilibrium ratio of
the T/R forms is called L and is assumed to be high—that is, there is more of
the unbound T form present than the unbound R form. The binding of sub-
strate to either form can be described by the dissociation constant of the
enzyme and substrate, K, with the affinity for substrate higher in the R form
than in the T form. Thus, Kz << K. The ratio of K/K; is called ¢. Figure
7.4b shows a limiting case in which K is infinitely greater than K (¢ = 0). In
other words, substrate will not bind to the T form at all. The allosteric effect
is explained by this model based on perturbing the equilibrium between the
T and R forms. Although initially the amount of enzyme in the R form is
small, when substrate binds to the R form, it removes free R form. This causes
the production of more R form to reestablish the equilibrium, which makes
binding more substrate possible. This shifting of the equilibrium is responsi-
ble for the observed allosteric effects. The Monod-Wyman—-Changeux model
has been shown mathematically to explain the sigmoidal effects seen with
allosteric enzymes. The shape of the curve will be based on the L and ¢ val-
ues. As L increases (free T form more highly favored), the shape becomes
more sigmoidal (Figure 7.5). As the value for ¢ decreases (higher affinity
between substrate and R form), the shape also becomes more sigmoidal.

In the concerted model, the effects of inhibitors and activators can also be
considered in terms of shifting the equilibrium between the T and R forms of
the enzyme. The binding of inhibitors to allosteric enzymes is cooperative;
allosteric inhibitors bind to and stabilize the T form of the enzyme. The bind-
ing of activators to allosteric enzymes is also cooperative; allosteric activators
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bind to and stabilize the R form of the enzyme. When an activator, A, is pres-
ent, the cooperative binding of A shifts the equilibrium between the T and R
forms, with the R form favored (Figure 7.6). As a result, there is less need for
substrate, S, to shift the equilibrium in favor of the R form, and less coopera-
tivity in the binding of S is seen.

When an inhibitor, I, is present, the cooperative binding of I also shifts the
equilibrium between the T and R forms, but this time the T form is favored

Biochemistry@ Now™ ANIMATED FIGURE 7.5
The Monod-Wyman-Changeux (or concerted)
model. (a) As L (the ratio of the T/R form)
increases, the shape becomes more sigmoidal.

(b) The level of cooperativity is also based on the
affinity of the substrates for the T or R form. When
K is infinite (zero affinity), cooperativity is high,

as shown in the blue line, where ¢ = 0 (¢ = Ky/Ky).
As cincreases, the difference in binding between the
T and R forms decreases, and the lines become less
sigmoidal. (Adapted from Monod, J., Wyman, J., and Changeux,
J-P, 1965. On the nature of allosteric transitions: A plausible
model. Journal of Molecular Biology 12:92.) See this figure
animated at http://now.brookscole.com/campbell5
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(Figure 7.6). More substrate is needed to shift the T-to-R equilibrium in favor
of the R form. A greater degree of cooperativity is seen in the binding of S.

The Sequential Model for Allosteric Behavior

The name Daniel Koshland is associated with the direct sequential model of
allosteric behavior. The distinguishing feature of this model is that the bind-
ing of substrate induces the conformational change from the T form to the R
form—the type of behavior postulated by the induced-fit theory of substrate
binding. (The reference to the original article describing this model is given
in the bibliography at the end of this chapter.) A conformational change
from T to R in one subunit makes the same conformational change easier in
another subunit, and this is the form in which cooperative binding is
expressed in this model (Figure 7.7a).

In the sequential model, the binding of activators and inhibitors also takes
place by the induced-fit mechanism. The conformational change that begins
with binding of inhibitor or activator to one subunit affects the conformations
of other subunits. The net result is to favor the R state when activator is pres-
ent and to favor the T form when inhibitor, I, is present (Figure 7.7b). Bind-
ing I to one subunit causes a conformational change such that the T form is
even less likely to bind substrate than before. This conformational change is
passed along to other subunits, making them also more likely to bind
inhibitor and less likely to bind substrate. This is an example of cooperative
behavior that leads to more inhibition of the enzyme. Likewise, binding an
activator causes a conformational change that favors substrate binding, and
this effect is passed from one subunit to another.

The sequential model for binding effectors of all types, including sub-
strates, to allosteric enzymes has a unique feature, not seen in the concerted
model. The conformational changes thus induced can make the enzyme less
likely to bind more molecules of the same type. This phenomenon, called
negative cooperativity, has been observed in a few enzymes. One is tyrosyl
tRNA synthetase, which plays a role in protein synthesis. In the reaction cat-
alyzed by this enzyme, the amino acid tyrosine forms a covalent bond to a

(a) Conformational Conformational Conformational
change around change in subunit change in other
Substrate ~ binding site where substrate subunit
<> is bound
T R
(b) Conformational Conformational Conformational
change around change in subunit change in other
Inhibitor  Pinding site where inhibitor subunit
is bound

P9

Lower affinity
for substrate

<« FIGURE 7.7 (a) Sequential model of cooperative
binding of substrate S to an allosteric enzyme. Bind-
ing substrate to one subunit induces the other
subunit to adopt the R state, which has a higher
affinity for substrate. (b) Sequential model of coop-
erative binding of inhibitor I to an allosteric enzyme.
Binding inhibitor to one subunit induces a change in
the other subunit to a form that has a lower affinity
for substrate.
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molecule of transfer RNA (tRNA). In subsequent steps, the tyrosine is passed
along to its place in the sequence of the growing protein. The tyrosyl tRNA
synthetase consists of two subunits. Binding of the first molecule of substrate
to one of the subunits inhibits binding of a second molecule to the other sub-
unit. The sequential model has successfully accounted for the negative coop-
erativity observed in the behavior of tyrosyl tRNA synthetase. The concerted
model makes no provision for negative cooperativity.

7.3 | How Does Phosphorylation of Specific
Residues Regulate Enzyme Activity?

The side-chain hydroxyl groups of serine, threonine, and tyrosine can all
form phosphate esters. The presence of the phosphate can convert an inac-
tive precursor into an active enzyme, or vice versa. Transport across mem-
branes provides an important example, such as the sodium-potassium ion
pump, which moves potassium into the cell and sodium out (Section 8.6).
The source of the phosphate group for the protein component of the
sodium—potassium ion pump and for many enzyme phosphorylations is the
ubiquitous ATP. When ATP is hydrolyzed to adenosine diphosphate (ADP),
enough energy is released to allow a number of otherwise energetically unfa-
vorable reactions to take place. In the case of the Na®/K" pump, ATP
donates a phosphate to aspartate 369 as part of the mechanism, causing a
conformation change in the enzyme (Figure 7.8). Proteins that catalyze these
phosphorylation reactions are called protein kinases. Kinase refers to an
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enzyme that catalyzes transfer of a phosphate group, almost always from ATP,
to some substrate. These enzymes play an important role in metabolism.
Many examples appear in processes involved in generating energy, as is the
case in carbohydrate metabolism. Glycogen phosphorylase, which catalyzes
the initial step in the breakdown of stored glycogen (Section 18.1), exists in
two forms—the phosphorylated glycogen phosphorylase a and the dephos-
phorylated glycogen phosphorylase & (Figure 7.9). The « form is more active
than the b form, and the two forms of the enzyme respond to different
allosteric effectors, depending on tissue type. Glycogen phosphorylase is thus
subject to two kinds of control—allosteric regulation and covalent modifica-
tion. The net result is that the a form is more abundant and active when
phosphorylase is needed to break down glycogen to provide energy.
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Interactive for more on glycogen phosphorylase.

<« FIGURE 7.8 Phosphorylation of the
sodium—potassium pump is involved in cycling the
membrane protein between the form that binds to
sodium and the form that binds to potassium.

Biochemistry(Z)Now™ ACTIVE FIGURE 7.9
Glycogen phosphorylase activity is subject to
allosteric control and covalent modification via
phosphorylation. The phosphorylated form is more
active. The enzyme that puts a phosphate group on
phosphorylase is called phosphorylase kinase. Watch
this Active Figure at http://now.brookscole.com/
campbell5
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Biuchemistry"a Now™ ANIMATED FIGURE 7.10
The proteolytic activation of chymotrypsinogen. See
this figure animated at http://now.brookscole.com/
campbell5

7.4 | What Are Zymogens, and How Do
They Control Enzyme Activity?

Allosteric interactions control the behavior of proteins through reversible
changes in quaternary structure, but this mechanism, effective though it may
be, is not the only one available. A zymogen, an inactive precursor of an
enzyme, can be irreversibly transformed into an active enzyme by cleavage of
covalent bonds.

The proteolytic enzymes trypsin and chymotrypsin provide a classic exam-
ple of zymogens and their activation. Their inactive precursor molecules,
trypsinogen and chymotrypsinogen, respectively, are formed in the pancreas,
where they would do damage if they were in an active form. In the small intes-
tine, where their digestive properties are needed, they are activated by cleav-
age of specific peptide bonds. The conversion of chymotrypsinogen to chy-
motrypsin is catalyzed by trypsin, which in turn arises from trypsinogen as a
result of a cleavage reaction catalyzed by the enzyme enteropeptidase. Chy-
motrypsinogen consists of a single polypeptide chain 245 residues long, with
five disulfide (—S—S—) bonds. When chymotrypsinogen is secreted into the
small intestine, trypsin present in the digestive system cleaves the peptide
bond between arginine 15 and isoleucine 16, counting from the N-terminal
end of the chymotrypsinogen sequence (Figure 7.10). The cleavage produces
active m-chymotrypsin. The 15-residue fragment remains bound to the rest of
the protein by a disulfide bond. Although w-chymotrypsin is fully active, it is
not the end product of this series of reactions. It acts on itself to remove two
dipeptide fragments, producing a-chymotrypsin, which is also fully active. The
two dipeptide fragments cleaved off are Ser 14—Arg 15 and Thr 147—Asn
148; the final form of the enzyme, a-chymotrypsin, has three polypeptide
chains held together by two of the five original, and still intact, disulfide
bonds. (The other three disulfide bonds remain intact as well; they link por-
tions of single polypeptide chains.) When the term “chymotrypsin” is used
without specifying the m or the a form, the final o form is meant.

The changes in primary structure that accompany the conversion of chy-
motrypsinogen to a-chymotrypsin bring about changes in the tertiary struc-

Chymotrypsinogen (inactive zymogen)

B ] [ ] A0 25

Cleavage at Arg!®
by trypsin

-Chymotrypsin (active enzyme)

L] [ ] EAER 245

Self-digestion at Leu'?,
Tyr!*6, and Asn!*® by
n-chymotrypsin

[0 s

Ser Arg Thr Asn
o-Chymotrypsin (active enzyme)
Leu Ile Tyr Ala
[16 146 | [149 245
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ture. The enzyme is active because of its tertiary structure, just as the zymogen
is inactive because of its tertiary structure. The three-dimensional structure of
chymotrypsin has been determined by X-ray crystallography. The protonated
amino group of the isoleucine residue exposed by the first cleavage reaction is
involved in an ionic bond with the carboxylate side chain of aspartate residue
194. This ionic bond is necessary for the active conformation of the enzyme
because it is near the active site. Chymotrypsinogen lacks this bond; therefore,
it does not have the active conformation and cannot bind substrate.

Blood clotting also requires a series of proteolytic activations involving sev-
eral proteins, particularly the conversions of prothrombin to thrombin and of
fibrinogen to fibrin. Blood clotting is a complex process; for this discussion, it
is sufficient to know that activation of zymogens plays a crucial role. In the
final, best-characterized step of clot formation, the soluble protein fibrinogen
is converted to the insoluble protein fibrin as a result of the cleavage of four
peptide bonds. The cleavage occurs as the result of action of the proteolytic
enzyme thrombin, which, in turn, is produced from a zymogen called pro-
thrombin. The conversion of prothrombin to thrombin requires Ca?t as well
as a number of proteins called clotting factors.

Some of the Processes Involved in Blood Clotting

The early stages of blood clotting consist of an elaborate multistep mecha-
nism in which the action of one clotting factor affects the behavior of many
molecules of the next factor. This cascade effect allows for fine-tuning of the
process but can also cause great problems if something goes wrong with one
of the steps. The molecular disease hemophilia, for example, is typically caused
by a lack of one of the clotting factors. A hemophiliac can bleed to death
from a very small cut that would not trouble another person.

7.5 | How Do Active-Site Events of an Enzyme
Affect the Reaction Mechanism?

We can ask several questions about the mode of action of an enzyme. Here
are some of the most important:

1. Which amino acid residues on the enzyme are in the active site (recall this
term from Chapter 6) and catalyze the reaction? In other words, which are
the critical amino acid residues?

2. What is the spatial relationship of the critical amino acid residues in the
active site?

3. What is the mechanism by which the critical amino acid residues catalyze
the reaction?

Answers to these questions are available for chymotrypsin, and we shall use its
mechanism as an example of enzyme action. Information on well-known sys-
tems such as chymotrypsin can lead to general principles that are applicable to
all enzymes. Enzymes catalyze chemical reactions in many ways, but all reac-
tions have in common the requirement that some reactive group on the
enzyme interact with the substrate. In proteins, the a-carboxyl and a-amino
groups of the amino acids are no longer free because they have formed pep-
tide bonds. Thus, the side-chain reactive groups are the ones involved in the
action of the enzyme. Hydrocarbon side chains do not contain reactive groups
and are not involved in the process. Functional groups that can play a catalytic
role include the imidazole group of histidine, the hydroxyl group of serine,
the carboxyl side chains of aspartate and glutamate, the sulfhydryl group of
cysteine, the amino side chain of lysine, and the phenol group of tyrosine.
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A FIGURE 7.11 The kinetics observed in the
chymotrypsin reaction. An initial burst of p-nitro-
phenolate is seen, followed by a slower, steady-state
release that matches the appearance of the other
product, acetate.
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Chymotrypsin catalyzes the hydrolysis of peptide bonds adjacent to aro-
matic amino acid residues in the protein being hydrolyzed; other residues are
attacked at a lower frequency. In addition, chymotrypsin catalyzes the hydroly-
sis of esters in model studies in the laboratory. The use of model systems is
common in biochemistry because a model provides the essential features of a
reaction in a simple form that is easier to work with than the one found in
nature. The amide (peptide) bond and the ester bond are similar enough
that the enzyme can accept both types of compounds as substrates. Model sys-
tems based on the hydrolysis of esters are frequently used to study the peptide
hydrolysis reaction.

A typical model compound is p-nitrophenyl acetate, which is hydrolyzed in
two stages. The acetyl group is covalently attached to the enzyme at the end
of the first stage (Step 1) of the reaction, but the pmnitrophenolate ion is
released. In the second stage (Step 2), the acyl-enzyme intermediate is
hydrolyzed, releasing acetate and regenerating the free enzyme. The kinetics
observed when pnitrophenyl acetate is first mixed with chymotrypsin shows
an initial burst and then a slower phase (Figure 7.11). This reaction is consis-
tent with an enzyme that has two phases, one often forming an acylated-
enzyme intermediate.

O o
sepl E + OLN O—C—CH, —= E—C—CH,; + O,N o
Enzyme p-Nitrophenyl acetate Acyl-enzyme p-Nitrophenolate
intermediate
o O
i o i
Step 2 E—C—CH; 2 E + O—C—CH,
Acyl-enzyme Acetate
intermediate

BinchemistryﬂfZ:Nowm ACTIVE FIGURE 7.12
Diisopropylphosphofluoridate (DIPF) labels the
active-site serine of chymotrypsin. Watch this Active
Figure at http://now.brookscole.com/campbell5

Determining the Essential Amino Acid Residues

The serine residue at position 195 is required for the activity of chymotrypsin;
in this respect, chymotrypsin is typical of a class of enzymes known as serine
proteases. Trypsin and thrombin, mentioned previously, are also serine pro-
teases (see the Biochemical Connections on p. 176). The enzyme is com-
pletely inactivated when this serine reacts with diisopropylphosphofluoridate
(DIPF), forming a covalent bond that links the serine side chain with DIPF.
The formation of covalently modified versions of specific side chains on pro-
teins is called labeling; it is widely used in laboratory studies. The other serine
residues of chymotrypsin are far less reactive and are not labeled by DIPF
(Figure 7.12).

®,

@j CH; F CH, - CH;, O CH,
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OH + H—C—0—P—0—C—H—2 >H—C—0—P—0—C—H

CHj (¢] CHj CHj o CHj
Diisopropylphosphofluoridate Diisopropylphosphoryl
derivative of chymotrypsin
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Histidine 57 is another critical amino acid residue in chymotrypsin. Chem-
ical labeling again provides the evidence for involvement of this residue in
the activity of chymotrypsin. In this case, the reagent used to label the critical
amino acid residue is N-tosylamido-L-phenylethyl chloromethyl ketone
(TPCK), also called tosyl-L-phenylalanine chloromethyl ketone. The phenyl-
alanine moiety is bound to the enzyme because of the specificity for aromatic
amino acid residues at the active site, and the active site histidine residue
reacts because the labeling reagent is similar to the usual substrate.

The labeling of the active-site his-
tidine of chymotrypsin by TPCK

Phenylalanyl moiety chosen because of specificity of
chymotrypsin for aromatic amino acid residues

O
H
CH,— C—C—CH,CI
1\|IH TPCK
| Reactive group
() R

Structure of N-tosylamido-L-phenylethyl chloromethyl ketone
(TPCK), a labeling reagent for chymotrypsin
[R' represents a tosyl (toluenesulfonyl) group]

I*llnz I*llnz
CHQ—(”‘—lﬂI TPCK CHQ—(”:—lﬂI
HC\ /CH HC\ /CH
1 1
H CH,
Histidine 57 (l] —0
|
R
(b) R = Rest of TPCK

The Architecture of the Active Site

Both serine 195 and histidine 57 are required for the activity of chymotrypsin;
therefore, they must be close to each other in the active site. The determina-
tion of the three-dimensional structure of the enzyme by X-ray crystallogra-
phy provides evidence that the active-site residues do indeed have a close spa-
tial relationship. The folding of the chymotrypsin backbone, mostly in an
antiparallel pleated-sheet array, positions the essential residues around an
active-site pocket (Figure 7.13). Only a few residues are directly involved in
the active site, but the whole molecule is necessary to provide the correct
three-dimensional arrangement for those critical residues.

Other important pieces of information about the three-dimensional struc-
ture of the active site emerge when a complex is formed between chy-
motrypsin and a substrate analogue. When one such substrate analog, formyl-
L-tryptophan, is bound to the enzyme, the tryptophan side chain fits into a
hydrophobic pocket near serine 195. This type of binding is not surprising, in
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» FIGURE 7.13 The tertiary structure of chy-
motrypsin places the essential amino acid residues
close to one another. They are shown in blue and
red. (Abeles, R., Frey, P, Jencks, W. Biochemistry © Boston:
Jones and Bartlett, Publishers, 1992, reprinted by permission.)
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view of the specificity of the enzyme for aromatic amino acid residues at the
cleavage site.

The results of X-ray crystallography show, in addition to the binding site
for aromatic amino acid side chains of substrate molecules, a definite
arrangement of the amino acid side chains that are responsible for the cat-

alytic activity of the enzyme. The residues involved in this arrangement are
serine 195 and histidine 57.

The Mechanism of Chymotrypsin Action

Any postulated reaction mechanism must be modified or discarded if it is not
consistent with experimental results. There is consensus, but not total agree-
ment, on the main features of the mechanism discussed in this section.

The critical amino acid residues, serine 195 and histidine 57, are involved
in the mechanism of catalytic action. In the terminology of organic chemistry,
the oxygen of the serine side chain is a nucleophile, or nucleus-seeking sub-
stance. A nucleophile tends to bond to sites of positive charge or polarization
(electron-poor sites) in contrast to an electrophile, or electron-seeking sub-
stance, which tends to bond to sites of negative charge or polarization (elec-
tron-rich sites). The nucleophilic oxygen of the serine attacks the carbonyl
carbon of the peptide group. The carbon now has four single bonds, and a
tetrahedral intermediate is formed; the original —C=—O0O bond becomes a sin-
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gle bond, and the carbonyl oxygen becomes an oxyanion. The acyl-enzyme
intermediate is formed from the tetrahedral species (Figure 7.14). The histi-
dine and the amino portion of the original peptide group are involved in this
part of the reaction as the amino group hydrogen bonds to the imidazole
portion of the histidine. Note that the imidazole is already protonated and
that the proton came from the hydroxyl group of the serine. The histidine
behaves as a base in abstracting the proton from the serine; in the terminol-
ogy of the physical organic chemist, the histidine acts as a general base cata-
lyst. The carbon—nitrogen bond of the original peptide group breaks, leav-
ing the acyl-enzyme intermediate. The proton abstracted by the histidine has
been donated to the leaving amino group. In donating the proton, the histi-
dine has acted as an acid in the breakdown of the tetrahedral intermediate,
although it acted as a base in its formation.

In the deacylation phase of the reaction, the last two steps are reversed,
with water acting as the attacking nucleophile. In this second phase, the water
is hydrogen-bonded to the histidine. The oxygen of water now performs the
nucleophilic attack on the acyl carbon that came from the original peptide
group. Once again, a tetrahedral intermediate is formed. In the final step of

1st stage reaction

2nd stage reaction

Binchemistry@anm A ANIMATED FIGURE 7.14 The mechanism of chymotrypsin
action. In the first stage of the reaction, the nucleophile serine 195 attacks the carbonyl carbon of
the substrate. In the second stage, water is the nucleophile that attacks the acyl-enzyme intermedi-
ate. Note the involvement of histidine 57 in both stages of the reaction. (From Hammes, G.: Enzyme
Catalysis and Regulation, New York: Academic Press, 1982.) See this figure animated at http://now
.brookscole.com/campbell5
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the reaction, the bond between the serine oxygen and the carbonyl carbon
breaks, releasing the product with a carboxyl group where the original pep-
tide group used to be and regenerating the original enzyme. Note that the ser-
ine is hydrogen-bonded to the histidine. This hydrogen bond increases the
nucleophilicity of the serine, whereas, in the second part of the reaction, the
hydrogen bond between the water and the histidine increased the nucleo-
philicity of the water.

The mechanism of chymotrypsin action is particularly well studied and, in
many respects, typical. Numerous types of reaction mechanisms for enzyme
action are known, and we shall discuss them in the contexts of the reactions
catalyzed by the enzymes in question. To lay the groundwork, it is useful to
discuss some general types of catalytic mechanisms and how they affect the
specificity of enzymatic reactions.

7.6 | What Types of Chemical Reactions Are
Involved in Enzyme Mechanisms?

The overall mechanism for a reaction may be fairly complex, as we have seen
in the case of chymotrypsin, but the individual parts of a complex mechanism
can themselves be fairly simple. Concepts such as nucleophilic attack and acid
catalysis commonly enter into discussions of enzymatic reactions. We can draw
quite a few general conclusions from these two general descriptions.

Nucleophilic substitution reactions play a large role in the study of organic
chemistry, and they are excellent illustrations of the importance of kinetic
measurements in determining the mechanism of a reaction. A nucleophile is
an electron-rich atom that attacks an electron-deficient atom. A general equa-
tion for this type of reaction is

RX+:Z—-RZ+X

where :Z is the nucleophile and X is called a leaving group. In biochemistry,
the carbon of a carbonyl group (C=O0) is often the atom attacked by the
nucleophile. Common nucleophiles are the oxygens of serine, threonine, and
tyrosine. If the rate of the reaction shown here is found to depend solely on
the concentration of the R:X, then the nucleophilic reaction is called an Syl
(substitution nucleophilic unimolecular). Such a mechanism would mean
that the slow part of the reaction is the breaking of the bond between R and
X, and that the addition of the nucleophile Z happens very quickly compared
to that. An Syl reaction follows first-order kinetics (Chapter 6). If the nucle-
ophile attacks the R:X while the X is still attached, then both the concentra-
tion of R:X and the concentration of :Z will be important. This reaction will
follow second-order kinetics and is called an Sy2 reaction (substitution nucle-
ophilic bimolecular). The difference between Syl and Sy2 is very important
to biochemists because it explains much about the stereospecificity of the
products formed. An Syl reaction often leads to loss of stereospecificity.
Because the leaving group is gone before the attacking group enters, the
attacking group can often end up in one of two orientations, although the
specificity of the active site can also limit this. With an Sy2 reaction, the fact
that the leaving group is still attached forces the nucleophile to attack from a
particular side of the bond, leading to only one possible stereospecificity in
the product. The chymotrypsin nucleophilic attacks were examples of S2
reactions, although no stereochemistry is noted because the carbonyl that was
attacked became a carbonyl group again at the end of the reaction and was,
therefore, not chiral.

To discuss acid-base catalysis, it is helpful to recall the definitions of acids
and bases. In the Brgnsted—Lowry definition, an acid is a proton donor and a
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Biochemical Connections

Enzymes Catalyze Familiar Reactions of Organic Chemistry
Biochemical reactions are those reactions described in organic of sugars provides examples of this. Glucose, a six-carbon com-
chemistry textbooks. Important compounds such as alcohols, pound, is converted to pyruvate, a three-carbon compound, in
aldehydes, and ketones appear many times. Carboxylic acids are glycolysis (Chapter 17). A reverse condensation reaction cleaves
involved in many other reactions, frequently as their derivatives, the six-carbon glucose derivative fructose-1,6-bisphosphate to
esters, and amides. Still other reactions, called condensations, two three-carbon fragments, glyceraldehyde-3-phosphate and
form new carbon—carbon bonds. Reverse condensations break dihydroxyacetone phosphate.
carbon—carbon bonds, as their name implies. The breakdown
Fructose-1,6-bisphosphate —— dihydroxyacetone phosphate + D-glyceraldehyde-3-phosphate
O
1 I 4
HQ(lj—O—P—O HC=O0
2 5
C=0 O + H—C—OH
| 0
H,C—OH . I
aldolase H,C —O0O—P—0O
o
Fructose-1,6-bisphosphate Dihydroxyacetone p-Glyceraldehyde-
phosphate 3-phosphate
Glyceraldehyde-3-phosphate, in turn, is converted to 1,3-bis- carboxylic acid involved in a mixed anhydride linkage to phos-
phosphoglycerate in a reaction that converts the aldehyde to phoric acid.
@) O
HC (|]— O
HCOH + NAD" + H,0 —— HCOH + NADH + 2H"
@) @)
HQC—O—Il’—O_ HQC—O—Il’—Of
O O
glyceraldehyde- 3-phosphoglycerate
3-phosphate
The conversion of an aldehyde to a carboxylic acid is an oxida- enzymes. In many cases, the catalytic mechanism is known, as is
tion with the compound NAD™ as the oxidizing agent. These the case with both reactions. Several common organic mecha-
reactions, like all biochemical reactions, are catalyzed by specific nisms appear repeatedly in biochemical mechanisms.

base is a proton acceptor. The concept of general acid-base catalysis depends
on donation and acceptance of protons by groups such as the imidazole,
hydroxyl, carboxyl, sulthydryl, amino, and phenolic side chains of amino
acids; all these functional groups can act as acids or bases. The donation and
acceptance of protons gives rise to the bond breaking and re-formation that
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constitute the enzymatic reaction. If the enzyme mechanism involves an
amino acid donating a hydrogen ion, as in the reaction

R—H* + R—O~ - R + R—O—H

then that part of the mechanism would be called general acid catalysis. If an
amino acid takes a hydrogen ion from one of the substrates, such as in the
reaction

R + R—OH - R—H" + R—O~

then that part is called general base catalysis. Histidine is an amino acid that
often takes part in both reactions, since it has a reactive hydrogen on the imi-
dazole side chain that dissociates near physiological pH. In the chymotrypsin
mechanism, we saw both acid and base catalysis by histidine.

A second form of acid-base catalysis reflects another, more general defini-
tion of acids and bases. In the Lewis formulation, an acid is an electron-pair
acceptor, and a base is an electron-pair donor. Metal ions, including such bio-
logically important ones as Mn?*, Mg2+, and Zn?*, are Lewis acids. Thus, they
can play a role in metal-ion catalysis (also called Lewis acid—base catalysis).
The involvement of Zn?" in the enzymatic activity of carboxypeptidase A is an
example of this type of behavior. This enzyme catalyzes the hydrolysis of C-
terminal peptide bonds of proteins. The Zn(II), which is required for the
activity of the enzyme, is complexed to the imidazole side chains of histidines
69 and 196 and to the carboxylate side chain of glutamate 72. The zinc ion is
also complexed to the substrate.

Imidazole
Imidazole ‘ Carboxylate

Zn (1)

o}

|
Rest of polypeptide chain - - ? —C

N\ ]
N —CHR—COO

|

H

A zinc ion is complexed to three
side chains of carboxypeptidase
and to a carbonyl group on the substrate.

The type of binding involved in the complex is similar to the binding that
links iron to the large ring involved in the heme group. Binding the substrate
to the zinc ion polarizes the carbonyl group, making it susceptible to attack
by water and allowing the hydrolysis to proceed more rapidly than it does in
the uncatalyzed reaction.

A definite connection exists between the concepts of acids and bases and
the idea of nucleophiles and their complementary substances, electrophiles.
A Lewis acid is an electrophile, and a Lewis base is a nucleophile. Catalysis by
enzymes, including their remarkable specificity, is based on these well-known
chemical principles operating in a complex environment.

The nature of the active site plays a particularly important role in the
specificity of enzymes. An enzyme that displays absolule specificity, catalyzing
the reaction of one, and only one, substrate to a particular product, is likely
to have a fairly rigid active site that is best described by the lock-and-key
model of substrate binding. The many enzymes that display relative specificity,
catalyzing the reactions of structurally related substrates to related products,
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The reaction catalyzed by carboxypeptidase A.

S zA(

|l
Rest of polypeptide chain — ? — C—N —CHR—COO"
|
H

O
Il
Rest of polypeptide chain —C—C—O"

+

H,N —CHR— COO"

apparently have more flexibility in their active sites and are better character- Essential Information
ized by the induced-fit model of enzyme-substrate binding; chymotrypsin is a
good example. Finally, there are stereospecific enzymes with specificity in which
optical activity plays a role. The binding site itself must be asymmetric in this
situation (Figure 7.15). If the enzyme is to bind specifically to an optically
active substrate, the binding site must have the shape of the substrate and not
its mirror image. There are even enzymes that introduce a center of optical
activity into the product. The substrate itself is not optically active in this case.
There is only one product, which is one of two possible isomers, not a mix-
ture of optical isomers.

The catalytic behavior of enzymes frequently
involves a series of relatively simple reactions.
Substitution reactions and acid-base reactions are
frequently encountered in the detailed processes
of enzymatic reactions.

<« FIGURE 7.15 An asymmetric binding site on an
enzyme can distinguish between identical groups,
such as A and B. Note that the binding site consists
Asymmetric of three parts, giving rise to asymmetric binding
binding sites because one part is different from the other two.
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Families of Enzymes: Proteases

Large numbers of enzymes catalyze similar functions. Many oxi-
dation-reduction reactions take place, each catalyzed by a spe-
cific enzyme. We have already seen that kinases transfer phos-
phate groups. Still other enzymes catalyze hydrolytic reactions.
Enzymes that have similar functions may have widely varying
structures. The important feature that they have in common is
that they have an active site that can catalyze the reaction in
question. A number of different enzymes catalyze the hydrolysis
of proteins. Chymotrypsin is one example of the class of serine
proteases, but many others are known, including elastase, which
catalyzes the degradation of the connective tissue protein elastin
and the digestive enzyme trypsin. (Recall that we first saw trypsin
in its role in protein sequencing.) All these enzymes are similar
in structure. Other proteases employ other essential amino acid
residues as the nucleophile in the active site. Papain, the basis of
commercial meat tenderizers, is a proteolytic enzyme derived
from papayas. It, however, has a cysteine rather than a serine as
the nucleophile in its active site. Aspartyl proteases differ still
more widely in structure from the common serine proteases. A
pair of aspartate side chains, sometimes on different subunits,
participates in the reaction mechanism. A number of aspartyl
proteases, such as the digestive enzyme pepsin, are known. How-
ever, the most notorious aspartyl protease is the one necessary
for the maturation of the human immunodeficiency virus, HIV-1
protease.

Papain
main chain

A Papain is a cysteine protease. A critical cysteine residue is involved in
the nucleophilic attack on the peptide bonds it hydrolyzes.

Chain A

—

Chymotrypsin,
elastase, and trypsin
superimposed

Peptide

@=» Chrymotrypsin
@ Flastase
@ Trypsin

From the Understand Biochemistry CD-ROM. Copyright 1999. The Mona Group LLC
From the Understand Biochemistry CD-ROM. Copyright 1999. The Mona Group LLC.

A Chymotrypsin, elastin, and trypsin are serine proteases and have A HIV-1 protease is a member of the class of enzymes called the
similar structures. aspartic proteases. Two aspartates are involved in the reaction.
Biochemistry () Now™ .
— 7.7 | What Is the Connection between

Go to BiochemistryNow and click on Biochemistry ; . .
Interactive for more information about HIV-1 protease. the Active Site and Transition States?

Now that we have spent some time looking at mechanisms and the active site,
it is worth revisiting the nature of enzyme catalysis. Recall that an enzyme low-
ers the activation energy by lowering the energy necessary to reach the transi-
tion state (Figure 6.1). The true nature of the transition state is a chemical
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species that is intermediate in structure between the substrate and the prod-
uct. This transition state often has a very different shape from either the sub-
strate or the product. In the case of chymotrypsin, the substrate has the car-
bonyl group that is attacked by the reactive serine. The carbon of the
carbonyl group has three bonds, and the orientation is planar. After the ser-
ine performs the nucleophilic attack, the carbon has four bonds and a tetra-
hedral arrangement. This tetrahedral shape is the transition state of the reac-
tion, and the active site must make this change more likely.

The fact that the enzyme stabilizes the transition state has been shown
many times by the use of transition-state analogs, which are molecules with a
shape that mimics the transition state of the substrate. Proline racemase cat-
alyzes a reaction that converts L-proline to D-proline. In the progress of the
reaction, the a-carbon must change from a tetrahedral arrangement to a pla-
nar form, and then back to tetrahedral, but with the orientation of two bonds
reversed (Figure 7.16). An inhibitor of the reaction is pyrrole-2-carboxylate, a
chemical that is structurally similar to what proline would look like at its tran-
sition state because it is always planar at the equivalent carbon. This inhibitor
binds to proline racemase 160 times more strongly than proline does. Transi-
tion-state analogs have been used with many enzymes to help verify a sus-
pected mechanism and structure of the transition state as well as to inhibit an
enzyme selectively. Back in 1969, William Jencks proposed that an immuno-
gen (a molecule that elicits an antibody response) would elicit antibodies with
catalytic activity if the immunogen mimicked the transition state of the reac-
tion. Richard Lerner and Peter Schultz, who created the first catalytic anti-
bodies, verified this hypothesis in 1986. Because an antibody is a protein
designed to bind to specific molecules on the immunogen, the antibody will,
in essence, be a fake active site. For example, the reaction of pyridoxal phos-
phate and an amino acid to form the corresponding a-keto acid and pyridox-
amine phosphate is a very important reaction in amino acid metabolism. The
molecule, N*(5'-phosphopyridoxyl)-L-lysine serves as a transition-state analog
for this reaction. When this antigen molecule was used to elicit antibodies,
these antibodies, or abzymes, had catalytic activity (Figure 7.17). Thus, in
addition to helping us verify the nature of the transition state or making an
inhibitor, transition-state analogs now offer the possibility of making designer
enzymes to catalyze a wide variety of reactions.

Proline racemase reaction

LOZH

~ S~
IT H ITT Il\I COO™
H H H
L-Proline Planar transition p-Proline

state

U— (elelon

N

H

Pyrrole-2-carboxylate
(inhibitor and transition state analog)

<« FIGURE 7.16 The proline racemase reaction.
Pyrrole-2-carboxylate and A-1-pyrroline-2-carboxylate
mimic the planar transition state of the reaction.
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A FIGURE 7.17 (a) N*-(5'-phosphopyridoxyl)-L-lysine moiety is a transition-state analog for the
reaction of an amino acid with pyridoxal 5-phosphate. When this moiety is attached to a protein
and injected into a host, it acts like an antigen, and the host then produces antibodies that have
catalytic activity (abzymes). (b) The abzyme is then used to catalyze the reaction.

7.8

What Are Coenzymes?

Cofactors are nonprotein substances that take part in enzymatic reactions and
are regenerated for further reaction. Metal ions frequently play such a role,
and they make up one of two important classes of cofactors. The other impor-
tant class (coenzymes) is a mixed bag of organic compounds; many of them
are vitamins or are metabolically related to vitamins.

Because metal ions are Lewis acids (electron-pair acceptors), they can act
as Lewis acid-base catalysts. They can also form coordination compounds by
behaving as Lewis acids, while the groups to which they bind act as Lewis
bases. Coordination compounds are an important part of the chemistry of
metal ions in biological systems, as shown by Zn(II) in carboxypeptidase and
by Fe(II) in hemoglobin. The coordination compounds formed by metal ions
tend to have quite specific geometries, which aid in positioning the groups
involved in a reaction for optimum catalysis.

Some of the most important organic coenzymes are vitamins and their
derivatives, especially B vitamins. Many of these coenzymes are involved in
oxidation-reduction reactions, which provide energy for the organism. Oth-
ers serve as group-transfer agents in metabolic processes (Table 7.1). We shall

Table 7.1

Coenzymes, Their Reactions, and Their Vitamin Precursors

Coenzyme Reaction Type Vitamin Precursor See Section
Biotin Carboxylation Biotin 18.2, 21.6
Coenzyme A Acyl transfer Pantothenic acid 15.7,19.3, 21.6
Flavin coenzymes Oxidation—reduction Riboflavin (B,) 15.7,19.3
Lipoic acid Acyl transfer — 19.3
Nicotinamide adenine coenzymes Oxidation—reduction Niacin 15.7,17.3,19.3
Pyridoxal phosphate Transamination Pyridoxine (Bg) 23.4
Tetrahydrofolic acid Transfer of one-carbon units Folic acid 23.4

Thiamine pyrophosphate Aldehyde transfer Thiamine (B,) 17.4,18.4
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Catalytic Antibodies against Cocaine

Many addictive drugs, such as heroin, operate by binding to a par-
ticular receptor in the neurons, mimicking the action of a neu-
rotransmitter. When a person is addicted to such a drug, a com-
mon way to attempt to treat the addiction is to use a compound
to block the receptor, thereby denying the drug’s access to it.
Cocaine addiction has always been difficult to treat, due prima-
rily to its unique modus operandi. As shown, cocaine blocks the
reuptake of the neurotransmitter dopamine. Thus, dopamine
stays in the system longer, overstimulating the neuron and lead-
ing to the reward signals in the brain that lead to addiction.
Using a drug to block a receptor would be of no use with
cocaine addiction and would probably just make removal of
dopamine even more unlikely. Cocaine can be degraded by a

Presynaptic
neuron

Dopamine
released and
Al binds to

Dopamine —
receptors

uptake

Neural

signal Postsynaptic

neuron

specific esterase, an enzyme that hydrolyzes an ester bond that is
part of cocaine’s structure. In the process of this hydrolysis, the
cocaine must pass through a transition state that changes its
shape. Catalytic antibodies to the transition state of the hydroly-
sis of cocaine were created (see articles by Landry in the bibliog-
raphy at the end of this chapter). When administered to
patients suffering from cocaine addiction, the antibodies suc-
cessfully hydrolyzed cocaine to two harmless degradation prod-
ucts—benzoic acid and ecgonine methyl ester. When degraded,
the cocaine cannot block dopamine reuptake. No prolongation
of the neuronal stimulus occurs, and the addictive effects of the
drug vanish over time.

(b)
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A The mechanism of action of cocaine. (a) Dopamine acts as a neurotransmitter. It is released from the presynaptic neuron, travels across the synapse,
and bonds to dopamine receptors on the postsynaptic neuron. It is later released and taken up into vesicles in the presynaptic neuron. (b) Cocaine
increases the amount of time that dopamine is available to the dopamine receptors by blocking its uptake. (From Scientific American, Vol. 276(2), pp. 42-45.

Reprinted by permission of Tomoyuki Narashima.)

(a) Cocaine

(b) Transition state

(©)

Ecgonine
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2 3 Benzoic acid
L] ) 3
Site of

cleavage

A Degradation of cocaine by esterases or catalytic antibodies. Cocaine (a) passes through a transition state (b) on its way to being hydrolyzed to ben-
zoic acid and ecgonine methyl ester (c). Transition-state analogs are used to generate catalytic antibodies for this reaction. (From Scientific American, Vol.

276(2), pp. 42—45. Reprinted by permission of Tomoyuki Narashima.)
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see these coenzymes again when we discuss the reactions in which they are
involved. For the present, we shall investigate one particularly important oxi-
dation-reduction coenzyme and one group-transfer coenzyme.

Nicotinamide adenine dinucleotide (NAD") is a coenzyme in many oxida-
tion-reduction reactions. Its structure (Figure 7.18) has three parts—a nicoti-
namide ring, an adenine ring, and two sugar—phosphate groups linked
together. The nicotinamide ring contains the site at which oxidation and
reduction reactions occur (Figure 7.19). Nicotinic acid is another name for
the vitamin niacin. The adenine—sugar—phosphate portion of the molecule
is structurally related to nucleotides.

The By vitamins (pyridoxal, pyridoxamine, and pyridoxine and their phos-
phorylated forms, which are the coenzymes) are involved in the transfer of
amino groups from one molecule to another, an important step in the biosyn-
thesis of amino acids (Figure 7.20). In the reaction, the amino group is trans-
ferred from the donor to the coenzyme and then from the coenzyme to the
ultimate acceptor (Figure 7.21).

tH (H', 20)
H[ O H H O
[, g \/ Il
C
R e ¢’ N, He” ¢’ Onm
esonance ” ” - ” ” . @
HC CH HC CH
R R

NAD" (oxidized) NADH (reduced)

A FIGURE 7.19 The role of the nicotinamide ring in oxidation—reduction reactions. R is the
rest of the molecule. In reactions of this sort, an H* is transferred along with the two electrons.
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NH, O E O NH,
I transaminase I |
“OOCCH9CH9CHCOO™ + H3CCCOO™ “OOCCH9CH9CCOO™ + HgCCHCOO™
with bound .
Glutamate Pyruvate pyridoxal phosphate o-Ketoglutarate Alanine
This amino (NHyg) group transfer reaction occurs in two stages:
Glu(NH,) Pyruvate
P — PyrP P — PyrP—NH, P — PyrP
%(_/
E o-Ketoglutarate Ala(NH,)
- J

Coenzyme is acceptor

Coenzyme is donor

A FIGURE 7.21 The role of pyridoxal phosphate as a coenzyme in a transamination reaction.
PyrP is pyridoxal phosphate, P is the apoenzyme (the polypeptide chain alone), and E is the active

holoenzyme (polypeptide plus coenzyme).

Summary

7.1 Does the Michaelis-Menten Model Describe
the Behavior of Allosteric Enzymes? The Michaelis—
Menten model does not describe the behavior of allosteric enzymes.
Changes in quaternary structure on binding of substrates, inhibitors,
and activators all affect the observed kinetics of such enzymes.

7.2 What Are the Models for the Behavior of
Allosteric Enzymes? In the concerted model for allosteric
behavior, the binding of substrate, inhibitor, or activator to one sub-
unit shifts the equilibrium between an active form of the enzyme,
which binds substrate strongly, and an inactive form, which does not
bind substrate strongly. The conformational change takes place in all
subunits at the same time. In the sequential model, the binding of sub-
strate induces the conformational change in one subunit, and the
change is subsequently passed along to other subunits. Both models
are useful; they may eventually be incorporated in a single, more
inclusive model.

7.3 How Does Phosphorylation of Specific
Residues Regulate Enzyme Activity? siill other
enzymes are activated or inactivated, depending on the presence or
absence of phosphate groups. This kind of covalent modification can
be combined with allosteric interactions to allow for a high degree of
control over enzymatic pathways.

7.4 What Are Zymogens, and How Do They Con-
trol Enzyme Activity? Another type of control mechanism in
enzyme action is zymogen activation, in which an inactive precursor of
an enzyme is transformed into an active enzyme by cleavage of cova-
lent bonds. For example, the proteolytic enzymes trypsin and chy-
motrypsin arise from the zymogens trypsinogen and chymotryp-
sinogen, respectively. Similar protein activations take place in blood
clotting.

7.5 How Do Active-Site Events of an Enzyme
Affect the Reaction Mechanism? Several questions arise
about the events that occur at the active site of an enzyme in the course
of a reaction. Some of the most important of these questions address
the nature of the critical amino acid residues, their spatial arrange-
ment, and the mechanism of the reaction. Chymotrypsin is a good
example of an enzyme for which most of the questions about its mech-
anism of action have been answered. Its critical amino acid residues
have been determined to be serine 195 and histidine 57. The complete
three-dimensional structure of chymotrypsin, including the architec-
ture of the active site, has been determined by X-ray crystallography.
Nucleophilic attack by serine is the main feature of the mechanism,
with histidine hydrogen-bonded to serine in the course of the reaction.

7.6 What Types of Chemical Reactions Are
Involved in Enzyme Mechanisms? Common organic
reaction mechanisms, such as nucleophilic substitution and general
acid—base catalysis, are known to play roles in enzymatic catalysis.

7.7 What Is the Connection between the Active
Site and Transition States? The nature of catalysis has
been aided by the use of transition-state analogs, molecules that mimic
the transition state. The compounds usually bind to the enzyme better
than the natural substrate and help to verify the mechanism. They can
also be used to develop potent inhibitors or to create antibodies with
catalytic activity, called abzymes.

7.8 What Are Coenzymes? Coenzymes are nonprotein
substances that take part in enzymatic reactions and are regenerated
for further reaction. Metal ions can serve as coenzymes, frequently by
acting as Lewis acids. There are also many organic coenzymes, most of
which are vitamins or are structurally related to vitamins.

Critical Questions to Review

7.1 Does the Michaelis-Menten Model Describe
the Behavior of Allosteric Enzymes?

1. Fact Check What features distinguish enzymes that undergo allo-
steric control from those that obey the Michaelis-Menten equation?

2. Fact Check What is the metabolic role of aspartate transcarbamoy-
lase?

3. Fact Check What molecule acts as a positive effector (activator) of
ATCase? What molecule acts as an inhibitor?

4. Fact Check Is the term K,; used with allosteric enzymes? What
about competitive and noncompetitive inhibition? Explain.

5. Fact Check What is a K system?
6. Fact Check What is a V system?
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7. Fact Check What is a homotropic effect? What is a heterotropic
effect?
8. Fact Check What is the structure of ATCase?

9. Fact Check How is the cooperative behavior of allosteric enzymes
reflected in a plot of reaction rate against substrate concentration?

10. Fact Check Does the behavior of allosteric enzymes become more
or less cooperative in the presence of inhibitors?

11. Fact Check Does the behavior of allosteric enzymes become more
or less cooperative in the presence of activators?

12. Fact Check Explain what is meant by K.

13. Thought Question Explain the experiment used to determine the
structure of ATCase. What happens to the activity and regulatory
activities when the subunits are separated?

7.2 What Are the Models for the Behavior of Allo-
steric Enzymes?

14. Fact Check Distinguish between the concerted and sequential
models for the behavior of allosteric enzymes.

15. Fact Check Which allosteric model can explain negative coopera-
tivity?

16. Fact Check With the concerted model, what conditions favor
greater cooperativity?

17. Fact Check With respect to the concerted model, what is the L
value? What is the ¢ value?

18. Thought Question Is it possible to envision models for the behav-
ior of allosteric enzymes other than the ones that we have seen in
this chapter?

7.3 How Does Phosphorylation of Specific Resi-
dues Regulate Enzyme Activity?

19. Fact Check What is the function of a protein kinase?

20. Fact Check What amino acids are often phosphorylated by
kinases?

21. Thought Question What are some possible advantages to the cell
in combining phosphorylation with allosteric control?

22. Thought Question Explain how phosphorylation is involved in the
function of the sodium—potassium ATPase.

23. Thought Question Explain how glycogen phosphorylase is con-
trolled allosterically and by covalent modification.

7.4 What Are Zymogens, and How Do They Con-
trol Enzyme Activity?

24. Fact Check Name three proteins that are subject to the control
mechanism of zymogen activation.

25. Biochemical Connection List three proteases and their substrates.

26. Fact Check How is blood clotting related to zymogens?

27. Thought Question Explain why cleavage of the bond between
arginine 15 and isoleucine 16 of chymotrypsinogen activates the
zymogen.

28. Thought Question Why is it necessary or advantageous for the
body to make zymogens?

29. Thought Question Why is it necessary or advantageous for the
body to make inactive hormone precursors?

7.5 How Do Active-Site Events of an Enzyme
Affect the Reaction Mechanism?
30. Fact Check What are the two essential amino acids in the active
site of chymotrypsin?
31. Fact Check Why does the enzyme reaction for chymotrypsin pro-
ceed in two phases?

32. Thought Question Briefly describe the role of nucleophilic cataly-
sis in the mechanism of the chymotrypsin reaction.

33. Thought Question Explain the function of histidine 57 in the
mechanism of chymotrypsin.

34. Thought Question Explain why the second phase of the chy-
motrypsin mechanism is slower than the first phase.

35. Thought Question Explain how the pKa for histidine 57 is impor-
tant to its role in the mechanism of chymotrypsin action.

36. Thought Question An inhibitor that specifically labels chymo-
trypsin at histidine 57 is N-tosylamido-L-phenylethyl chloromethyl
ketone. How would you modify the structure of this inhibitor to
label the active site of trypsin?

7.6 What Types of Chemical Reactions Are Involved
in Enzyme Mechanisms?

37. Thought Question What properties of metal ions make them use-
ful cofactors?

38. Biochemical Connection Is the following statement true or false?
Why? “The mechanisms of enzymatic catalysis have nothing in
common with those encountered in organic chemistry.”

39. Thought Question What is meant by general acid catalysis with
respect to enzyme mechanisms?

40. Thought Question Explain the difference between an Syl reac-
tion mechanism and an Sy2 reaction mechanism.

41. Thought Question Which of the two reaction mechanisms in
Question 40 is likely to cause the loss of stereospecificity? Why?

42. Thought Question An experiment is performed to test a sug-
gested mechanism for an enzyme-catalyzed reaction. The results
fit the model exactly (to within experimental error). Do the
results prove that the mechanism is correct? Why or why not?

7.7 What Is the Connection between the Active
Site and Transition States?

43. Thought Question What would be the characteristics of a transi-
tion-state analog for the chymotrypsin reaction?

44. Thought Question What is the relationship between a transition-
state analog and the induced-fit model of enzyme kinetics?

45. Thought Question Explain how a researcher makes an abzyme.
What is the purpose of an abzyme?

46. Biochemical Connection Why can cocaine addiction not be
treated with a drug that blocks the cocaine receptor?

47. Biochemical Connection Explain how abzymes can be used to
treat cocaine addiction.

7.8 What Are Coenzymes?

48. Fact Check List three coenzymes and their functions.
49. Fact Check How are coenzymes related to vitamins?
50. Fact Check What type of reaction uses vitamin Bg?

51. Thought Question Suggest a role for coenzymes based on reac-
tion mechanisms.

52. Thought Question An enzyme uses NAD" as a coenzyme. Using
Figure 7.19, predict whether a radiolabeled H:™ ion would tend to
appear preferentially on one side of the nicotinamide ring as
opposed to the other side.

Binchemistry@anm
Assess your understanding of this chapter’s topics with additional quizzing
and tutorials at http://now.brookscole.com/campbell5
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Lipids and Proteins
Are Associated
in Biological Membranes

The most striking feature of lipids is their nonpolar nature, which leads to
their insolubility in water. A fatty acid is a lipid that contains a carboxyl
head group attached to a hydrocarbon “tail.” With three long-chain fatty
acids, the triacylglycerols (also referred to as fats) are ideal reservoirs for
energy storage in the cell. Some lipids have large, charged polar heads in
addition to their uncharged hydrocarbon tails.

The chief ingredients of biological membranes are the phospholipids. In
water, they form lipid bilayers, with their flexible tails in the hydrophobic
interior of the membrane and their polar heads on exterior surfaces in con-
tact with water. About half of the membrane consists of protein molecules
associated with the lipid bilayer. Some small molecules can migrate through
the membrane, from a high concentration on one side to a low concentra-
tion on the other side, by simple diffusion. Some proteins form pores that
allow specified ions and small molecules to pass through the membrane.
Heart (cardiac) muscle cells, which act in close synchrony, are connected by
gap junctions—gated tubes that join the cells through their outer mem-
branes. On the surfaces of cells are glycoproteins and lipoproteins that rec-
ognize other molecules, as well as receptors that act as gates for the pas-
sage of ions and molecules into the cell.

8.1 | What Is the Definition of a Lipid?

Lipids are compounds that occur frequently in nature. They are found in
places as diverse as egg yolks and the human nervous system and are an
important component of plant, animal, and microbial membranes. The defi-
nition of a lipid is based on solubility. Lipids are marginally soluble (at best)
in water but readily soluble in organic solvents, such as chloroform or ace-
tone. Fats and oils are typical lipids in terms of their solubility, but that fact
does not really define their chemical nature. In terms of chemistry, lipids are
a mixed bag of compounds that share some properties based on structural
similarities, mainly a preponderance of nonpolar groups.

Classified according to their chemical nature, lipids fall into two main groups.
One group, which consists of open-chain compounds with polar head groups
and long nonpolar tails, includes fatty acids, triacylglycerols, sphingolipids, phosphoa-
oylglycerols, and glycolipids. The second major group consists of fused—ring com-
pounds, the steroids; an important representative of this group is cholesterol.

8.2 | What Are the Chemical Natures
of the Lipid Types?
Fatty Acids

A fatty acid has a carboxyl group at the polar end and a hydrocarbon chain at
the nonpolar tail. Fatty acids are amphipathic compounds because the car-
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Binchemistry@ Now™ A ANIMATED FIGURE 8.1 The structures of some typical fatty acids.
Note that most naturally occurring fatty acids contain even numbers of carbon atoms and that the
double bonds are nearly always cis and rarely conjugated. See this figure animated at
http://now.brookscole.com/campbell5

boxyl group is hydrophilic and the hydrocarbon tail is hydrophobic. The car-
boxyl group can ionize under the proper conditions.

A fatty acid that occurs in a living system normally contains an even num-
ber of carbon atoms, and the hydrocarbon chain is usually unbranched (Fig-
ure 8.1). If there are carbon—carbon double bonds in the chain, the fatty acid
is unsaturated; if there are only single bonds, the fatty acid is saturated. Tables
8.1 and 8.2 list a few examples of the two classes. In unsaturated fatty acids,
the stereochemistry at the double bond is usually cis rather than trans. The
difference between c¢is and trans fatty acids is very important to their overall
shape. A cis double bond puts a kink in the long-chain hydrocarbon tail,
whereas the shape of a trans fatty acid is like that of a saturated fatty acid in its
fully extended conformation. Note that the double bonds are isolated from
one another by several singly bonded carbons; fatty acids do not normally
have conjugated double-bond systems. The notation used for fatty acids indi-
cates the number of carbon atoms and the number of double bonds. In this
system, 18:0 denotes an 18-carbon saturated fatty acid with no double bonds,
and 18:1 denotes an 18-carbon fatty acid with one double bond. Note that, in
the unsaturated fatty acids in Table 8.2 (except arachidonic acid), there is a

What Are the Chemical Natures of the Lipid Types?
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Table 8.1

Typical Naturally Occurring Saturated Fatty Acids
Number of Melting Point

Acid Carbon Atoms Formula (°C)
Lauric 12 CH,(CH,) ,,CO,H 44
Myristic 14 CH,(CH,) ,,CO,H 58
Palmitic 16 CH,(CH,),,CO,H 63
Stearic 18 CH,(CH,),,CO,H 71
Arachidic 20 CH,(CH,) ,4CO,H 77

Table 8.2

Typical Naturally Occurring Unsaturated Fatty Acids
Number of Degree of Melting Point

Acid Carbon Atoms Unsaturation Formula (°C)
Palmitoleic 16 16:1—A? CH,4(CH,) ,CH=CH (CH,),CO,H —0.5
Oleic 18 18:1—A? CH,(CH,),CH=CH (CH,),CO,H 16
Linoleic 18 18:2—A%12 CH;(CH,) ,CH=CH (CH,) CH=CH (CH,) ,CO,H =5
Linolenic 18 18:3—A% 1215 CH;(CH,CH=CH) ;(CH,),CO,H —11
Arachidonic 20 20:4—A58 11,14 CH,(CH,) ,CH=CHCH,) ,(CH,) ,CO,H =50

* Degree of unsaturation refers to the number of double bonds. The superscript indicates the position of double bonds. For example, A® refers to a double bond at the ninth carbon atom from the carboxyl

end of the molecule.

double bond at the ninth carbon atom from the carboxyl end. The position
of the double bond results from the way unsaturated fatty acids are synthe-
sized in organisms (Section 21.6). Unsaturated fatty acids have lower melting
points than saturated ones. Plant oils are liquid at room temperature because
they have higher proportions of unsaturated fatty acids than do animal fats,
which tend to be solids. Conversion of oils to fats is a commercially important
process. It involves hydrogenation, the process of adding hydrogen across the
double bond of unsaturated fatty acids to produce the saturated counterpart.
Oleomargarine, in particular, uses partially hydrogenated vegetable oils,
which tend to include #rans fatty acids (see the Biochemical Connections box
on page 195).

Fatty acids are rarely found free in nature, but they form parts of many
commonly occurring lipids.

Triacylglycerols

Glycerol is a simple compound that contains three hydroxyl groups (Figure
8.2). When all three of the alcohol groups form ester linkages with fatty acids,
the resulting compound is a triacylglycerol; an older name for this type of
compound is triglyceride. Note that the three ester groups are the polar part of
the molecule, whereas the tails of the fatty acids are nonpolar. It is usual for
three different fatty acids to be esterified to the alcohol groups of the same
glycerol molecule. Triacylglycerols do not occur as components of mem-
branes (as do other types of lipids), but they accumulate in adipose tissue
(primarily fat cells) and provide a means of storing fatty acids, particularly in
animals. They serve as concentrated stores of metabolic energy. Complete oxi-
dation of fats yields about 9 kcal g_l, in contrast with 4 kcal g_1 for carbohy-
drates and proteins (see Section 21.3 and 24.2).

When an organism uses fatty acids, the ester linkages of triacylglycerols are
hydrolyzed by enzymes called lipases. The same hydrolysis reaction can take
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(a simple triacylglycerol)

A FIGURE 8.2 Triacylglycerols are formed from glycerol and fatty acids.

place outside organisms, with acids or bases as catalysts. When a base such as
sodium hydroxide or potassium hydroxide is used, the products of the reac-
tion, which is called saponification (Figure 8.3), are glycerol and the sodium or
potassium salts of the fatty acids. These salts are soaps. When soaps are used
with hard water, the calcium and magnesium ions in the water react with the
fatty acids to form a precipitate—the characteristic scum left on the insides of
sinks and bathtubs. The other product of saponification, glycerol, is used in
creams and lotions as well as in the manufacture of nitroglycerin.

Phosphoacylglycerols (Phospholipids)

It is possible for one of the alcohol groups of glycerol to be esterified by a
phosphoric acid molecule rather than by a carboxylic acid. In such lipid mol-
ecules, two fatty acids are also esterified to the glycerol molecule. The result-
ing compound is called a phosphatidic acid (Figure 8.4a). Fatty acids are usu-
ally monoprotic acids with only one carboxyl group able to form an ester
bond, but phosphoric acid is triprotic and thus can form more than one ester
linkage. One molecule of phosphoric acid can form ester bonds both to glyc-
erol and to some other alcohol, creating a phosphatidyl ester (Figure 8.4b).
Phosphatidyl esters are classed as phosphoacylglycerols. The natures of the
fatty acids vary widely, as they do in triacylglycerols. As a result, the names of
the types of lipids (such as triacylglycerols and phosphoacylglycerols) that
contain fatty acids must be considered generic names.

The classification of a phosphatidyl ester depends on the nature of the sec-
ond alcohol esterified to the phosphoric acid. Some of the most important
lipids in this class are phosphatidyl ethanolamine (cephalin), phosphatidyl serine,
phosphatidyl choline (lecithin), phosphatidyl inositol, phosphatidyl glycerol, and
diphosphatidyl glycerol (cardiolipin) (Figure 8.5). In each of these types of com-
pounds, the nature of the fatty acids in the molecule can vary widely. All these
compounds have long, nonpolar, hydrophobic tails and polar, highly
hydrophilic head groups and thus are markedly amphipathic. (We have
already seen this characteristic in fatty acids.) In a phosphoacylglycerol, the
polar head group is charged, since the phosphate group is ionized at neutral
pH. There is frequently also a positively charged amino group contributed by
an amino alcohol esterified to the phosphoric acid. Phosphoacylglycerols are
important components of biological membranes.
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A FIGURE 8.3 Hydrolysis of triacylglycerols. The
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Waxes

Waxes are complex mixtures of esters of long-chain carboxylic acids and long-
chain alcohols. They frequently serve as protective coatings for both plants
and animals. In plants, they coat stems, leaves, and fruit; in animals, they are
found on fur, feathers, and skin. Myricyl cerotate (Figure 8.6a), the principal
component of carnauba wax, is produced by the Brazilian wax palm. Car-
nauba wax is extensively used in floor wax and automobile wax. The principal
component of spermaceti, a wax produced by whales, is cetyl palmitate (Fig-
ure 8.6a). The use of spermaceti as a component of cosmetics made it one of
the most highly prized products of 19th-century whaling efforts.

Sphingolipids

Sphingolipids do not contain glycerol, but they do contain the long-chain
amino alcohol sphingosine, from which this class of compounds takes its
name (Figure 8.6b). Sphingolipids are found in both plants and animals; they
are particularly abundant in the nervous system. The simplest compounds of
this class are the ceramides, which consist of one fatty acid linked to the
amino group of sphingosine by an amide bond (Figure 8.6b). In sphin-
gomyelins, the primary alcohol group of sphingosine is esterified to phos-
phoric acid, which, in turn, is esterified to another amino alcohol, choline
(Figure 8.6b). Note the structural similarities between sphingomyelin and
other phospholipids. Two long hydrocarbon chains are attached to a back-
bone that contains alcohol groups. One of the alcohol groups of the back-
bone is esterified to phosphoric acid. A second alcohol—choline, in this
case—is also esterified to the phosphoric acid. We have already seen that
choline occurs in phosphoacylglycerols. Sphingomyelins are amphipathic;
they occur in cell membranes in the nervous system (see the following Bio-
chemical Connections box).

Glycolipids

If a carbohydrate is bound to an alcohol group of a lipid by a glycosidic link-
age (see Section 16.3 for a discussion of glycosidic linkages), the resulting
compound is a glycolipid. Quite frequently, ceramides (see Figure 8.6) are
the parent compounds for glycolipids, and the glycosidic bond is formed
between the primary alcohol group of the ceramide and a sugar residue. The
resulting compound is called a cerebroside. In most cases, the sugar is glu-
cose or galactose; for example, a glucocerebroside is a cerebroside that con-
tains glucose (Figure 8.7). As the name indicates, cerebrosides are found in
nerve and brain cells, primarily in cell membranes. The carbohydrate portion
of these compounds can be very complex. Gangliosides are examples of gly-
colipids with a complex carbohydrate moiety that contains more than three
sugars. One of them is always a sialic acid (Figure 8.8). These compounds are
also referred to as acidic glycosphingolipids due to their net negative charge
at neutral pH. Glycolipids are often found as markers on cell membranes and
play a large role in tissue and organ specificity. Gangliosides are also present
in large quantities in nerve tissues. Their biosynthesis and breakdown are dis-
cussed in Section 21.7 and in the Biochemical Connections box on page XXX
in Chapter 21.

Steroids

Many compounds of widely differing functions are classified as steroids
because they have the same general structure: a fused-ring system consisting of
three six-membered rings (the A, B, and C rings) and one five-membered ring
(the D ring). There are many important steroids, including sex hormones.

What Are the Chemical Natures of the Lipid Types?
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Biochemical Connections

<« Annette Funicello enjoyed a
successful career in television and
films before she was stricken with
multiple sclerosis. She started to
display the lack of coordination
characteristic of the early stages
of this disease, causing concern
among those who knew her. To
end speculation, she announced
that she had developed multiple
sclerosis.

Myelin and Multiple Sclerosis

Myelin is the lipid-rich membrane sheath that sur-
rounds the axons of nerve cells; it has a particularly
high content of sphingomyelins. It consists of many
layers of plasma membrane that have been wrapped
around the nerve cell. Unlike many other types of
membranes (Section 8.5), myelin is essentially an all-
lipid bilayer with only a small amount of embedded
protein. Its structure, consisting of segments with
nodes separating them, promotes rapid transmission
of nerve impulses from node to node. Loss of myelin
leads to the slowing and eventual cessation of the
nerve impulse. In mulliple sclerosis, a crippling and
eventually fatal disease, the myelin sheath is progres-
sively destroyed by sclerotic plaques, which affect the
brain and spinal cord. These plaques appear to be of
autoimmune origin, but epidemiologists have raised
questions about involvement of viral infections in the
onset of the disease. The progress of the disease is
marked by periods of active destruction of myelin
interspersed with periods in which no destruction of
myelin takes place. Persons affected by multiple sclero-
sis suffer from weakness, lack of coordination, and
speech and vision problems.

Reuters/Corbis-Bettmann

G
14 A N\
Gz
A
14 Gyrs N\
N-Acetyl- e A N
p-Galactose p-galactosamine p-Galactose p-Glucose
CH,OH CHQOH CH2OH CHQOH
(@)
HO o HO o
OH H OH H
H H H
H OH O H |
o= OH H
: L
OH H
N-Acetylneuraminidate
(sialic acid)
Gangliosides Gyy,Gypg, and Gy Gangliosides
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A FIGURE 8.9 Structures of some steroids. (a) The fused-ring structure of steroids. (b) Choles-
terol. (¢) Some steroid sex hormones.

(See Section 24.3 for more steroids of biological importance.) The steroid
that is of most interest in our discussion of membranes is cholesterol (Figure
8.9). The only hydrophilic group in the cholesterol structure is the single
hydroxyl group. As a result, the molecule is highly hydrophobic. Cholesterol
is widespread in biological membranes, especially in animals, but it does not
occur in prokaryotic cell membranes. The presence of cholesterol in mem-
branes can modify the role of membrane-bound proteins. Cholesterol has a
number of important biological functions, including its role as a precursor of
other steroids and of vitamin Ds;. We will see a five-carbon structural motif
(the isoprene unit) that is common to steroids and to fatsoluble vitamins,
which is an indication of their biosynthetic relationship (Sections 8.7 and
21.8). However, cholesterol is best known for its harmful effects on health
when it is present in excess in the blood. It plays a role in the development of
atherosclerosis, a condition in which lipid deposits block the blood vessels and
lead to heart disease (see Section 21.8).

8.3 | What Is the Nature

of Biological Membranes?

Every cell has a cell membrane (also called a plasma membrane); eukaryotic
cells also have membrane-enclosed organelles, such as nuclei and mitochon-
dria. The molecular basis of the membrane’s structure lies in its lipid and
protein components. Now it is time to see how the interaction between the
lipid bilayer and membrane proteins determines membrane function. Mem-
branes not only separate cells from the external environment but also play
important roles in transport of specific substances into and out of cells. In
addition, a number of important enzymes are found in membranes and
depend on this environment for their function.

Phosphoglycerides are prime examples of amphipathic molecules, and they
are the principal lipid components of membranes. The existence of lpid
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Essential Information

Lipids are compounds with a preponderance of
nonpolar groups. They can be open-chain mole-
cules with a polar head group and a long nonpolar
tail. Glycerol, fatty acids, and phosphoric acid can
frequently be obtained as degradation products of
these compounds. Another class of lipids consists
of fused-ring compounds, the steroids.
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Essential Information

Lipid bilayers are large assemblies of molecules.
They are arranged so that the polar head groups of
lipids are in contact with an aqueous environment.
The nonpolar tails of the lipids are out of contact
with the aqueous environment. The bilayer can be
thought of as a sandwich with the polar head
groups in the role of the bread and the nonpolar
tails as the filling.

bilayers depends on hydrophobic interactions, as described in Section 4.4.
These bilayers are frequently used as models for biological membranes
because they have many features in common, such as a hydrophobic interior
and an ability to control the transport of small molecules and ions, but they
are simpler and easier to work with in the laboratory than biological mem-
branes. The most important difference between lipid bilayers and cell mem-
branes is that the latter contain proteins as well as lipids. The protein compo-
nent of a membrane can make up from 20% to 80% of its total weight. An
understanding of membrane structure requires knowledge of how the protein
and lipid components contribute to the properties of the membrane.

Lipid Bilayers
Biological membranes contain, in addition to phosphoglycerides, glycolipids
as part of the lipid component. Steroids are present in eukaryotes—choles-
terol in animal membranes and similar compounds, called phytosterols, in
plants. In the lipid-bilayer part of the membrane (Figure 8.10), the polar
head groups are in contact with water, and the nonpolar tails lie in the inte-
rior of the membrane. The whole bilayer arrangement is held together by
noncovalent interactions, such as van der Waals and hydrophobic interactions
(Section 2.1). The surface of the bilayer is polar and contains charged
groups. The nonpolar hydrocarbon interior of the bilayer consists of the satu-
rated and unsaturated chains of fatty acids and the fused-ring system of cho-
lesterol. Both the inner and outer layers of the bilayer contain mixtures of
lipids, but their compositions differ and can be used to distinguish the inner
and outer layers from each other (Figure 8.11). Bulkier molecules tend to
occur in the outer layer, and smaller molecules tend to occur in the inner
layer.

The arrangement of the hydrocarbon interior of the bilayer can be
ordered and rigid or disordered and fluid. The bilayer’s fluidity depends on
its composition. In saturated fatty acids, a linear arrangement of the hydro-
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Hydrophilic
surfaces

Hydrophobic
tails

Hydrophilic
surfaces

Hydrophilic
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Hydrophobic
tails

A FIGURE 8.10 Lipid bilayers. (a) Schematic drawing of a portion of a bilayer consisting of
phospholipids. The polar surface of the bilayer contains charged groups. The hydrocarbon “tails”
lie in the interior of the bilayer. (b) Cutaway view of a lipid bilayer vesicle. Note the aqueous inner
compartment and the fact that the inner layer is more tightly packed than the outer layer. (From
Bretscher, M. S. The Molecules of the Cell Membrane. Scientific American, October 1985, p. 103. Art by Dana Burns-Pizer.)
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carbon chains leads to close packing of the molecules in the bilayer, and thus
to rigidity. In unsaturated fatty acids, there is a kink in the hydrocarbon chain
that does not exist in saturated fatty acids (Figure 8.12). The kinks cause dis-
order in the packing of the chains, which makes for a more open structure
than would be possible for straight saturated chains (Figure 8.13). In turn,
the disordered structure caused by the presence of unsaturated fatty acids
with ¢s double bonds (and therefore kinks) in their hydrocarbon chains
causes greater fluidity in the bilayer. The lipid components of a bilayer are
always in motion, to a greater extent in more fluid bilayers and to a lesser
extent in more rigid ones.

The presence of cholesterol may also enhance order and rigidity. The
fused-ring structure of cholesterol is itself quite rigid, and the presence of cho-
lesterol stabilizes the extended straight-chain arrangement of saturated fatty
acids by van der Waals interactions (Figure 8.14). The lipid portion of a plant
membrane has a higher percentage of unsaturated fatty acids, especially
polyunsaturated (containing two or more double bonds) fatty acids, than does
the lipid portion of an animal membrane. Furthermore, the presence of cho-
lesterol is characteristic of animal, rather than plant, membranes. As a result,
animal membranes are less fluid (more rigid) than plant membranes, and the
membranes of prokaryotes, which contain no appreciable amounts of steroids,
are the most fluid of all. Research suggests that plant sterols can act as natural
cholesterol blockers, interfering with the uptake of dietary cholesterol.

With heat, ordered bilayers become less ordered; bilayers that are compar-
atively disordered become even more disordered. This cooperative transition
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<« FIGURE 8.11 Lipid bilayer asymmetry. The com-
positions of the outer and inner layers differ; the
concentration of bulky molecules is higher in the
outer layer, which has more room.
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head
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double
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double bonds

P~ Hydrocarbon
tail

A FIGURE 8.12 The effect of double bonds on the
conformations of the hydrocarbon tails of fatty acids.
Unsaturated fatty acids have kinks in their tails.
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P FIGURE 8.13 Schematic drawing of a portion of

a highly fluid phospholipid bilayer. The kinks in the

unsaturated side chains prevent close packing of the 0 ‘9
hydrocarbon portions of the phospholipids.

Polar head group HydrocYarbon tail

» FIGURE 8.14 Stiffening of the lipid bilayer by
cholesterol. The presence of cholesterol in a mem-
brane reduces fluidity by stabilizing extended chain
conformations of the hydrocarbon tails of fatty acids,
as a result of van der Waals interactions.

Binchemistry@anm ANIMATED FIGURE 8.15
An illustration of the gel-to-liquid crystalline phase
transition, which occurs when a membrane is
warmed through the transition temperature, T, .
Notice that the surface area must increase and the
thickness must decrease as the membrane goes
through a phase transition. The mobility of the lipid
chains increases dramatically. See this figure ani-
mated at http://now.brookscole.com/campbell5

Liquid crystal

takes place at a characteristic temperature, like the melting of a crystal, which
is also a cooperative transition (Figure 8.15). The transition temperature is
higher for more rigid and ordered membranes than it is for relatively fluid
and disordered membranes. The following Biochemical Connections box
looks at some connections between the fatty acid composition of bilayers and
membranes and how they behave at different temperatures.
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Butter Versus Margarine—Which Is Healthier?

We use the terms animal “fats” and plant “oils” because of the
solid and fluid nature of these two groups of lipids. The major
difference between fats and oils is the percentage of unsaturated
fatty acids in the triglycerides and the phosphoglycerides of
membranes. This difference is far more important than the fact
that the length of the fatty acid chain can affect the melting
points. Butter is an exception; it has a high proportion of short-
chain fatty acids and thus can “melt in your mouth.”

Membranes must maintain a certain degree of fluidity to be
functional. Consequently, unsaturated fats are distributed in vary-
ing proportions in different parts of the body. The membranes
of internal organs of warm-blooded mammals have a higher per-
centage of saturated fats than do the membranes of skin tissues,
which helps to keep the membrane more solid at the higher tem-
perature of the internal organ. An extreme example of this is
found in the legs and the body of reindeer, where there are
marked differences in the percentages of saturated fatty acids.
When bacteria are grown at different temperatures, the fatty acid
composition of the membranes changes to reflect more unsatu-
rated fatty acids at lower temperatures and more saturated fatty
acids at higher temperatures. The same type of difference can be
seen in eukaryotic cells grown in tissue culture.

Even if we look at plant oils alone, we find different propor-
tions of saturated fats in different oils. The following table gives
the distribution for a tablespoon (14 g) of different oils.

Because cardiovascular disease is correlated with diets high in
saturated fats, a diet of more unsaturated fats may reduce the

risk of heart attacks and strokes. Canola oil is an attractive
dietary choice because it has a high ratio of unsaturated fatty
acids to saturated fatty acids. Since the 1960s, we have known
that foods higher in polyunsaturated fats were healthier. Unfor-
tunately, even though olive oil is popular in cooking Italian food
and canola oil is trendy for other cooking, pouring oil on bread
or toast is not appealing. Thus companies began to market but-
ter substitutes that were based on unsaturated fatty acids but
that would also have the physical characteristics of butter, such
as being solid at room temperature. They accomplished this task
by partially hydrogenating the double bonds in the unsaturated
fatty acids making up the oils. The irony here is that, to avoid
eating the saturated fatty acids in butter, butter substitutes were
created from polyunsaturated oils by removing some of the dou-
ble bonds, thus making them more saturated. In addition, many
of the soft spreads that are marketed as being healthy (safflower-
oil spread and canola-oil spread) may indeed pose new health
risks. In the hydrogenation process, some double bonds are con-
verted to the trans form. Studies now show that trans fatty acids
raise the ratio of LDL (low-density lipoprotein) cholesterol com-
pared to HDL (high-density lipoprotein) cholesterol, a positive
correlator of heart disease. Thus the effects of trans fatty acids
are similar to those of saturated fatty acids. In the last few years,
however, new butter substitutes have been marketed that adver-
tise “no trans fatty acids.”

Saturated Monounsaturated Polyunsaturated
Type of Oil or Fat Example (g) (g) (g)
Tropical oils Coconut oil 13 0.7 0.3
Semitropical oils Peanut oil 2.4 6.5 4.5
Olive oil 10.3 1.3
Temperate oils Canola oil 1 8.2 4.1
Safflower oil 1.3 1.7 10.4
Animal fat Lard 5.1 5.9 1.5
Butter 9.2 4.2 0.6

Recall that the distribution of lipids is not the same in the inner and outer
portions of the bilayer. Because the bilayer is curved, the molecules of the
inner layer are more tightly packed (refer to Figure 8.11). Bulkier molecules,
such as cerebrosides (see Section 8.2), tend to be located in the outer layer.
There is very little tendency for “flip-flop” migration of lipid molecules from
one layer of the bilayer to another, but it does occur occasionally. Lateral
motion of lipid molecules within one of the two layers frequently takes place,
however, especially in more fluid bilayers. Several methods exist for monitor-
ing the motions of molecules within a lipid bilayer. These methods depend
on labeling some part of the lipid component with an easily detected “tag.”
The tags are usually fluorescent compounds, which can be detected with
highly sensitive equipment. Another kind of labeling method depends on the
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» FIGURE 8.16 Some types of associations of
proteins with membranes. The proteins marked

1, 2, and 4 are integral proteins, and protein 3 is a
peripheral protein. Note that the integral proteins
can be associated with the lipid bilayer in several
ways. Protein 1 tranverses the membrane, protein 2
lies entirely within the membrane, and protein 4
projects into the membrane.

fact that some nitrogen compounds have unpaired electrons. These com-
pounds are used as labels and can be detected by magnetic measurements.

8.4 | What Are Some Common Types
of Membrane Proteins?

Proteins in a biological membrane can be associated with the lipid bilayer in
either of two ways—as peripheral proteins on the surface of the membrane or
as integral proteins within the lipid bilayer (Figure 8.16). Peripheral proteins
are usually bound to the charged head groups of the lipid bilayer by polar
interactions, electrostatic interactions, or both. They can be removed by such
mild treatment as raising the ionic strength of the medium. The relatively
numerous charged particles present in a medium of higher ionic strength
undergo more electrostatic interactions with the lipid and with the protein,
“swamping out” the comparatively fewer electrostatic interactions between the
protein and the lipid.

Removing integral proteins from membranes is much more difficult.
Harsh conditions, such as treatment with detergents or extensive sonication
(exposure to ultrasonic vibrations), are usually required. Such measures fre-
quently denature the protein, which often remains bound to lipids in spite of
all efforts to obtain it in pure form. The denatured protein is of course inac-
tive, whether or not it remains bound to lipids. Fortunately, nuclear magnetic
resonance techniques are now enabling researchers to study proteins of this
sort in living tissue. The structural integrity of the whole membrane system
appears to be necessary for the activities of most membrane proteins.

Proteins can be attached to the membrane in a variety of ways. When a
protein completely spans the membrane, it is often in the form of an a-helix
or B-sheet. These structures minimize contact of the polar parts of the pep-
tide backbone with the nonpolar lipids in the interior of the bilayer (Figure
8.17). Proteins can also be anchored to the lipids via covalent bonds from cys-
teines or free amino groups on the protein to one of several lipid anchors.
Myristoyl and palmitoyl groups are common anchors (Figure 8.17).

Membrane proteins have a variety of functions. Most, but not all, of the
important functions of the membrane as a whole are those of the protein
component. Transport proteins help move substances in and out of the cell,
and receptor proteins are important in the transfer of extracellular signals,
such as those carried by hormones or neurotransmitters, into the cell. In
addition, some enzymes are tightly bound to membranes; examples include
many of the enzymes responsible for aerobic oxidation reactions, which are
found in specific parts of mitochondrial membranes. Some of these enzymes
are on the inner surface of the membrane, and some are on the outer sur-
face. There is an uneven distribution of proteins of all types on the inner and
outer layers of all cell membranes, just as there is an asymmetric distribution
of lipids.
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8.5 | What Is the Fluid-Mosaic Model

of Membrane Structure?

We have seen that biological membranes have both lipid and protein compo-
nents. How do these two parts combine to produce a biological membrane?
Currently, the fluid-mosaic model is the most widely accepted description of
biological membranes. The term “mosaic” implies that the two components
exist side by side without forming some other substance of intermediate
nature. The basic structure of biological membranes is that of the lipid
bilayer, with the proteins embedded in the bilayer structure (Figure 8.18).
These proteins tend to have a specific orientation in the membrane. The

Cell exterior (\(\ ”p

Hydrophobic

Oligosaccharide

Cholesterol
Cytosol
A FIGURE 8.18 Fluid-mosaic model of membrane structure. Membrane proteins can be seen

embedded in the lipid bilayer. (From Singer; S. J., in G. Weissman and R. Claiborne, Eds., Cell Membranes: Bio-
chemistry, Cell Biology, and Pathology, New York: HP Pub., 1975, p. 37.)

Phospholipid

<« FIGURE 8.17 Certain proteins are anchored
to biological membranes by lipid anchors. Particu-
larly common are the N-myristoyl- and S-palmitoyl-
anchoring motifs shown here. Nomyristoylation
always occurs at an N-terminal glycine residue,
whereas thioester linkages occur at cysteine residues
within the polypeptide chain. G-protein—coupled
receptors, with seven transmembrane segments,
may contain one (and sometimes two) palmitoyl
anchors in thioester linkage to cysteine residues in
the Gterminal segment of the protein.

Essential Information

Biological membranes consist of lipid bilayers
combined with proteins. Peripheral proteins are
loosely attached to one surface of the membrane
via hydrogen bonds or electrostatic attractions.
Integral proteins are embedded more solidly in the
membrane and may be covalently attached to lipid
anchors.

Glycolipid
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term “fluid mosaic” implies that the same sort of lateral motion that we have
already seen in lipid bilayers also occurs in membranes. The proteins “float”
in the lipid bilayer and can move along the plane of the membrane.

Electron micrographs can be made of membranes that have been frozen
and then fractured along the interface between the two layers. The outer
layer is removed, exposing the interior of the membrane. The interior has a
granular appearance because of the presence of the integral membrane pro-
teins (Figures 8.19 and 8.20).

P FIGURE 8.19 Replica of a freeze-fractured mem-
brane. In the freeze-fracture technique, the lipid
bilayer is split parallel to the surface of the mem-
brane. The hydrocarbon tails of the two layers are
separated from each other, and the proteins can

be seen as “hills” in the replica shown. In the other
layer, seen edge on, there are “valleys” where the
proteins were. (From Singer, S. J., in G. Weissman and R. Clai-
borne, Eds., Cell Membranes: Biochemistry, Cell Biology, and
Pathology, New York: HP Pub., 1975, p. 37.)

Biochemical Connections

Membranes in Medicine

Because the driving force behind the formation of lipid bilayers
is the exclusion of water from the hydrophobic region of lipids,
and not some enzymatic process, artificial membranes can be
created in the lab. Liposomes are stable structures based on a
lipid bilayer that form a spherical vesicle. These vesicles can be
prepared with therapeutic agents on the inside and then used to
deliver the agent to a target tissue.

Every year, more than a million Americans are diagnosed
with skin cancer, most often caused by long-term exposure to
ultraviolet light. The ultraviolet (UV) light damages DNA in sev-
eral ways, with one of the most common being the production
of dimers between two pyrimidine bases (Section 9.5). For a
species with little body hair and a fondness for sunshine,
humans are poorly equipped to fight damaged DNA in their
skin. Of the 130 known human DNA repair enzymes, only one
system is designed to repair the main DNA lesions caused by
exposure to UV. Several lower species have repair enzymes that
we lack.

Researchers have developed a skin lotion to counteract the
effects of UV light. The lotion contains liposomes filled with a
DNA-repair enzyme from a virus, called T4 endonuclease V. The
liposomes penetrate the skin cells. Once inside, the enzymes

make their way to the nucleus, where they attack pyrimidine
dimers and start a DNA-repair mechanism that the normal cellu-
lar processes can complete. The skin lotion, marketed by AGI
Dermatics, is currently undergoing clinical trials. Check out the
AGI Dermatics website (http://www.agiderm.com) for informa-
tion on the results of the clinical trials.

(a) Bilayer

O
Qs s

A Schematic drawing of a bilayer and a unilamellar vesicle. Because
exposure of the edges of a bilayer to solvent is highly unfavorable, exten-
sive bilayers usually wrap around themselves to form closed vesicles.

(b) Unilamellar vesicle
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8.6 | What Are Some of the Functions
of Membranes?

As already mentioned, three important functions take place in or on mem-
branes (in addition to the structural role of membranes as the boundaries and
containers of all cells and of the organelles within eukaryotic cells). The first of
these functions is transport. Membranes are semipermeable barriers to the flow
of substances into and out of cells and organelles. Transport through the mem-
brane can involve the lipid bilayer as well as the membrane proteins. The other
two important functions primarily involve the membrane proteins. One of
these functions is catalysis. As we have seen, enzymes can be bound—in some
cases very tightly—to membranes, and the enzymatic reaction takes place on
the membrane. The third significant function is the receptor property, in which
proteins bind specific biologically important substances that trigger biochemi-
cal responses in the cell. We shall discuss enzymes bound to membranes in sub-
sequent chapters (especially in our treatment of aerobic oxidation reactions in
Chapters 19 and 20). The other two functions we now consider in turn.

Membrane Transport

The most important question about transport of substances across biological
membranes is whether the process requires the cell to expend energy. In pas-
sive transport, a substance moves from a region of higher concentration to
one of lower concentration. In other words, the movement of the substance is
in the same direction as a concentration gradient, and the cell does not expend
energy. In active transport, a substance moves from a region of lower concen-
tration to one of higher concentration (against a concentration gradient),
and this process requires the cell to expend energy.

The process of passive transport can be subdivided into two categories—sim-
ple diffusion and facilitated diffusion. In simple diffusion, a molecule moves
directly through the membrane without interacting with another molecule.
Small, uncharged molecules, such as O,, Ny, HyO, and CO,, can pass through
membranes via simple diffusion. The rate of movement through the membrane
is controlled solely by the concentration difference across the membrane (Fig-
ure 8.21). Larger molecules (especially polar ones) and ions cannot pass
through a membrane by simple diffusion. The process of moving a molecule
passively through a membrane using a carrier protein, to which molecules bind,
is called facilitated diffusion. A good example is the movement of glucose into
erythrocytes. The concentration of glucose in the blood is about 5 mM. The

<« FIGURE 8.20 Electron micrograph of a freeze-
fractured thylakoid membrane of a pea (magnified
110,000X). The grains protruding from the surface
are integral membrane proteins.

Membrane
Side 1 Side 2

Concentration C; Concentration Gy

o
o © o
o
o
O o
o
o
O
(0)
O o
AG=RTIn L&
[G]

Binchemistry@ Now™ ACTIVE FIGURE 8.21
Passive diffusion of an uncharged species across a
membrane depends only on the concentrations (C;
and C,) on the two sides of the membrane. Watch
this Active Figure at http://now.brookscole
.com/campbell5
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» FIGURE 8.22 Glucose passes into an erythrocyte
via glucose permease by facilitated diffusion. Glucose
flows using its concentration gradient via passive
transport. (Adapled from Lehninger, Principles of Biochem-
istry, Third Edition, by David L. Nelson and Michael M. Cox.

© 1982, 1992, 2000 by Worth Publishers. Used with permission of
W. H. Freeman and Company.)

Facilitated
diffusion

Passive
diffusion

S

A FIGURE 8.23 Passive diffusion and facilitated
diffusion may be distinguished graphically. The
plots for facilitated diffusion are similar to plots of
enzyme-catalyzed reactions (Chapter 6), and they
display saturation behavior. The value v stands for
velocity of transport. Sis the concentration of the
substrate being transported.

Glucose in blood, Erythrocyte
conc. = 5 mM

Glucose
permease

glucose concentration in the erythrocyte is less than 5 mM. Glucose passes
through a carrier protein called glucose permease (Figure 8.22). This process is
labeled as facilitated diffusion because no energy is expended and a protein
carrier is used. In addition, facilitated diffusion is identified by the fact that the
rate of transport, when plotted against the concentration of the molecule being
transported, gives a hyperbolic curve similar to that seen in Michaelis—-Menten
enzyme kinetics (Figure 8.23). In a carrier protein, a pore is created by folding
the backbone and side chains. Many of these proteins have several a-helical
portions that span the membrane; in others, a -barrel forms the pore. In one
example, the helical portion of the protein spans the membrane. The exterior,
which is in contact with the lipid bilayer, is hydrophobic, whereas the interior,
through which ions pass, is hydrophilic. Note that this orientation is the inverse
of that observed in water-soluble globular proteins.

Active transport requires moving substances against a concentration gradi-
ent. It is identified by the presence of a carrier protein and the need for an
energy source to move solutes against a gradient. In primary active transport,
the movement of molecules against a gradient is directly linked to the hydrol-
ysis of a high-energy molecule, such as ATP. The situation is so markedly simi-
lar to pumping water uphill that one of the most extensively studied examples
of active transport, moving potassium ions into a cell and simultaneously mov-
ing sodium ions out of the cell, is referred to as the sodium—potassium ion
pump (or Nat/K* pump).

Under normal circumstances, the concentration of K* is higher inside a
cell than in extracellular fluids ([K*]; gde > [K™]ousiae)» Put the concentration
of Na* is lower inside the cell than out ([Na'l, g4 < [Na'l sd.)- The
energy required to move these ions against their gradients comes from an
exergonic (energy-releasing) reaction, the hydrolysis of ATP to ADP and P,
(phosphate ion). There can be no transport of ions without hydrolysis of ATP.
The same protein appears to serve both as the enzyme that hydrolyzes the
ATP (the ATPase) and as the transport protein; it consists of several subunits.
The reactants and products of this hydrolysis reaction—ATP, ADP, and P,—
remain within the cell, and the phosphate becomes covalently bonded to the
transport protein for part of the process.

The Nat/K" pump operates in several steps (Figure 8.24). One subunit of
the protein hydrolyzes the ATP and transfers the phosphate group to an
aspartate side chain on another subunit (Step 1). (The bond formed here is a
mixed anhydride; see Section 1.2.) Simultaneously, binding of three Na™ ions
from the interior of the cell takes place. The phosphorylation of one subunit
causes a conformational change in the protein, which opens a channel or
pore through which the three Na® ions can be released to the extracellular
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A FIGURE 8.24 The sodium—potassium ion pump (see text for details).

fluid (Step 2). Outside the cell, two K* ions bind to the pump enzyme, which
is still phosphorylated (Step 3). Another conformational change occurs when
the bond between the enzyme and the phosphate group is hydrolyzed. This
second conformational change regenerates the original form of the enzyme
and allows the two K* ions to enter the cell (Step 4). The pumping process
transports three Na* ions out of the cell for every two K* ions transported
into the cell (Figure 8.25).

The operation of the pump can be reversed when there is no K and a high
concentration of Na* in the extracellular medium; in this case, ATP is pro-
duced by the phosphorylation of ADP. The actual operation of the Na*/K*
pump is not completely understood and probably is even more complicated
than we now know. There is also a calcium ion (Ca*") pump, which is a subject
of equally active investigation. Unanswered questions about the detailed mech-
anism of active transport provide opportunities for future research.

Another type of transport is called secondary active transport. An example is
the galactoside permease in bacteria (Figure 8.26). The lactose concentration
inside the bacterial cell is higher than the concentration outside, so moving lac-
tose into the cell requires energy. The galactoside permease does not directly
hydrolyze ATP, however. Instead, it harnesses the energy by letting hydrogen
ions flow through the permease into the cell with their concentration gradient.
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Binchemistry@ Now™ ANIMATED FIGURE 8.25
A mechanism for Nat /K" ATPase (the sodium-
potassium ion pump). The model assumes two prin-
cipal conformations, E, and E,. Binding of Na* ions
to E; is followed by phosphorylation and release of
ADP. Na” ions are transported and released, and K*
ions are bound before dephosphorylation of the
enzyme. Transport and release of K* ions complete
the cycle. See this figure animated at http://now
.brookscole.com/campbell5

P FIGURE 8.26 An example of secondary active
transport. Galactoside permease uses the higher
concentration of H' outside the cell to drive the
concentration of lactose inside the cell. (Adapted from
Lehninger, Principles of Biochemistry, Third Edition, by David
L. Nelson and Michael M. Cox. © 1982, 1992, 2000 by Worth
Publishers. Used with permission of W. H. Freeman and Company.)

Essential Information

Membrane proteins play key roles in transport of a
number of substances across membranes. Proteins
also serve as receptors for substances that bind to
cell surfaces.
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As long as more energy is available allowing the hydrogen ions to flow (—AG)
than is required to concentrate the lactose (+AG), the process is possible. How-
ever, to arrive at a situation in which there is a higher concentration of hydro-
gen ions on the outside than on the inside, some other primary active trans-
porter must establish the hydrogen ion gradient. Active transporters that create
hydrogen ion gradients are called proton pumps.

Membrane Receptors

The first step in producing the effects of some biologically active substances is
binding the substance to a protein receptor site on the exterior of the cell.
The interaction between receptor proteins and the active substances which
bind to them has features in common with enzyme-substrate recognition.
There is a requirement for essential functional groups that have the correct
three-dimensional conformation with respect to each other. The binding site,
whether on a receptor or an enzyme, must provide a good fit for the substrate.
In receptor binding, as in enzyme behavior, inhibition of the action of the pro-
tein by some sort of “poison” or inhibitor is possible. The study of receptor
proteins is less advanced than the study of enzymes because many receptors
are tightly bound integral proteins, and their activity depends on the mem-
brane environment. Receptors are often large oligomeric proteins (ones with
several subunits), with molecular weights on the order of hundreds of thou-
sands. Also, quite frequently, the receptor has very few molecules in each cell,
adding to the difficulties of isolating and studying this type of protein.
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An important type of receptor is that for low-density lipoprotein (LDL),
the principal carrier of cholesterol in the bloodstream. LDL is a particle that
consists of various lipids—in particular, cholesterol and phosphoglycerides—
as well as a protein. The protein portion of the LDL particle binds to the LDL
receptor of a cell. The complex formed between the LDL and the receptor is
pinched off into the cell in a process called endocytosis. (This important aspect
of receptor action is described in detail in the articles by Brown and Gold-
stein and by Dautry-Varsat and Lodish listed in the bibliography at the end of
this chapter.) The receptor protein is then recycled back to the surface of the
cell (Figure 8.27). The cholesterol portion of the LDL is used in the cell, but
an oversupply of cholesterol causes problems. Excess of cholesterol inhibits
the synthesis of LDL receptor. If there are too few receptors for LDL, the
level of cholesterol in the bloodstream increases. Eventually, the excess cho-
lesterol is deposited in the arteries, blocking them severely. This blocking of
arteries, called atherosclerosis, can eventually lead to heart attacks and
strokes. In many industrialized countries, typical blood cholesterol levels are
high, and the incidence of heart attacks and strokes is correspondingly high.
(We will say more about this subject after we have seen the pathway by which
cholesterol is synthesized in the body in Section 21.8.)

8.7 | Which Are the Lipid-Soluble Vitamins,

and What Are Their Functions?

Some vitamins, having a variety of functions, are of interest in this chapter
because they are soluble in lipids. These lipid-soluble vitamins are hydropho-
bic, which accounts for their solubility (Table 8.3).

Vitamin A

The extensively unsaturated hydrocarbon B-carotene is the precursor of vita-
min A, which is also known as retinol. As the name suggests, 3-carotene is

<« FIGURE 8.27 The mode of action of the LDL
receptor. A portion of the membrane with LDL
receptor and bound LDL is taken into the cell as a
vesicle. The receptor protein releases LDL and is
returned to the cell surface when the vesicle fuses to
the membrane. LDL releases cholesterol in the cell.
An oversupply of cholesterol inhibits synthesis of the
LDL receptor protein. An insufficient number of
receptors leads to elevated levels of LDL and choles-
terol in the bloodstream. This situation increases the
risk of heart attack.

Table 8.3

Lipid-Soluble Vitamins and Their Functions

Vitamin Function

Vitamin A Serves as the site of the primary
photochemical reaction in
vision

Vitamin D Regulates calcium (and
phosphorus) metabolism

Vitamin E Serves as an antioxidant;
necessary for reproduction in
rats and may be necessary for
reproduction in humans

Vitamin K Has a regulatory function in
blood clotting
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abundant in carrots, but it also occurs in other vegetables, particularly the yel-
low ones. When an organism requires vitamin A, B-carotene is converted to
the vitamin (Figure 8.28).

Cleavage

CHg4 B-Carotene

[O] Enzyme action in liver

Retinol

Retinol dehydrogenase

11-trans-Retinal

Retinal isomerase

P FIGURE 8.28 Reactions of vitamin
A. (a) The conversion of

B-carotene to vitamin A. (b) The con-
version of vitamin A to 11-cisretinal.

11-cis-Retinal
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11-cis-Retinal

Rest of protein
Opsin

A FIGURE 8.29 The formation of rhodopsin from 11-cisretinal and opsin.

A derivative of vitamin A plays a crucial role in vision when it is bound to a
protein called opsin. The cone cells in the retina of the eye contain several
types of opsin and are responsible for vision in bright light and for color
vision. The rod cells in the retina contain only one type of opsin; they are
responsible for vision in dim light. The chemistry of vision has been more
extensively studied in rod cells than in cone cells, and we shall discuss events
that take place in rod cells.

Vitamin A has an alcohol group that is enzymatically oxidized to an alde-
hyde group, forming retinal (Figure 8.28b). Two isomeric forms of retinal,
involving cis—trans isomerization around one of the double bonds, are impor-
tant in the behavior of this compound in vivo. The aldehyde group of retinal
forms an imine (also called a Schiff base) with the side-chain amino group of
a lysine residue in rod-cell opsin (Figure 8.29).

The product of the reaction between retinal and opsin is rhodopsin. The
outer segment of rod cells contains flat membrane-bounded discs, the mem-
brane consisting of about 60% rhodopsin and 40% lipid. (For more details
about rhodopsin, see the following Biochemical Connections box.)

Vitamin D

The several forms of vitamin D play a major role in the regulation of calcium
and phosphorus metabolism. One of the most important of these com-
pounds, vitamin D4 (cholecalciferol), is formed from cholesterol by the action
of ultraviolet radiation from the sun. Vitamin Djy is further processed in the
body to form hydroxylated derivatives, which are the metabolically active form
of this vitamin (Figure 8.30). The presence of vitamin Dy leads to increased
synthesis of a Ca2+-binding protein, which increases the absorption of dietary
calcium in the intestines. This process results in calcium uptake by the bones.

A deficiency of vitamin D can lead to rickels, a condition in which the
bones of growing children become soft, resulting in skeletal deformities. Chil-
dren, especially infants, have higher requirements for vitamin D than do
adults. Milk with vitamin D supplements is available to most children. Adults
who are exposed to normal amounts of sunlight do not usually require vita-
min D supplements.

Rhodopsin

Rest of protein \/\/8\ P
= N H

Imine (Schiff base)

205
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Enzymatic

Ultraviolet

radiation Cholecalciferol

(vitamin Dg)

HO

Cholesterol 7-Dehydrocholesterol CHo
HO
Enzyme
(liver) 0,
H;C
| CHo
HO OH
1,25-Dihydroxycholecalciferol 25-Hydroxycholecalciferol

A FIGURE 8.30 Reactions of vitamin D. The photochemical cleavage occurs at the bond shown
by the arrow; electron rearrangements after the cleavage produce vitamin Ds. The final product,
1,25-dihydrocholecalciferol, is the form of the vitamin that is most active in stimulating the intes-
tinal absorption of calcium and phosphate and in mobilizing calcium for bone development.

Vitamin E

The most active form of vitamin E is o-tocopherol. In rats, vitamin E is
required for reproduction and for the prevention of the disease muscular dys-
trophy. It is not known whether this requirement exists in humans. A well-
established chemical property of vitamin E is that it is an antioxidant—that is,

OH
H,C CH,
H,C
CH, CH, CH,
0 | | |
SR, CH o CH, CH - CH, CH
H,C cH, cH, °“cH, ~cH, ~cH, ~CH,  CH,

Vitamin E (o-tocopherol)

A The most active form of vitamin E is a-tocopherol.
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The Chemistry of Vision

The primary chemical reaction in vision, the one responsible for
generating an impulse in the optic nerve, involves cis—trans iso-
merization around one of the double bonds in the retinal por-
tion of rhodopsin. When rhodopsin is active (that is, when it can
respond to visible light), the double bond between carbon
atoms 11 and 12 of the retinal (11-cisretinal) has the cis orienta-
tion. Under the influence of light, an isomerization reaction
occurs at this double bond, producing all-transretinal. Because
the all-trans form of retinal cannot bind to opsin, all-transretinal
and free opsin are released. As a result of this reaction, an elec-
trical impulse is generated in the optic nerve and transmitted to

the brain to be processed as a visual event. The active form of
rhodopsin is regenerated by enzymatic isomerization of the all-
transretinal back to the 11-cis form and subsequent re-formation
of the rhodopsin.

Vitamin A deficiency can have drastic consequences, as would
be predicted from its importance in vision. Night blindness—and
even total blindness—can result, especially in children. On the
other hand, an excess of vitamin A can have harmful effects, such
as bone fragility. Lipid-soluble compounds are not excreted as
readily as water-soluble substances, and it is possible for excessive
amounts of lipid-soluble vitamins to accumulate in adipose tissue.

11-cis-orientation

around double bond

CH=—NH—(CH,),— Rest of protein

Rhodopsin

(Active photoreceptor = 11-cis-retinal linked to lysine of opsin)

Sensory

activation

Light

11-trans-orientation

around double bond

T

Regeneration of

active receptor

All-trans-retinal

CH, H
9 11
\/\ NG H
10
H & H
Isomerase ch \ ”
Regeneration of CHO
11-cis-retinal .
11-cis-retinal
+

_I_
Hgﬂl—(Cth_ Rest of protein
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Hgﬁ—(CH2)4— Rest of protein
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A The primary chemical reaction of vision.
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» FIGURE 8.31 (a) The general structure of
vitamin K, which is required for blood clotting. The
value of 7 is variable, but it is usually <10. (b) Vita-
min K; has one unsaturated isoprene unit; the rest
are saturated. Vitamin K, has eight unsaturated iso-
prene units.

a good reducing agent—so it reacts with oxidizing agents before they can
attack other biomolecules. The antioxidant action of vitamin E has been
shown to protect important compounds, including vitamin A, from degrada-
tion in the laboratory; it probably also serves this function in organisms.
Recent research has shown that the interaction of vitamin E with membranes
enhances its effectiveness as an antioxidant. Another function of antioxidants
such as vitamin E is to react with, and thus to remove, the very reactive and
highly dangerous substances known as free radicals. A free radical has at least
one unpaired electron, which accounts for its high degree of reactivity. Free
radicals may play a part in the development of cancer and in the aging
process.

Vitamin K

The name of vitamin K comes from the Danish Koagulation because this vita-
min is an important factor in the blood-clotting process. The bicyclic ring sys-
tem contains two carbonyl groups, the only polar groups on the molecule
(Figure 8.31). A long unsaturated hydrocarbon side chain consists of repeat-
ing isoprene units, the number of which determines the exact form of vitamin
K. Several forms of this vitamin can be found in a single organism, but the
reason for this variation is not well understood. Vitamin K is not the first vita-
min we have encountered that contains isoprene units, but it is the first one
in which the number of isoprene units and their degree of saturation make a
difference. (Can you pick out the isoprene-derived portions of the structures
of vitamins A and E?) It is also known that the steroids are biosynthetically
derived from isoprene units, but the structural relationship is not immedi-
ately obvious (Section 21.8).

(a) le)
CHj
CHj3
| o
CHyCH=C—CH,| ,—H
— CHj
o Isoprene unit Isoprene unit
Vitamin K
(b) o
CHj
CHg CHgq
CHyCH=C—CHy— (CHy—CHy—CH—CH,y)s—H
O
Vitamin K; (Phylloquinone)
o
CHj
CHgq
(CHyCH=C—CHy)g—H
O

Vitamin K, (Menaquinone)



8.8 What Are Prostaglandins and Leukotrienes, and What Do They Have to Do with Lipids? 209

. | 0o=cC O0=C COO™~ COO~
:}clil(litamlc Vitamin K I / Ca* %,
HC—CH,CH,COO™ HC—CH,CH CH Cal

residue | e ( | : N i

N—H CO, N—H €00 coo

| | \

Occurs at a total
Prothrombin Modified of 10 glutamic
prothrombin acid residues

0 o}
Il v 1 |
— (=N ===

i
o) o)
CH
\\C - \C//
_/ \
0. O

éa(II)

Y-Carboxyglutamate complexed with Ca(II)

A FIGURE 8.32 The role of vitamin K in the modification of prothrombin. The detailed struc-
ture of the y-carboxyglutamate at the calcium complexation site is shown at the bottom.

The presence of vitamin K is required in the complex process of blood
clotting, which involves many steps and many proteins and has stimulated
numerous unanswered questions. It is known definitely that vitamin K is
required to modify prothrombin and other proteins involved in the clotting
process. Specifically, with prothrombin, the addition of another carboxyl
group alters the side chains of several glutamate residues of prothrombin.
This modification of glutamate produces y-carboxyglutamate residues (Figure
8.32). The two carboxyl groups in proximity form a bidentate (“two teeth”) lig-
and, which can bind calcium ion (Ca?"). If prothrombin is not modified in
this way, it does not bind Ca?*. Even though there is a lot more to be learned
about blood clotting and the role of vitamin K in the process, this point, at
least, is well established, because Ca" is required for blood clotting. (Two well-
known anticoagulants, dicumarol and warfarin (a rat poison), are vitamin-K
antagonists.)

8.8 | What Are Prostaglandins and Leukotrienes,
and What Do They Have to Do with Lipids?

A group of compounds derived from fatty acids has a wide range of physio-
logical activities; they are called prostaglandins because they were first
detected in seminal fluid, which is produced by the prostate gland. It has

since been shown that they are widely distributed in a variety of tissues. The
metabolic precursor of all prostaglandins is arachidonic acid, a fatty acid that
contains 20 carbon atoms and four double bonds. The double bonds are not
conjugated. The production of the prostaglandins from arachidonic acid
takes place in several steps, which are catalyzed by enzymes. The prosta-
glandins themselves each have a five-membered ring; they differ from one
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A FIGURE 8.33 Arachidonic acid and some prostaglandins.

another in the numbers and positions of double bonds and oxygen-contain-
ing functional groups (Figure 8.33).

The structures of prostaglandins and their laboratory syntheses have been
topics of great interest to organic chemists, largely because of the many physi-
ological effects of these compounds and their possible usefulness in the phar-
maceutical industry. Some of the functions of prostaglandins are control of
blood pressure, stimulation of smooth-muscle contraction, and induction of
inflammation. Aspirin inhibits the synthesis of prostaglandins, particularly in
blood platelets, a property that accounts for its anti-inflammatory and fever-
reducing properties. Cortisone and other steroids also have anti-inflammatory
effects because of their inhibition of prostaglandin synthesis.

Prostaglandins are known to inhibit the aggregation of platelets. They may
thus be of therapeutic value by preventing the formation of blood clots,
which can cut off the blood supply to the brain or the heart and cause certain
types of strokes and heart attacks. Even if this behavior were the only useful
property of prostaglandins, it would justify considerable research effort. Heart
attacks and strokes are two of the leading causes of death in industrialized
countries. More recently, the study of prostaglandins has been a topic of great
interest because of their possible antitumor and antiviral activity.

Leukotrienes are compounds that, like prostaglandins, are derived from
arachidonic acid. They are found in leukocytes (white blood cells) and have
three conjugated double bonds; these two facts account for the name. (Fatty
acids and their derivatives do not normally contain conjugated double
bonds.) Leukotriene C (Figure 8.34) is a typical member of this group; note
the 20 carbon atoms in the carboxylic acid backbone, a feature that relates
this compound structurally to arachidonic acid. (The 20-carbon prostaglan-
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dins and leukotrienes are also called eicosinoids.) An important property of
leukotrienes is their constriction of smooth muscle, especially in the lungs.
Asthma attacks may result from this constricting action because the synthesis
of leukotriene C appears to be facilitated by allergic reactions, such as a reac-
tion to pollen. Drugs that inhibit the synthesis of leukotriene C are now being
used in the treatment of asthma, as are other drugs designed to block
leukotriene receptors. In the United States, the incidence of asthma
increased 46% between 1982 and 1993, providing considerable incentive to
find new treatments. (The National Asthma Education and Prevention Pro-
gram has released “Guidelines for the Diagnoses and Management of
Asthma.” This document can be accessed on the Internet at http://www
.nhlgbinih.gov.) Leukotrienes may also have inflammatory properties and
may be involved in rheumatoid arthritis.

Thromboxanes are a third class of derivatives of arachidonic acid. They
contain cyclic ethers as part of their structures. The most widely studied mem-
ber of the group, thromboxane A, (TxA,), is known to induce platelet aggre-
gation and smooth-muscle contraction.

COO”
=
O
O =
OH
Thromboxane A,
(TxA,)

A Thromboxane A,

The following Biochemical Connections box explores some connections
among topics we have discussed in this chapter.

<« Research on leukotrienes may provide new treat-
ments for asthma, perhaps eliminating the need for
inhalers, such as the one shown here.
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Biochemical Connections

Platelets are elements in the blood that initiate blood clotting
and tissue repair by releasing clotting factors and platelet-
derived growth factor (PDGF). Turbulence in the bloodstream
may cause platelets to rupture. Fat deposits and bifurcations of
arteries lead to such turbulence, so platelets and PDGF are
implicated in blood clotting and growth of atherosclerotic
plaque. Furthermore, the anaerobic conditions that exist under
a large plaque deposit may lead to weakness and dead cells in
the arterial wall, aggravating the problem.

In cultures that depend on fish as a major food source,
including some Eskimo tribes, very little heart disease is diag-
nosed, even though people in these groups eat high-fat diets
and have high levels of blood cholesterol. Analysis of the their
diet led to the discovery that certain highly unsaturated fatty
acids are found in the oils of fish and diving mammals. One
class of these fatty acids is called omega-3 (w;), an example of
which is eicosapentenoic acid (EPA).

CH,CH,(CH=CHCH,), (CH,),COOH

Eicosapentenoic acid (EPA)

Omega-3 Fatty Acids and Platelets in Heart Disease

Note the presence of a double bond at the third carbon atom
from the end of the hydrocarbon tail. The omega system of
nomenclature is based on numbering the double bonds from the
last carbon in the fatty acid instead of the carbonyl group [the
delta (A) system]. Omega is the last letter in the Greek alphabet.

The omega-3 fatty acids inhibit the formation of certain
prostaglandins and thromboxane A, which is similar in structure
to prostaglandins. Thromboxane released by ruptured arteries
causes other platelets to clump in the immediate area and to
increase the size of the blood clot. Any disruption in thrombox-
ane synthesis will result in a lower tendency to form blood clots
and, thus, in a lower potential for artery damage.

It is interesting to note that aspirin is also an inhibitor of
prostaglandin synthesis, although it is less potent than EPA.
Aspirin inhibits the synthesis of the prostaglandins responsible
for inflammation and the perception of pain. Aspirin has been
implicated in reducing the incidence of heart disease, probably
by a mechanism similar to that of EPA. However, people who are
being treated with blood thinners or who are prone to easy
bleeding should not take aspirin.

Summary

8.1 What Is the Definition of a Lipid? Lipids are com-
pounds that are insoluble in water but soluble in nonpolar organic sol-
vents. Their chemical structures consist primarily of nonpolar moieties.

8.2 What Are the Chemical Natures of the Lipid
Types? One group of lipids consists of open-chain compounds,
each with a polar head group and a long nonpolar tail; this group
includes fatty acids, triacylglycerols, phosphoacylglycerols, sphin-
golipids, and glycolipids. A second major group consists of fused-ring
compounds, the steroids. Triacylglycerols are the storage forms of fatty
acids, and phosphoacylglycerols are important components of biologi-
cal membranes, as are sphingolipids and glycolipids.

8.3 What Is the Nature of Biological Membranes?
A biological membrane consists of a lipid part and a protein part. The
lipid part is a bilayer, with the polar head groups in contact with the
aqueous interior and exterior of the cell, and the nonpolar portions of
the lipid in the interior of the membrane. Lateral motion of lipid mol-
ecules within one layer of a membrane occurs frequently.

8.4 What Are Some Common Types of Membrane
Proteins? The proteins that occur in membranes can be periph-
eral proteins, which are found on the surface of the membrane, or
integral proteins, which lie within the lipid bilayer. Various structural
motifs, such as bundles of seven a-helices, occur in proteins that span
membranes.

8.5 What Is the Fluid-Mosaic Model of Membrane
Structure? The fluid-mosaic model describes the interaction of
lipids and proteins in biological membranes. The proteins “float” in
the lipid bilayer.

8.6 What Are Some of the Functions of Mem-
branes? Three important functions take place in or on mem-
branes. The first, transport across the membrane, can involve the lipid
bilayer as well as the membrane proteins. The second, catalysis, is car-
ried out by enzymes bound to the membrane. Finally, receptor proteins

in the membrane bind biologically important substances that trigger a
biochemical response in the cell. The most important question about
transport of substances across biological membranes is whether the
process requires expenditure of energy by the cell. In passive transport,
a substance moves from a region of higher concentration to one of
lower concentration, requiring no expenditure of energy by the cell.
Active transport requires moving substances against a concentration
gradient, a situation similar to pumping water up a hill. Energy, as well
as a carrier protein, is required for active transport. The sodium—potas-
sium ion pump is an example of active transport. The first step in the
effects of some biologically active substances is binding to a protein
receptor site on the exterior of the cell. The interaction between recep-
tor proteins and the active substances to which they bind is very similar
to enzyme-substrate recognition. The action of a receptor frequently
depends on a conformational change in the receptor protein. Recep-
tors can be ligand-gated channel proteins, in which the binding of lig-
and transiently opens a channel protein through which substances such
as ions can flow in the direction of a concentration gradient.

8.7 Which Are the Lipid-Soluble Vitamins, and
What Are Their Functions? Lipid-soluble vitamins are
hydrophobic, accounting for their solubility properties. A derivative of
vitamin A plays a crucial role in vision. Vitamin D controls calcium and
phosphorus metabolism, affecting the structural integrity of bones. Vit-
amin E is known to be an antioxidant; its other metabolic functions
are not definitely established. The presence of vitamin K is required in
the blood-clotting process.

8.8 What Are Prostaglandins and Leukotrienes,
and What Do They Have to Do with Lipids? The
unsaturated fatty acid arachidonic acid is the precursor of
prostaglandins and leukotrienes, compounds that have a wide range of
physiological activities. Stimulation of smooth-muscle contraction and
induction of inflammation are common to both classes of compounds.
Prostaglandins are also involved in control of blood pressure and inhi-
bition of blood-platelet aggregation.
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Critical Questions to Review

8.1 What Is the Definition of a Lipid?

1.

Fact Check Proteins, nucleic acids, and carbohydrates are grouped
by common structural features found within their group. What is
the basis for grouping substances as lipids?

8.2 What Are the Chemical Natures of the Lipid

2.

10.

11.

12.

13.

14.

15.

16.

Types?
Fact Check What structural features do a triacylglycerol and a
phosphatidyl ethanolamine have in common? How do the struc-
tures of these two types of lipids differ?

. Fact Check Draw the structure of a phosphoacylglycerol that con-

tains glycerol, oleic acid, stearic acid, and choline.

. Fact Check What structural features do a sphingomyelin and a

phosphatidyl choline have in common? How do the structures of
these two types of lipids differ?

. Fact Check You have just isolated a pure lipid that contains only

sphingosine and a fatty acid. To what class of lipids does it belong?

. Fact Check What structural features does a sphingolipid have in

common with proteins? Are there functional similarities?

. Fact Check Write the structural formula for a triacylglycerol, and

name the component parts.

. Fact Check How does the structure of steroids differ from that of

the other lipids discussed in this chapter?

. Fact Check What are the structural features of waxes? What are

some common uses of compounds of this type?

Thought Question Which is more hydrophilic, cholesterol or
phospholipids? Defend your answer.

Thought Question Write an equation, with structural formulas,
for the saponification of the triacylglycerol in Question 7.
Thought Question Succulent plants from arid regions generally
have waxy surface coatings. Suggest why such a coating is valuable
for the survival of the plant.

Thought Question In the produce department of supermarkets,
vegetables and fruits (cucumbers are an example) have been
coated with wax for shipping and storage. Suggest a reason why
this is done.

Thought Question Egg yolks contain a high amount of choles-
terol, but they also contain a high amount of lecithin. From a diet
and health standpoint, how do these two molecules complement
each other?

Thought Question In the preparation of sauces that involve mix-
ing water and melted butter, egg yolks are added to prevent sepa-
ration. How do the egg yolks prevent separation? Hint: Egg yolks
are rich in phosphatidylcholine (lecithin).

Thought Question When water birds have had their feathers
fouled with crude oil after an oil spill, they are cleaned by rescuers
to remove the spilled oil. Why are they not released immediately
after they are cleaned?

8.3 What Is the Nature of Biological Membranes?

17.

18.

Fact Check Which of the following lipids are not found in animal
membranes?

(a) Phosphoglycerides

(b) Cholesterol

(c) Triacylglycerols

(d) Glycolipids

(e) Sphingolipids

Fact Check Which of the following statements is (are) consistent
with what is known about membranes?

(a) A membrane consists of a layer of proteins sandwiched
between two layers of lipids.

19.

20.

21.

22.

23.

24.

25.

26.

27.

(b) The compositions of the inner and outer lipid layers are the
same in any individual membrane.

(c) Membranes contain glycolipids and glycoproteins.

(d) Lipid bilayers are an important component of membranes.

(e) Covalent bonding takes place between lipids and proteins in
most membranes.

Thought Question Why might some food companies find it eco-

nomically advantageous to advertise their product (for example,

triacylglycerols) as being composed of polyunsaturated fatty acids

with #rans-double bonds?

Thought Question Suggest a reason why partially hydrogenated

vegetable oils are used so extensively in packaged foods.

Biochemical Connections Crisco is made from vegetable oils,

which are usually liquid. Why is Crisco a solid? Hint: Read the label.

Biochemical Connections Why does the American Heart Associa-

tion recommend the use of canola oil or olive oil rather than

coconut oil in cooking?

Thought Question In lipid bilayers, there is an order—disorder

transition similar to the melting of a crystal. In a lipid bilayer in

which most of the fatty acids are unsaturated, would you expect

this transition to occur at a higher temperature, a lower tempera-

ture, or the same temperature as it would in a lipid bilayer in

which most of the fatty acids are saturated? Why?

Biochemical Connections Briefly discuss the structure of myelin

and its role in the nervous system.

Thought Question Suggest a reason why the cell membranes of

bacteria grown at 20°C tend to have a higher proportion of unsat-

urated fatty acids than the membranes of bacteria of the same

species grown at 37°C. In other words, the bacteria grown at 37°C

have a higher proportion of saturated fatty acids in their cell

membranes.

Thought Question Suggest a reason why animals that live in cold

climates tend to have higher proportions of polyunsaturated

fatty acid residues in their lipids than do animals that live in

warm climates.

Thought Question What is the energetic driving force for the for-

mation of phospholipid bilayers?

8.4 What Are Some Common Types of Membrane

28.
29.

30.

31.

32.

Proteins?
Fact Check Define glycoprotein and glycolipid.

Fact Check Do all proteins associated with membranes span the
membrane from one side to another?

Thought Question A membrane consists of 50% protein by weight
and 50% phosphoglycerides by weight. The average molecular
weight of the lipids is 800 daltons, and the average molecular
weight of the proteins is 50,000 daltons. Calculate the molar ratio
of lipid to protein.

Thought Question Suggest a reason why the same protein system
moves both sodium and potassium ions into and out of the cell.
Thought Question Suppose that you are studying a protein
involved in transporting ions in and out of cells. Would you expect
to find the nonpolar residues in the interior or the exterior? Why?
Would you expect to find the polar residues in the interior or the
exterior? Why?

8.5 What Is the Fluid-Mosaic Model of Membrane

33.

Structure?
Thought Question Which statements are consistent with the fluid-
mosaic model of membranes?
(a) All membrane proteins are bound to the interior of the mem-
brane.
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(b) Both proteins and lipids undergo transverse (flip-flop) diffu-
sion from the inside to the outside of the membrane.

(c) Some proteins and lipids undergo lateral diffusion along the
inner or outer surface of the membrane.

(d) Carbohydrates are covalently bonded to the outside of the

membrane.
(e) The term “mosaic” refers to the arrangement of the lipids
alone.
8.6 What Are Some of the Functions of Mem-
branes?

34. Thought Question Suggest a reason why inorganic ions, such as
K*, Na*, Ca%", and Mg?*, do not cross biological membranes by
simple diffusion.

35. Thought Question Which statements are consistent with the
known facts about membrane transport?

(a) Active transport moves a substance from a region in which its
concentration is lower to one in which its concentration is
higher.

(b) Transport does not involve any pores or channels in mem-
branes.

(c) Transport proteins may be involved in bringing substances into
cells.

8.7 Which Are the Lipid-Soluble Vitamins, and
What Are Their Functions?

36. Fact Check What is the structural relationship between vitamin Dy
and cholesterol?

37. Fact Check List an important chemical property of vitamin E.

38. Fact Check What are isoprene units? What do they have to do
with the material of this chapter?

39. Fact Check List the fat-soluble vitamins, and give a physiological
role for each.

40. Biochemical Connections What is the role in vision of the cis—trans
isomerization of retinal?

41. Thought Question Why is it possible to argue that vitamin D is
not a vitamin?

42. Thought Question Give a reason for the toxicity that can be
caused by overdoses of lipid-soluble vitamins.

43. Thought Question Why can some vitamin-K antagonists act as
anticoagulants?

44. Thought Question Why are many vitamin supplements sold as
antioxidants? How does this relate to material in this chapter?

45. Thought Question A health-conscious friend asks whether eating
carrots is better for the eyesight or for preventing cancer. What do
you tell your friend? Explain.

8.8 What Are Prostaglandins and Leukotrienes,
and What Do They Have to Do with Lipids?
46. Biochemical Connections Define omega-3 fatty acid.
47. Fact Check What are the main structural features of leukotrienes?
48. Fact Check What are the main structural features of prostaglan-
dins?
49. Thought Question List two classes of compounds derived from

arachidonic acid. Suggest some reasons for the amount of bio-
medical research devoted to these compounds.

50. Biochemical Connections Outline a possible connection between
the material in this chapter and the integrity of blood platelets.

Biochemistry@Nowm
Assess your understanding of this chapter’s topics with additional quizzing
and tutorials at http://now.brookscole.com/campbell5
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Nucleic Acids:
How Structure
Conveys Information

Genes, the hereditary material within the chromosomes, are essentially long
stretches of double-helical DNA. In a process mediated by RNA (the other
kind of nucleic acid) the sequence of DNA bases specifies the sequence of
amino acids in a single polypeptide (protein) chain. The protein’s amino acid
sequence, in turn, determines its structure and function. Thus, the base
sequence of the DNA ultimately determines the activities of proteins, the
essential machinery of life. Each cell carries in its DNA the instructions for
making the complete organism. When the cell divides, each new cell bears
a copy of the original DNA. Replication of the hereditary material is made
possible by the complementary nature of the DNA bases. Adenine on one
strand pairs with thymine on the opposite strand of the double helix. The
same is true for the other two bases: guanine on one strand pairs with
cytosine on the opposite strand. Thus, one strand of DNA is a template for
the other strand. It is now possible to control some aspects of genetic cod-
ing. Starting in the 1970s, techniques were introduced for manipulating
DNA by cutting and splicing it in @ manner that both mimics and tran-
scends natural processes. These techniques will provide valuable insight into
the manner in which proteins interact with DNA molecules to control gene
activation and repression.

9.1 | What Are the Levels of Structure
in Nucleic Acids?

In Chapter 4, we identified four levels of structure—primary, secondary, terti-
ary, and quaternary—in proteins. Nucleic acids can be viewed in the same
way. The primary structure of nucleic acids is the order of bases in the polynu-
cleotide sequence, and the secondary structure is the three-dimensional confor-
mation of the backbone. The tertiary structure is specifically the supercoiling of
the molecule.

DNA (deoxyribonucleic acid) and RNA (ribonucleic acid) are the two
kinds of nucleic acids. Important differences between them appear in their
secondary and tertiary structures, and so we shall describe these structural
features separately for DNA and for RNA. Even though nothing in nucleic
acid structure is directly analogous to the quaternary structure of proteins,
the interaction of nucleic acids with other classes of macromolecules (for
example, proteins) to form complexes is similar to the interactions of the
subunits in an oligomeric protein. One well-known example is the association
of RNA and proteins in ribosomes (the polypeptide-generating machinery of
the cell); another is the self-assembly of tobacco mosaic virus, in which the
nucleic acid strand winds through a cylinder of coat-protein subunits.

© Steve Oh, M.S./Phototake

CHAPTER_9

Critical Questions

9.1

9.2

9.3
9.4

9.5

What Are the Levels of Structure in
Nucleic Acids?

What Is the Covalent Structure of
Polynucleotides?

What Is the Structure of DNA?

How Does the Denaturation of DNA
Take Place?

What Are the Principal Kinds of RNA
and Their Structures?
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Test yourself on these Critical Questions at the
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.brookscole.com/campbell5



216 Chapter 9  Nucleic Acids: How Structure Conveys Information

» FIGURE 9.1 Structures of the common nucleo-
bases. The structures of pyrimidine and purine are
shown for comparison.
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A FIGURE 9.2 Structures of some of the less com-
mon nucleobases. When hypoxanthine is bonded to a
sugar, the corresponding compound is called inosine.
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9.2 | What Is the Covalent Structure
of Polynucleotides?

The monomers of nucleic acids are nucleotides. An individual nucleotide
consists of three parts—a nitrogenous base, a sugar, and a phosphoric acid
residue—all of which are covalently bonded together.

The order of bases in the nucleic acids of DNA contains the information
necessary to produce the correct amino acid sequence in the cell’s proteins.
The nucleic acid bases (also called nucleobases) are of two types—pyrimidines
and purines (Figure 9.1). In this case, the word “base” does not refer to an alka-
line compound, such as NaOH; rather, it refers to a one- or two-ring nitroge-
nous aromatic compound. Three pyrimidine bases (single-ring aromatic com-
pounds)—cylosine, thymine, and uracil—commonly occur. Cytosine is found both
in RNA and in DNA. Uracil occurs only in RNA. In DNA, thymine is substituted
for uracil; thymine is also found to a small extent in some forms of RNA. The
common purine bases (double-ring aromatic compounds) are adenine and gua-
nine, both of which are found in RNA and in DNA (Figure 9.1). In addition to
these five commonly occurring bases, there are “unusual” bases, with slightly
different structures, that are found principally, but not exclusively, in transfer
RNA (Figure 9.2). In many cases, the base is modified by methylation.

A nucleoside is a compound that consists of a base and a sugar covalently
linked together. It differs from a nucleotide by lacking a phosphate group in its
structure. In a nucleoside, a base forms a glycosidic linkage with the sugar. Gly-
cosidic linkages and the stereochemistry of sugars are discussed in detail in Sec-
tion 16.2. If you wish to look now at the material on the structure of sugars, you
will find that it does not depend on material in the intervening chapters. For
now, it is sufficient to say that a glycosidic bond is one that links a sugar and some
other moiety. When the sugar is B-D-ribose, the resulting compound is a ribonu-
cleoside; when the sugar is B-D-deoxyribose, the resulting compound is a
deoxyribonucleoside (Figure 9.3). The glycosidic linkage is from the C-1" car-
bon of the sugar to the N-1 nitrogen of pyrimidines or to the N-9 nitrogen of
purines. The ring atoms of the base and the carbon atoms of the sugar are both
numbered, with the numbers of the sugar atoms primed to prevent confusion.
Note that the sugar is linked to a nitrogen in both cases (an Nglycosidic bond).

When phosphoric acid is esterified to one of the hydroxyl groups of the
sugar portion of a nucleoside, a nucleotide is formed (Figure 9.4). A
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OH H

Cytidine Deoxyguanosine
A ribonucleoside A deoxyribonucleoside

nucleotide is named for the parent nucleoside, with the suffix “monophos-
phate” added; the position of the phosphate ester is specified by the number
of the carbon atom at the hydroxyl group to which it is esterified—for
instance, adenosine 3'-monophosphate or deoxycytidine 5’-monophosphate.
The 5" nucleotides are most commonly encountered in nature. If additional
phosphate groups form anhydride linkages to the first phosphate, the corre-
sponding nucleoside diphosphates and triphosphates are formed. Recall this
point from Section 2.2. These compounds are also nucleotides.

The polymerization of nucleotides gives rise to nucleic acids. The linkage
between monomers in nucleic acids involves formation of two ester bonds by
phosphoric acid. The hydroxyl groups to which the phosphoric acid is esteri-
fied are those bonded to the 3’ and 5’ carbons on adjacent residues. The result-
ing repeated linkage is a 3’,5'-phosphodiester bond. The nucleotide residues of
nucleic acids are numbered from the 5’ end, which normally carries a phos-
phate group, to the 3’ end, which normally has a free hydroxyl group.

Figure 9.5 shows the structure of a fragment of an RNA chain. The sugar—
phosphate backbone repeats itself down the length of the chain. The most impor-
tant features of the structure of nucleic acids are the identities of the bases.
Abbreviated forms of the structure can be written to convey this essential infor-
mation. In one system of notation, single letters, such as A, G, C, U, and T,
represent the individual bases. Vertical lines show the positions of the sugar
moieties to which the individual bases are attached, and a diagonal line
through the letter “P” represents a phosphodiester bond (Figure 9.5). However,
an even more common system of notation uses only the single letters to show
the order of the bases. When it is necessary to indicate the position on the
sugar to which the phosphate group is bonded, the letter “p” is written to the
left of the single-letter code for the base to represent a 5’ nucleotide and to
the right to represent a 3’ nucleotide. For example, pA signifies 5'-adenosine
monophosphate (5'-AMP), and Ap signifies 3'-AMP. The sequence of an
oligonucleotide can be represented as pGpApCpApU or, even more simply, as
GACAU, with the phosphates understood.

A portion of a DNA chain differs from the RNA chain just described only
in the fact that the sugar is 2'-deoxyribose rather than ribose (Figure 9.6). In
abbreviated notation, the deoxyribonucleotide is specified in the usual man-
ner. Sometimes a “d” is added to indicate a deoxyribonucleotide residue; for
example, dG is substituted for G, and the deoxy analogue of the ribooligonu-
cleotide in the preceding paragraph would be d(GACAT). However, given
that the sequence must refer to DNA because of the presence of thymine, the
sequence GACAT is not ambiguous and would also be a suitable abbreviation.

<« FIGURE 9.3 A comparison of the structures of a
ribonucleoside and a deoxyribonucleoside. (A nucleo-
side does not have a phosphate group in its structure.)
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Essential Information

Both DNA and RNA consist of nucleotides joined
by phosphodiester bonds to form a sugar—
phosphate backbone. The sugar moiety is deoxy-
ribose in DNA and ribose in RNA. Two kinds of
nitrogen-containing nucleobases, pyrimidines and
purines, are bonded to the sugar portion of the
backbone. The sequence of bases is a very impor-
tan