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Laboratory Techniques in Biochemistry

All of our knowledge of biochemistry is the outcome of experiments. For the most
part, this text presents biochemical knowledge as established fact, but students
should never lose sight of the obligatory connection between scientific knowledge
and its validation by observation and analysis. The path of discovery by experimen-
tal research is often indirect, tortuous, and confounding before the truth is realized.
Laboratory techniques lie at the heart of scientific inquiry, and many techniques of
biochemistry are presented within these pages to foster a deeper understanding of

the biochemical principles and concepts that they reveal.
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The Fourth Edition

Scientific understanding of the molecular nature of life is growing at an astounding
rate. Significantly, society is the prime beneficiary of this increased understanding.
Cures for diseases, better public health, remedies for environmental pollution, and
the development of cheaper and safer natural products are just a few practical ben-
efits of this knowledge.

In addition, this expansion of information fuels, in the words of Thomas Jeffer-
son, “the illimitable freedom of the human mind.” Scientists can use the tools of bio-
chemistry and molecular biology to explore all aspects of an organism—from basic
questions about its chemical composition, through inquiries into the complexities
of its metabolism, its differentiation and development, to analysis of its evolution
and even its behavior. New procedures based on the results of these explorations lie at the
heart of the many modern medical miracles. Biochemistry is a science whose boundaries
now encompass all aspects of biology, from molecules to cells, to organisms, to ecol-
ogy, and to all aspects of health care. This fourth edition of Biochemistry embodies and
reflects the expanse of this knowledge. We hope that this new edition will encour-
age students to ask questions of their own and to push the boundaries of their cu-
riosity about science.

Making Connections

As the explication of natural phenomena rests more and more on biochemistry,
its inclusion in undergraduate and graduate curricula in biology, chemistry, and
the health sciences becomes imperative. The challenge to authors and instructors
is a formidable one: how to familiarize students with the essential features of mod-
ern biochemistry in an introductory course or textbook. Fortunately, the in-
creased scope of knowledge allows scientists to make generalizations connecting
the biochemical properties of living systems with the character of their con-
stituent molecules. As a consequence, these generalizations, validated by repeti-
tive examples, emerge in time as principles of biochemistry, principles that are
useful in discerning and describing new relationships between diverse biomolec-
ular functions and in predicting the mechanisms underlying newly discovered
biomolecular processes. Nevertheless, it is increasingly apparent that students
must develop skills in inquiry-based learning, so that, beyond this first encounter
with biochemical principles and concepts, students are equipped to explore sci-
ence on their own. Much of the design of this new edition is meant to foster the
development of such skills.

We are both biochemists, but one of us is in a biology department, and the other
is in a chemistry department. Undoubtedly, we each view biochemistry through the
lens of our respective disciplines. We believe, however, that our collaboration on
this textbook represents a melding of our perspectives that will provide new di-
mensions of appreciation and understanding for all students.
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Our Audience

This biochemistry textbook is designed to communicate the fundamental principles
governing the structure, function, and interactions of biological molecules to stu-
dents encountering biochemistry for the first time. We aim to bring an appreciation
of biochemistry to a broad audience that includes undergraduates majoring in the
life sciences, physical sciences, or premedical programs, as well as medical students
and graduate students in the various health sciences for whom biochemistry is an
important route to understanding human physiology. To make this subject matter
more relevant and interesting to all readers, we emphasize, where appropriate, the
biochemistry of humans.

Objectives and Building on Previous Editions

We carry forward the clarity of purpose found in previous editions; namely, to illu-
minate for students the principles governing the structure, function, and interac-
tions of biological molecules. At the same time, this new edition has been revised to
reflect tremendous developments in biochemistry. Significantly, emphasis is placed
on the interrelationships of ideas so that students can begin to appreciate the over-
arching questions of biochemistry.

Features

¢ (Clarity of Instruction This edition was streamlined for increased clarity and read-
ability. Many of the lengthier figure legends were shortened and more informa-
tion was included directly within illustrations. These changes will help the more
visual reader.

¢ Visual Instruction The richness of the Protein Data Bank (www.pdb.org) and
availability of molecular graphics software has been exploited to enliven this text.
Over 330 images of prominent proteins and nucleic acids involved with essential
biological functions illustrate and inform the subject matter and were prepared
especially for this book.

¢ New End-of-Chapter Problems More than 600 end-of-chapter problems are pro-
vided, about 15 percent of which are new. They serve as meaningful exercises
that help students develop problem-solving skills useful in achieving their learn-
ing goals. Some problems require students to employ calculations to find math-
ematical answers to relevant structural or functional questions. Other questions
address conceptual problems whose answers require application and integration
of ideas and concepts introduced in the chapter. Each set of problems concludes
with MCAT practice questions to aid students in their preparation for standard-
ized examinations such as the MCAT or GRE.

¢ Human Biochemistry essays emphasize the central role of basic biochemistry in
medicine and the health sciences. These essays often present clinically important
issues such as diet, diabetes, and cardiovascular health.

e A Deeper Look essays expand on the text, highlighting selected topics or exper-
imental observations.

e Critical Developments in Biochemistry essays emphasize recent and historical
advances in the field.

e Up-to-Date References at the end of each chapter make it easy for students to
find additional information about each topic.

¢ Laboratory Techniques The experimental nature of biochemistry is highlighted,
and a list of laboratory techniques found in this book can be seen on page xxvi.

¢ Essential Questions Each chapter in this book is framed around an Essential
Question that invites students to become actively engaged in their learning, and
encourages curiosity and imagination about the subject matter. For example, the
Essential Question of Chapter 3 asks, “What are the laws and principles of ther-
modynamics that allow us to describe the flows and interchange of heat, energy,


www.pdb.org

and matter in systems of interest?” The section heads then pose key questions
such as, “What Is the Daily Human Requirement for ATP?” The end-of-chapter
summary then brings the question and a synopsis of the answer together for the
student. In addition, the CengageNOW site at www.cengage.com/login expands
on this Essential Question theme by asking students to explore their knowledge
of key concepts.

¢ Key Questions The section headings within chapters are phrased as important
questions that serve as organizing principles for a lecture. The subheadings are
designed to be concept statements that respond to the section headings.

¢ Text-to-Web Instruction Through icons in the margins, in figure legends, and
within boxes, students are encouraged to further test their mastery of the Essen-
tial and Key Questions and to explore interactive tutorials and animations at
CengageNOW at www.cengage.com/login.

¢ Linking Key Questions to Chapter Summaries The end-of-chapter summaries recite
the key questions posed as section heads and then briefly summarize the important
concepts and facts to aid students in organizing and understanding the material.

¢ Active and Animated Figures at CengageNOW Many text figures, labeled Active
(Figure 3.1) or Animated (Figure 3.5), can be found at www.cengage.com/login.
Active Figures have corresponding test questions where students can quiz them-
selves on the concepts of the figures. Animated Figures give life to the art by al-
lowing students to watch the progress of an animation. This site also includes
“Essential Questions” for Biochemistry. These questions are open-ended and can
be assigned as student projects by instructors. This website also includes instruc-
tor PowerPoint slides with embedded animations/simulations as well as molecu-
lar movies for the classroom.

New to This Edition

Biochemistry is an ever-expanding discipline and new research leads to expanding
our knowledge. This edition highlights the newest developments in the field.

Chapter 5 Analysis of amino acid sequence information from genomic databases re-
veals functional relationships between proteins, as well as their evolutionary history.

Chapter 6 The discussion of protein structure now includes protein structure clas-
sification databases (SCOP and CATH); the flexible, marginally stable nature of
proteins; expanded coverage of intrinsically unstructured proteins; and special fea-
tures, such as the molecular mousetrap (o-antitrypsin).

Chapter 7 Glycomics and the structural code of carbohydrates; galectins as media-
tors of inflammation, immunity, and cancer; and C-reactive protein, a lectin that
limits inflammation damage, highlight this chapter.

Chapter 8 Discussions of healthy dietary oils and fats, including canola oil and
Benecol, the novel lipids in archaea, lipids as signals, and lipidomics as a framework
for understanding the many roles of lipids are now included.

Chapter 9 New concepts of membrane structure, function, and dynamics, and the
recently solved structures of membrane channel proteins, active transport proteins,
and ABC transporters are featured.

Chapter 10 The exciting prospects for DNA nanodevices and the applied science of
nanotechnology are reviewed, and the evolution of contemporary life from an RNA-
based world is presented.

Chapter 11 Nucleic acid sequencing by automated, fluorescence-based or light-
emitting techniques has made possible sequencing the DNA of individuals. The
structure of DNA multiplexes composed of 3 or 4 polynucleotide strands and the
higher orders of structure in RNA molecules are new topics in this chapter.

Chapter 12 The use of RNA interference (RNAI) as a tool to discover gene function
and various analytical methods for probing protein-protein interaction are two new
methodologies pertinent to this chapter.
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Chapter 13 The possibility of creating enzymes designed to catalyze any desired re-
action is introduced.

Chapter 14 Enzyme mechanisms (Chapter 14 Mechanisms of Enzyme Action) are pre-
sented before enzyme regulation (Chapter 15 Enzyme Regulation), allowing students
to appreciate the catalytic power of enzymes immediately after learning about their
kinetic properties (Chapter 13 Enzymes—Kinetics and Specificity). The coverage of en-
zyme mechanisms has been reorganized, shortened, and simplified in this chapter.
New topics added in this chapter include medical and commercial applications of
enzyme transition state analogs, a primer on how to read and write enzyme mecha-
nisms, the roles of near-attack complexes and protein motion in enzyme catalysis,
and a new feature on chorismate mutase.

Chapter 15 The regulation of enzyme activity through allosteric mechanisms is pre-
sented in a simplified and integrated form, and the different covalent modifications
that alter protein function are characterized.

Chapter 16 The chapter provides substantially revised discussions of myosin, ki-
nesin, and dynein motors; an updated discussion of helicases, including the papil-
loma virus E1 helicase spiral staircase; and new information on the flagellar rotor
structure and mechanism.

Chapter 17 The emerging science of metabolomics and systems biology highlight
this chapter.

Chapter 18 The significance of glycolysis to overall metabolism is illustrated
through a discussion of hypoxia inducible factor (HIF), a protein that acts in the
absence of oxygen to activate transcription of genes for glycolytic enzymes.

Chapter 19 Discussion of the TCA cycle has been updated and a new “A Deeper
Look” box on the coenzymes of the TCA cycle has been added.

Chapter 20 The chapter now includes discussions of the structures of the electron
transport complexes, the ATP synthase as a rotational molecular motor that uses the
energy of a proton gradient to drive synthesis of ATP, and the role of mitochondria
in cell signaling and apoptosis.

Chapter 21 The structural details of the photosystems that transduce light energy
into chemical energy have given new insights into photosynthesis.

Chapter 22 The identity of xylulose-b-phosphate as a metabolic regulator is a new
feature in this chapter.

Chapter 23 This chapter is enhanced by new information on the structure and func-
tion of the enzymes of B-oxidation, therapeutic effects of exercise in reversing the
consequences of metabolic syndrome, and natural antioxidants in foods that can
improve fat metabolism.

Chapter 24 The recent revelation that megasynthases catalyze fatty acid synthesis in
eukaryotes is presented in this chapter, along with new information on the structure
and function of the LDL receptor.

Chapter 25 Relationships between amino acid metabolism and human disease, such
as the significance of aspargine to leukemia, are underscored.

Chapter 26 The phenomenon of metabolic channeling as a principle in metabolic
organization and integration is emphasized.

Chapter 27 The role of AMP-activated protein kinase as the sensor of cellular en-
ergy levels and regulator of whole-body energy homeostasis is introduced, and the
biochemical connections between caloric restriction or red wine consumption to
prolonged lifespan are explored.

Chapter 29 The structural studies of RNA polymerase that brought Roger Kornberg
the Nobel Prize form the basis for a deeper understanding of transcription. Also
presented are chromatin remodeling and histone modifications as processes deter-
mining the accessibility of chromatin to the transcriptional apparatus.

Chapter 30 Recent discoveries regarding the molecular structure of ribosomes have
provided new insights about the mechanisms by which they synthesize proteins.



Chapter 31 The descriptions of protein folding include new information on how
ATP drives and regulates protein folding by chaperonins. It is now clear that AAA+
ATPase modules mediate the unfolding of proteins in the proteasome. Small,
ubiquitin-like protein modules (SUMOs) are presented as key modifiers in the post-
translational regulation of protein function.

Chapter 32 The chapter has been substantially revised and reorganized to consoli-
date information on membrane receptor structure and function. Included here is
new material about the epidermal growth factor receptor, the insulin receptor, and
the atrial natriuretic peptide receptor, as well as the organization and integration
of cell signaling pathways and the action of G-protein-coupled receptors through
G-protein-independent pathways.

Complete Support Package

For Students

Student Solutions Manual, Study Guide and Problems Book by David K. Jemiolo
(Vassar College) and Steven M. Theg (University of California, Davis) includes sum-
maries of the chapters, detailed solutions to all end-of-chapter problems, a guide to
key points of each chapter, important definitions, and illustrations of major meta-
bolic pathways. (0-495-11460-X)

Student Lecture Notebook Perfect for note taking during lecture, this conve-
nient booklet consists of black and white reproductions of the PowerPoint slides.
(0-495-11461-8)

CengageNOW at www.cengage.com/login CengageNOW’s online self-assessment
tool is developed specifically for this text, extending the “Essential Questions”
framework. You can explore a variety of tutorials, exercises, and simulations
(crossreferenced throughout the text with margin annotations). You can also
take chapter-specific Pre-Tests and receive a Personalized Study plan that directs
you to specific interactive materials that can help you master areas where you
need additional work. Access to CengageNOW for two semesters may be included
with new textbooks or may be purchased at www.ichapters.com using ISBN 0-495-
60645-6. Instructors, please contact your Cengage Learning representative for
bundling information.

For Professors

PowerLecture with ExamView

Instructor’s Resource CD-ROM ISBN: 0-495-11459-6
PowerLecture is a one-stop digital library and presentation tool that includes:

o Prepared Microsoft® PowerPoint® Lecture Slides covering all key points from the
text in a convenient format that you can enhance with your own materials or with
additional interactive video and animations from the CD-ROM for personalized,
media-enhanced lectures.

e Image Libraries in PowerPoint or in JPEG format that contain electronic files for
all text art, most photographs, and all numbered tables in the text. These files
can be used to print transparencies.

e Electronic files for the Test Bank.

e Sample chapters from the Student Solutions Manual, Study Guide, and Problems
Book and the Lecture Notebook.

o ExamView® testing software, with all the test items from the Online Test Bank in
electronic format, which enables you to create customized tests of up to 250
items in print or online.

CENGAGENOW"

Lecture

Preface

XXXi


www.cengage.com/login
www.ichapters.com

XxXxii

Preface

OnlineTest Bank by Larry Jackson, Montana State University

Includes 25—-40 multiple-choice questions per chapter for professors to use as tests,
quizzes, or homework assignments. Electronic files for the Test Bank are available
on the PowerLecture Instructor’s CD-ROM. BlackBoard and WebCT formatted files
for the Test Bank can be found on the faculty companion site for this book at
www.cengage.com/chemistry/garrett. (0-495-11457-X)
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and create.”

—Albert Einstein
Reginald H. Garrett Charles M. Grisham
Charlottesville, VA Ivy, VA

December 2008
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The Facts of Life: Chemistry
Is the Logic of Biological
Phenomena

ESSENTIAL QUESTION

Molecules are lifeless. Yet, the properties of living things derive from the properties
of molecules.

Despite the spectacular diversity of life, the elaborate structure of biological
molecules, and the complexity of vital mechanisms, are life functions ulti-
mately interpretable in chemical terms?

Molecules are lifeless. Yet, in appropriate complexity and number, molecules com-
pose living things. These living systems are distinct from the inanimate world because
they have certain extraordinary properties. They can grow, move, perform the in-
credible chemistry of metabolism, respond to stimuli from the environment, and
most significantly, replicate themselves with exceptional fidelity. The complex struc-
ture and behavior of living organisms veil the basic truth that their molecular consti-
tution can be described and understood. The chemistry of the living cell resembles
the chemistry of organic reactions. Indeed, cellular constituents or biomolecules
must conform to the chemical and physical principles that govern all matter. Despite
the spectacular diversity of life, the intricacy of biological structures, and the com-
plexity of vital mechanisms, life functions are ultimately interpretable in chemical
terms. Chemustry is the logic of biological phenomena.

1.1° What Are the Distinctive Properties of Living Systems?

First, the most obvious quality of living organisms is that they are complicated and
highly organized (Figure 1.1). For example, organisms large enough to be seen with
the naked eye are composed of many cells, typically of many types. In turn, these
cells possess subcellular structures, called organelles, which are complex assem-
blies of very large polymeric molecules, called macromolecules. These macro-
molecules themselves show an exquisite degree of organization in their intricate

Thomas C. Boydon/Marie Selby Botanical Gardens

© Herbert Kehrer/zefa/Corbis

(b)

FIGURE 1.1 (a) Gelada (Theropithecus gelada), a baboon native to the Ethiopian highlands. (b) Tropical orchid
(Bulbophyllum blumei), New Guinea.

© Dennis Wilson/CORBIS

Sperm approaching an egg.

“...everything that living things do can be under-
stood in terms of the jigglings and wigglings
of atoms.”

Richard P. Feynman
Lectures on Physics, Addison-Wesley, 1963

KEY QUESTIONS

1.1 What Are the Distinctive Properties
of Living Systems?
1.2 What Kinds of Molecules Are Biomolecules?

13  What Is the Structural Organization of
Complex Biomolecules?

14  How Do the Properties of Biomolecules
Reflect Their Fitness to the Living
Condition?

1.5  What s the Organization and Structure
of Cells?

1.6 What Are Viruses?
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three-dimensional architecture, even though they are composed of simple sets of
chemical building blocks, such as sugars and amino acids. Indeed, the complex
three-dimensional structure of a macromolecule, known as its conformation, is a
consequence of interactions between the monomeric units, according to their in-
dividual chemical properties.

Second, biological structures serve functional purposes. That is, biological structures
play a role in the organism’s existence. From parts of organisms, such as limbs and
organs, down to the chemical agents of metabolism, such as enzymes and metabolic
intermediates, a biological purpose can be given for each component. Indeed, it is
this functional characteristic of biological structures that separates the science of bi-
ology from studies of the inanimate world such as chemistry, physics, and geology. In
biology, it is always meaningful to seek the purpose of observed structures, organiza-
tions, or patterns, that is, to ask what functional role they serve within the organism.

Third, living systems are actively engaged in energy transformations. Maintenance of the
highly organized structure and activity of living systems depends on their ability to
extract energy from the environment. The ultimate source of energy is the sun. So-
lar energy flows from photosynthetic organisms (organisms able to capture light en-
ergy by the process of photosynthesis) through food chains to herbivores and ulti-
mately to carnivorous predators at the apex of the food pyramid (Figure 1.2). The
biosphere is thus a system through which energy flows. Organisms capture some of
this energy, be it from photosynthesis or the metabolism of food, by forming special
energized biomolecules, of which ATP and NADPH are the two most prominent ex-
amples (Figure 1.3). (Commonly used abbreviations such as ATP and NADPH are
defined on the inside back cover of this book.) ATP and NADPH are energized bio-
molecules because they represent chemically useful forms of stored energy. We ex-
plore the chemical basis of this stored energy in subsequent chapters. For now, suf-
fice it to say that when these molecules react with other molecules in the cell, the
energy released can be used to drive unfavorable processes. That is, ATP, NADPH,
and related compounds are the power sources that drive the energy-requiring activ-
ities of the cell, including biosynthesis, movement, osmotic work against concentra-
tion gradients, and in special instances, light emission (bioluminescence). Only
upon death does an organism reach equilibrium with its inanimate environment.
The living state is characterized by the flow of energy through the organism. At the expense

Entropy is a thermodynamic term used to desig- of this energy flow, the organism can maintain its intricate order and activity far re-
nate that amount of energy in a system that is moved from equilibrium with its surroundings, yet exist in a state of apparent con-
unavailable to do work. stancy over time. This state of apparent constancy, or so-called steady state, is actu-

Y2 ey S S
Carnivores
2° Consumers

Herbivores Herbivore product (6 g)

1° Consumers
Primary productivity (270 g)

Photosynthesis

1° Producers

Productivity per square meter of a Tennessee field

FIGURE 1.2 The food pyramid. Photosynthetic organisms at the base capture light energy. Herbivores and car-
nivores derive their energy ultimately from these primary producers.
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FIGURE 1.3 ATP and NADPH, two bio- NH,
chemically important energy-rich
compounds. SN
-
N
O——CH,
I o
“O—P=0O
.
| OH OH NH,
O Il’ O /N N

O—CH, < | )
ally a very dynamic condition: Energy and material are consumed by the organism O N N7
and used to maintain its stability and order. In contrast, inanimate matter, as exem-
plified by the universe in totality, is moving to a condition of increasing disorder or,
in thermodynamic terms, maximum entropy. OH O

Fourth, living systems have a remarkable capacity for self-replication. Generation after ‘0—1|J—O‘

generation, organisms reproduce virtually identical copies of themselves. This self- I
replication can proceed by a variety of mechanisms, ranging from simple division in o
bacteria to sexual reproduction in plants and animals; but in every case, it is char- NADPH

acterized by an astounding degree of fidelity (Figure 1.4). Indeed, if the accuracy of
self-replication were significantly greater, the evolution of organisms would be ham-
pered. This is so because evolution depends upon natural selection operating on in-
dividual organisms that vary slightly in their fitness for the environment. The fidelity

FIGURE 1.4 Organisms resemble their parents. (a) The Garrett
guys at Hatteras. Left to right: son Randal, Peg Garrett, grand-
sons Reggie and Ricky, son Jeff, grandson Jackson, and son
Robert. (b) Orangutan with infant. (c) The Grisham family. Left
to right: Charles, David, Rosemary, Emily,and Andrew.

Karrie Elizabeth Grear
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CENGAGENOW" ACTIVE FIGURE 1.6 Covalent bond

formation by e~ pair sharing. Test yourself on the con-

cepts in this figure at www.cengage.com/login

CENGAGENOW" ANIMATED FIGURE 1.5 The DNA double helix. Two complementary polynucleotide chains
running in opposite directions can pair through hydrogen bonding between their nitrogenous bases. Their

complementary nucleotide sequences give rise to structural complementarity. See this figure animated at
www.cengage.com/login

of self-replication resides ultimately in the chemical nature of the genetic material.
This substance consists of polymeric chains of deoxyribonucleic acid, or DNA,
which are structurally complementary to one another (Figure 1.5). These mole-
cules can generate new copies of themselves in a rigorously executed polymeriza-
tion process that ensures a faithful reproduction of the original DNA strands. In
contrast, the molecules of the inanimate world lack this capacity to replicate. A
crude mechanism of replication must have existed at life’s origin.

1.2 What Kinds of Molecules Are Biomolecules?

The elemental composition of living matter differs markedly from the relative abun-
dance of elements in the earth’s crust (Table 1.1). Hydrogen, oxygen, carbon, and ni-
trogen constitute more than 99% of the atoms in the human body, with most of the H
and O occurring as HyO. Oxygen, silicon, aluminum, and iron are the most abundant
atoms in the earth’s crust, with hydrogen, carbon, and nitrogen being relatively rare
(less than 0.2% each). Nitrogen as dinitrogen (Ny) is the predominant gas in the at-
mosphere, and carbon dioxide (COy) is present at a level of 0.04%, a small but critical
amount. Oxygen is also abundant in the atmosphere and in the oceans. What property
unites H, O, C, and N and renders these atoms so suitable to the chemistry of life? It
is their ability to form covalent bonds by electron-pair sharing. Furthermore, H, C, N,
and O are among the lightest elements of the periodic table capable of forming such
bonds (Figure 1.6). Because the strength of covalent bonds is inversely proportional to
the atomic weights of the atoms involved, H, C, N, and O form the strongest covalent
bonds. Two other covalent bond—forming elements, phosphorus (as phosphate
[—OPO;?"] derivatives) and sulfur, also play important roles in biomolecules.

Biomolecules Are Carbon Compounds

All biomolecules contain carbon. The prevalence of C is due to its unparalleled ver-
satility in forming stable covalent bonds through electron-pair sharing. Carbon can
form as many as four such bonds by sharing each of the four electrons in its outer
shell with electrons contributed by other atoms. Atoms commonly found in covalent
linkage to C are C itself, H, O, and N. Hydrogen can form one such bond by con-
tributing its single electron to the formation of an electron pair. Oxygen, with two
unpaired electrons in its outer shell, can participate in two covalent bonds, and ni-
trogen, which has three unshared electrons, can form three such covalent bonds.
Furthermore, C, N, and O can share two electron pairs to form double bonds with
one another within biomolecules, a property that enhances their chemical versatil-
ity. Carbon and nitrogen can even share three electron pairs to form triple bonds.

Two properties of carbon covalent bonds merit particular attention. One is the
ability of carbon to form covalent bonds with itself. The other is the tetrahedral na-
ture of the four covalent bonds when carbon atoms form only single bonds. Together
these properties hold the potential for an incredible variety of linear, branched, and
cyclic compounds of C. This diversity is multiplied further by the possibilities for in-
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m Composition of the Earth’s Crust, Seawater, and the Human Body*
Earth’s Crust Seawater Human Body*

Element % Compound mM Element %

O 47 Cl- 548 H 63

Si 28 Na* 470 O 25.5
Al 7.9 MggJr 54 C 9.5
Fe 4.5 SO, 28 N 1.4
Ca 3.5 Ca®* 10 Ca 0.31
Na 2.5 K* 10 P 0.22
K 2.5 HCO;~ 2.3 Cl 0.08
Mg 2.2 NO3™ 0.01 K 0.06
Ti 0.46 HPO /2>~ <0.001 S 0.05
H 0.22 Na 0.03
C 0.19 Mg 0.01

*Figures for the earth’s crust and the human body are presented as percentages of the total number of atoms; seawater
data are in millimoles per liter. Figures for the earth’s crust do not include water, whereas figures for the human body do.
Trace elements found in the human body serving essential biological functions include Mn, Fe, Co, Cu, Zn, Mo, I, Ni, and Se.

cluding N, O, and H atoms in these compounds (Figure 1.7). We can therefore en-
vision the ability of C to generate complex structures in three dimensions. These
structures, by virtue of appropriately included N, O, and H atoms, can display unique
chemistries suitable to the living state. Thus, we may ask, is there any pattern or un-
derlying organization that brings order to this astounding potentiality?

1.3" What Is the Structural Organization
of Complex Biomolecules?

Examination of the chemical composition of cells reveals a dazzling variety of or-
ganic compounds covering a wide range of molecular dimensions (Table 1.2). As this
complexity is sorted out and biomolecules are classified according to the similarities
of their sizes and chemical properties, an organizational pattern emerges. The bio-
molecules are built according to a structural hierarchy: Simple molecules are the
units for building complex structures.

The molecular constituents of living matter do not reflect randomly the infinite
possibilities for combining C, H, O, and N atoms. Instead, only a limited set of the
many possibilities is found, and these collections share certain properties essential
to the establishment and maintenance of the living state. The most prominent as-
pect of biomolecular organization is that macromolecular structures are con-
structed from simple molecules according to a hierarchy of increasing structural
complexity. What properties do these biomolecules possess that make them so ap-
propriate for the condition of life?

Metabolites Are Used to Form the Building Blocks of Macromolecules

The major precursors for the formation of biomolecules are water, carbon dioxide,
and three inorganic nitrogen compounds—ammonium (NH,"), nitrate (NO;™), and
dinitrogen (Ny). Metabolic processes assimilate and transform these inorganic pre-
cursors through ever more complex levels of biomolecular order (Figure 1.8). In the
first step, precursors are converted to metabolites, simple organic compounds that
are intermediates in cellular energy transformation and in the biosynthesis of various
sets of building blocks: amino acids, sugars, nucleotides, fatty acids, and glycerol.
Through covalent linkage of these building blocks, the macromolecules are con-
structed: proteins, polysaccharides, polynucleotides (DNA and RNA), and lipids.
(Strictly speaking, lipids contain relatively few building blocks and are therefore not

5
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FIGURE 1.7 Examples of the versatility of C—C bonds in building complex structures: linear, cyclic, branched,
and planar.
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m Biomolecular Dimensions
The dimensions of mass* and length for biomolecules are given typically in daltons and
nanometers,’ respectively. One dalton (D) is the mass of one hydrogen atom, 1.67 X 107 g.
One nanometer (nm) is 107" m, or 10 A (angstroms).
Mass
Length
Biomolecule (long dimension, nm) Daltons Picograms
Water 0.3 18
Alanine 0.5 89
Glucose 0.7 180
Phospholipid 3.5 750
Ribonuclease (a small protein) 4 12,600
Immunoglobulin G (IgG) 14 150,000
Myosin (a large muscle protein) 160 470,000
Ribosome (bacteria) 18 2,520,000
Bacteriophage ¢X174 (a very small bacterial virus) 25 4,700,000
Pyruvate dehydrogenase complex (a multienzyme complex) 60 7,000,000
Tobacco mosaic virus (a plant virus) 300 40,000,000 6.68 X 107
Mitochondrion (liver) 1,600 1.5
Escherichia coli cell 2,000 2
Chloroplast (spinach leaf) 8,000 60
Liver cell 20,000 8,000

*Molecular mass is expressed in units of daltons (D) or kilodaltons (kD) in this book; alternatively, the dimensionless term molecular weight, symbolized by Mr, and defined as the ratio of the

mass of a molecule to 1 dalton of mass, is used.
Prefixes used for powers of 10 are

10° mega M 1073 milli  m
10 kilo  k 107 micro
107" deci d 10°° nano n
1072 centi ¢ 1072 pico p
107" femto f

really polymeric like other macromolecules; however, lipids are important contribu-
tors to higher levels of complexity.) Interactions among macromolecules lead to the
next level of structural organization, supramolecular complexes. Here, various mem-
bers of one or more of the classes of macromolecules come together to form specific
assemblies that serve important subcellular functions. Examples of these supramo-
lecular assemblies are multifunctional enzyme complexes, ribosomes, chromosomes,
and cytoskeletal elements. For example, a eukaryotic ribosome contains four differ-
ent RNA molecules and at least 70 unique proteins. These supramolecular assemblies
are an interesting contrast to their components because their structural integrity is
maintained by noncovalent forces, not by covalent bonds. These noncovalent forces
include hydrogen bonds, ionic attractions, van der Waals forces, and hydrophobic in-
teractions between macromolecules. Such forces maintain these supramolecular as-
semblies in a highly ordered functional state. Although noncovalent forces are weak
(Iess than 40 k] /mol), they are numerous in these assemblies and thus can collectively
maintain the essential architecture of the supramolecular complex under conditions
of temperature, pH, and ionic strength that are consistent with cell life.

Organelles Represent a Higher Order in Biomolecular Organization

The next higher rung in the hierarchical ladder is occupied by the organelles, en-
tities of considerable dimensions compared with the cell itself. Organelles are
found only in eukaryotic cells, that is, the cells of “higher” organisms (eukaryotic
cells are described in Section 1.5). Several kinds, such as mitochondria and
chloroplasts, evolved from bacteria that gained entry to the cytoplasm of early eu-
karyotic cells. Organelles share two attributes: They are cellular inclusions, usually
membrane bounded, and they are dedicated to important cellular tasks. Or-
ganelles include the nucleus, mitochondria, chloroplasts, endoplasmic reticulum,
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FIGURE 1.8 Molecular organization in the cell is a hierarchy.
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Golgi apparatus, and vacuoles, as well as other relatively small cellular inclusions,
such as peroxisomes, lysosomes, and chromoplasts. The nucleus is the repository
of genetic information as contained within the linear sequences of nucleotides in
the DNA of chromosomes. Mitochondria are the “power plants” of cells by virtue
of their ability to carry out the energy-releasing aerobic metabolism of carbohy-
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drates and fatty acids, capturing the energy in metabolically useful forms such as
ATP. Chloroplasts endow cells with the ability to carry out photosynthesis. They
are the biological agents for harvesting light energy and transforming it into
metabolically useful chemical forms.

Membranes Are Supramolecular Assemblies That Define
the Boundaries of Cells

Membranes define the boundaries of cells and organelles. As such, they are not eas-
ily classified as supramolecular assemblies or organelles, although they share the
properties of both. Membranes resemble supramolecular complexes in their con-
struction because they are complexes of proteins and lipids maintained by noncova-
lent forces. Hydrophobic interactions are particularly important in maintaining mem-
brane structure. Hydrophobic interactions arise because water molecules prefer to
interact with each other rather than with nonpolar substances. The presence of non-
polar molecules lessens the range of opportunities for water—water interaction by
forcing the water molecules into ordered arrays around the nonpolar groups. Such
ordering can be minimized if the individual nonpolar molecules redistribute from a
dispersed state in the water into an aggregated organic phase surrounded by water.
The spontaneous assembly of membranes in the aqueous environment where life
arose and exists is the natural result of the hydrophobic (“waterfearing”) character of
their lipids and proteins. Hydrophobic interactions are the creative means of mem-
brane formation and the driving force that presumably established the boundary of
the first cell. The membranes of organelles, such as nuclei, mitochondria, and chloro-
plasts, differ from one another, with each having a characteristic protein and lipid
composition tailored to the organelle’s function. Furthermore, the creation of dis-
crete volumes or compartments within cells is not only an inevitable consequence
of the presence of membranes but usually an essential condition for proper
organellar function.

The Unit of Life Is the Cell

The cell is characterized as the unit of life, the smallest entity capable of displaying
the attributes associated uniquely with the living state: growth, metabolism, stimu-
lus response, and replication. In the previous discussions, we explicitly narrowed
the infinity of chemical complexity potentially available to organic life and we pre-
viewed an organizational arrangement, moving from simple to complex, that pro-
vides interesting insights into the functional and structural plan of the cell. Never-
theless, we find no obvious explanation within these features for the living
characteristics of cells. Can we find other themes represented within biomolecules
that are explicitly chemical yet anticipate or illuminate the living condition?

1.4 How Do the Properties of Biomolecules Reflect
Their Fitness to the Living Condition?

If we consider what attributes of biomolecules render them so fit as components of
growing, replicating systems, several biologically relevant themes of structure and
organization emerge. Furthermore, as we study biochemistry, we will see that these
themes serve as principles of biochemistry. Prominent among them is the necessity
Sor information and energy in the maintenance of the living state. Some biomolecules must
have the capacity to contain the information, or “recipe,” of life. Other biomole-
cules must have the capacity to translate this information so that the organized
structures essential to life are synthesized. Interactions between these structures are
the processes of life. An orderly mechanism for abstracting energy from the envi-
ronment must also exist in order to obtain the energy needed to drive these
processes. What properties of biomolecules endow them with the potential for such
remarkable qualities?

9
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Biological Macromolecules and Their Building Blocks Have
a“Sense” or Directionality

The macromolecules of cells are built of units—amino acids in proteins, nu-
cleotides in nucleic acids, and carbohydrates in polysaccharides—that have struc-
tural polarity. That is, these molecules are not symmetrical, and so they can be
thought of as having a “head” and a “tail.” Polymerization of these units to form
macromolecules occurs by head-to-tail linear connections. Because of this, the poly-
mer also has a head and a tail, and hence, the macromolecule has a “sense” or di-
rection to its structure (Figure 1.9).

Biological Macromolecules Are Informational

Because biological macromolecules have a sense to their structure, the sequential or-
der of their component building blocks, when read along the length of the mole-
cule, has the capacity to specify information in the same manner that the letters of

(a) Amino acid Amino acid Polypeptide
H R, H Ry H R, H
N/ N/ N/
G + (o G N COO~
VRN 7\ /S Do N/
HiN COO" N COO HIN i o
N —— "0 H Ry
Sense
(b) Sugar Polysaccharide
HO HO
. CH,OH
3 +
HO: \ " X
: OH OH . HO o
5 : T CH,OH
: o)
HO —4 — OH HO
Sense
HO OH
(c) Nucleotide Nucleotide Nucleic acid

HO — P—OCH,

o

5'— PO, I

Sense

CENGAGENOW" ACTIVE FIGURE 1.9 (a) Amino acids build proteins. (b) Polysaccharides are built
by joining sugars together. (c) Nucleic acids are polymers of nucleotides. All these polymerization

processes involve bond formations accompanied by the elimination of water (dehydration synthe-
sis reactions). Test yourself on the concepts in this figure at www.cengage.com/login
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A strand of DNA CENGAGENOW" ACTIVEFIGURE 1.10 The sequence of monomeric

units in a biological polymer has the potential to contain information
E a E E E E E if the diversity and order of the units are not overly simple or repeti-
5 3 tive. Nucleic acids and proteins are information-rich molecules; poly-

saccharides are not. Test yourself on the concepts in this figure at
A polypeptide segment www.cengage.com/login
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A polysaccharide chain
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the alphabet can form words when arranged in a linear sequence (Figure 1.10). Not
all biological macromolecules are rich in information. Polysaccharides are often
composed of the same sugar unit repeated over and over, as in cellulose or starch,
which are homopolymers of many glucose units. On the other hand, proteins and
polynucleotides are typically composed of building blocks arranged in no obvious
repetitive way; that is, their sequences are unique, akin to the letters and punctua-
tion that form this descriptive sentence. In these unique sequences lies meaning. Dis-
cerning the meaning, however, requires some mechanism for recognition.

Biomolecules Have Characteristic Three-Dimensional Architecture

The structure of any molecule is a unique and specific aspect of its identity. Mo-
lecular structure reaches its pinnacle in the intricate complexity of biological macro-
molecules, particularly the proteins. Although proteins are linear sequences of co-
valently linked amino acids, the course of the protein chain can turn, fold, and coil
in the three dimensions of space to establish a specific, highly ordered architecture
that is an identifying characteristic of the given protein molecule (Figure 1.11).

Weak Forces Maintain Biological Structure and Determine
Biomolecular Interactions

Covalent bonds hold atoms together so that molecules are formed. In contrast,
weak chemical forces or noncovalent bonds (hydrogen bonds, van der Waals forces,
ionic interactions, and hydrophobic interactions) are intramolecular or intermo-
lecular attractions between atoms. None of these forces, which typically range from
4 to 30 kJ/mol, are strong enough to bind free atoms together (Table 1.3). The av-

FIGURE 1.11 Antigen-binding domain of immunoglob-

erage kinetic energy of molecules at 25°C is 2.5 k] /mol, so the energy of weak forces  ulin G (I9G).
m Weak Chemical Forces and Their Relative Strengths and Distances
Strength Distance
Force (kJ/mol) (hm) Description
Van der Waals interactions 0.4-4.0 0.3-0.6 Strength depends on the relative size of the atoms or molecules and the
distance between them. The size factor determines the area of contact
between two molecules: The greater the area, the stronger the interaction.
Hydrogen bonds 12-30 0.3 Relative strength is proportional to the polarity of the H bond donor and
H bond acceptor. More polar atoms form stronger H bonds.
Ionic interactions 20 0.25 Strength also depends on the relative polarity of the interacting charged
species. Some ionic interactions are also H bonds: —NH3* - - - “7OOC—
Hydrophobic interactions <40 — Force is a complex phenomenon determined by the degree to which the
structure of water is disordered as discrete hydrophobic molecules or
molecular regions coalesce.
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FIGURE 1.12 Van der Waals packing is en-
hanced in molecules that are structurally com-
plementary. GIn'?', a surface protuberance on
lysozyme, is recognized by the antigen-binding
site of an antibody against lysozyme. GIn'?!
(pink) fits nicely in a pocket formed by Tyr??
(orange), Phe! (light green), Trp®? (dark green),
and Tyr'?" (blue) components of the antibody.
(See also Figure 1.16.) (a) Ball-and-stick model.
(b) Space-filling representation. (From Amit, A.G,,

et al, 1986.Three-dimensional structure of an antigen-

antibody complex at 2.8 A resolution. Science
233:747-753, figure 5.)
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FIGURE 1.13 The van der Waals interaction energy pro-
file as a function of the distance, », between the centers

of two atoms.
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is only several times greater than the dissociating tendency due to thermal motion
of molecules. Thus, these weak forces create interactions that are constantly form-
ing and breaking at physiological temperature, unless by cumulative number they
impart stability to the structures generated by their collective action. These weak
forces merit further discussion because their attributes profoundly influence the na-
ture of the biological structures they build.

Van der Waals Attractive Forces Play an Important Role
in Biomolecular Interactions

Van der Waals forces are the result of induced electrical interactions between
closely approaching atoms or molecules as their negatively charged electron clouds
fluctuate instantaneously in time. These fluctuations allow attractions to occur be-
tween the positively charged nuclei and the electrons of nearby atoms. Van der
Waals attractions operate only over a very limited interatomic distance (0.3 to
0.6 nm) and are an effective bonding interaction at physiological temperatures only
when a number of atoms in a molecule can interact with several atoms in a neigh-
boring molecule. For this to occur, the atoms on interacting molecules must pack
together neatly. That is, their molecular surfaces must possess a degree of structural
complementarity (Figure 1.12).

At best, van der Waals interactions are weak and individually contribute 0.4 to
4.0 k] /mol of stabilization energy. However, the sum of many such interactions within
a macromolecule or between macromolecules can be substantial. Calculations indi-
cate that the attractive van der Waals energy between the enzyme lysozyme and a
sugar substrate that it binds is about 60 kJ/mol.

When two atoms approach each other so closely that their electron clouds inter-
penetrate, strong repulsive van der Waals forces occur, as shown in Figure 1.13. Be-
tween the repulsive and attractive domains lies a low point in the potential curve.
This low point defines the distance known as the van der Waals contact distance,
which is the interatomic distance that results if only van der Waals forces hold two
atoms together. The limit of approach of two atoms is determined by the sum of
their van der Waals radii (Table 1.4).

Hydrogen Bonds Are Important in Biomolecular Interactions

Hydrogen bonds form between a hydrogen atom covalently bonded to an elec-
tronegative atom (such as oxygen or nitrogen) and a second electronegative atom
that serves as the hydrogen bond acceptor. Several important biological examples
are given in Figure 1.14. Hydrogen bonds, at a strength of 12 to 30 k]J/mol, are
stronger than van der Waals forces and have an additional property: H bonds are
cylindrically symmetrical and tend to be highly directional, forming straight bonds
between donor, hydrogen, and acceptor atoms. Hydrogen bonds are also more spe-
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1/ VIR W B Radii of the Common Atoms of Biomolecules

Atom

Van der Waals Covalent Represented

Atom Radius (nm) Radius (nm) to Scale
H 0.1 0.037 O
C 0.17 0.077 (%)
N 0.15 0.070 (»)
o 0.14 0.066 (»)
P 0.19 0.096
S 0.185 0.104

I I
Half-thickness
of an aromatic 0.17 —
ring

cific than van der Waals interactions because they require the presence of com-
plementary hydrogen donor and acceptor groups.

lonic Interactions Ionic interactions are the result of attractive forces between op-
positely charged structures, such as negative carboxyl groups and positive amino
groups (Figure 1.15). These electrostatic forces average about 20 k]J/mol in aque-
ous solutions. Typically, the electrical charge is radially distributed, so these inter-
actions may lack the directionality of hydrogen bonds or the precise fit of van der
Waals interactions. Nevertheless, because the opposite charges are restricted to ster-
ically defined positions, ionic interactions can impart a high degree of structural
specificity.

The strength of electrostatic interactions is highly dependent on the nature of the
interacting species and the distance, 7 between them. Electrostatic interactions may
involve ions (species possessing discrete charges), permanent dipoles (having a per-
manent separation of positive and negative charge), or induced dipoles (having a
temporary separation of positive and negative charge induced by the environment).

Hydrophobic Interactions Hydrophobic interactions result from the strong
tendency of water to exclude nonpolar groups or molecules (see Chapter 2). Hy-
drophobic interactions arise not so much because of any intrinsic affinity of non-
polar substances for one another (although van der Waals forces do promote the
weak bonding of nonpolar substances), but because water molecules prefer the
stronger interactions that they share with one another, compared to their inter-
action with nonpolar molecules. Hydrogen-bonding interactions between polar
water molecules can be more varied and numerous if nonpolar molecules come
together to form a distinct organic phase. This phase separation raises the entropy
of water because fewer water molecules are arranged in orderly arrays around in-
dividual nonpolar molecules. It is these preferential interactions between water
molecules that “exclude” hydrophobic substances from aqueous solution and
drive the tendency of nonpolar molecules to cluster together. Thus, nonpolar re-
gions of biological macromolecules are often buried in the molecule’s interior to
exclude them from the aqueous milieu. The formation of oil droplets as hy-
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H bonds Approximate
Bonded atoms bond length*
O—H---0 0.27 nm
O—H---0" 0.26 nm
O—H---N 0.29 nm
N—H---0 0.30 nm
*N—H---0 0.29 nm
N—H---N 0.31 nm

*Lengths given are distances from the atom
covalently linked to the H to the atom
H bonded to the hydrogen:

O—H---0

k-0.27 nm-]

Functional groups that are important
H-bond donors and acceptors:
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o
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CENGAGENOW" ANIMATED FIGURE 1.14 Some biolog-
ically important H bonds. See this figure animated at
www.cengage.com/login

drophobic nonpolar lipid molecules coalesce in the presence of water is an ap-
proximation of this phenomenon. These tendencies have important conse-
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CENGAGENOW"  ANIMATED FIGURE 1.15 lonic bonds
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Ligand: a molecule (or atom) that binds specifi-
cally to another molecule (from Latin figare, to
bind).

quences in the creation and maintenance of the macromolecular structures and
supramolecular assemblies of living cells.

The Defining Concept of Biochemistry Is “Molecular Recognition
Through Structural Complementarity”

Structural complementarity is the means of recognition in biomolecular interac-
tions. The complicated and highly organized patterns of life depend on the ability
of biomolecules to recognize and interact with one another in very specific ways.
Such interactions are fundamental to metabolism, growth, replication, and other vi-
tal processes. The interaction of one molecule with another, a protein with a metabo-
lite, for example, can be most precise if the structure of one is complementary to the
structure of the other, as in two connecting pieces of a puzzle or, in the more popu-
lar analogy for macromolecules and their ligands, a lock and its key (Figure 1.16).
This principle of structural complementarity is the very essence of biomolecular recognition.
Structural complementarity is the significant clue to understanding the functional
properties of biological systems. Biological systems from the macromolecular level to
the cellular level operate via specific molecular recognition mechanisms based on
structural complementarity: A protein recognizes its specific metabolite, a strand of
DNA recognizes its complementary strand, sperm recognize an egg. All these inter-
actions involve structural complementarity between molecules.

Biomolecular Recognition Is Mediated by Weak Chemical Forces

Weak chemical forces underlie the interactions that are the basis of biomolecular
recognition. It is important to realize that because these interactions are sufficiently
weak, they are readily reversible. Consequently, biomolecular interactions tend to
be transient; rigid, static lattices of biomolecules that might paralyze cellular activi-
ties are not formed. Instead, a dynamic interplay occurs between metabolites and
macromolecules, hormones and receptors, and all the other participants instru-
mental to life processes. This interplay is initiated upon specific recognition be-
tween complementary molecules and ultimately culminates in unique physiological
activities. Biological function is achieved through mechanisms based on structural
complementarity and weak chemical interactions.

This principle of structural complementarity extends to higher interactions es-
sential to the establishment of the living condition. For example, the formation of

Puzzle Lock and key

FIGURE 1.16 Structural complementarity: the pieces of a puzzle, the lock and its key, a biological macromolecule
and its ligand—an antigen-antibody complex.The antigen on the right (gold) is a small protein, lysozyme, from
hen egg white.The antibody molecule (IgG) (left) has a pocket that is structurally complementary to a surface fea-
ture (red) on the antigen. (See also Figure 1.12.)
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supramolecular complexes occurs because of recognition and interaction between
their various macromolecular components, as governed by the weak forces formed
between them. If a sufficient number of weak bonds can be formed, as in macro-
molecules complementary in structure to one another, larger structures assemble
spontaneously. The tendency for nonpolar molecules and parts of molecules to
come together through hydrophobic interactions also promotes the formation of
supramolecular assemblies. Very complex subcellular structures are actually spon-
taneously formed in an assembly process that is driven by weak forces accumulated
through structural complementarity.

Weak Forces Restrict Organisms to a Narrow Range
of Environmental Conditions

Because biomolecular interactions are governed by weak forces, living systems are re-
stricted to a narrow range of physical conditions. Biological macromolecules are func-
tionally active only within a narrow range of environmental conditions, such as tem-
perature, ionic strength, and relative acidity. Extremes of these conditions disrupt the
weak forces essential to maintaining the intricate structure of macromolecules. The
loss of structural order in these complex macromolecules, so-called denaturation, is ac-
companied by loss of function (Figure 1.17). As a consequence, cells cannot tolerate
reactions in which large amounts of energy are released, nor can they generate a large
energy burst to drive energy-requiring processes. Instead, such transformations take
place via sequential series of chemical reactions whose overall effect achieves dramatic
energy changes, even though any given reaction in the series proceeds with only mod-
est input or release of energy (Figure 1.18). These sequences of reactions are orga-
nized to provide for the release of useful energy to the cell from the breakdown of food
or to take such energy and use it to drive the synthesis of biomolecules essential to the
living state. Collectively, these reaction sequences constitute cellular metabolism—the
ordered reaction pathways by which cellular chemistry proceeds and biological energy
transformations are accomplished.

Enzymes Catalyze Metabolic Reactions

The sensitivity of cellular constituents to environmental extremes places another
constraint on the reactions of metabolism. The rate at which cellular reactions pro-
ceed is a very important factor in maintenance of the living state. However, the com-
mon ways chemists accelerate reactions are not available to cells; the temperature
cannot be raised, acid or base cannot be added, the pressure cannot be elevated,
and concentrations cannot be dramatically increased. Instead, biomolecular cata-
lysts mediate cellular reactions. These catalysts, called enzymes, accelerate the re-
action rates many orders of magnitude and, by selecting the substances undergoing

CENGAGENOW" ANIMATED FIGURE 1.17 Denaturation
and renaturation of the intricate structure of a protein.
See this figure animated at www.cengage.com/
login

CENGAGENOW" Go to CengageNOW at www
.cengage.com/login and click BiochemistryInteractive
to explore the structure of immunoglobulin G, center-
ing on the role of weak intermolecular forces in es-
tablishing higher orders of structure.
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The combustion of glucose: CgH,,05 +6 Oy — > 6 CO,+ 6 H,O + 2870 k] energy

(a) In an aerobic cell

6 COy + 6 HyO

CENGAGENOW" ANIMATED FIGURE 1.19 Carbonic
anhydrase, a representative enzyme. See this figure
animated at www.cengage.com/login

Citric acid cycle

(b) In a bomb calorimeter

Glycolysis

ATP
ATP ATP
ATP
ATP
ATP K 2870 k]
ATP > energy
- as heat
ATP - ATP
ATP ATP
ATP ATP
ATP
ATP 1o
phosphorylation ATP  A7p
30-38 ATP 6 CO, + 6 HyO

CENGAGENOW" ACTIVE FIGURE 1.18 Metabolism is the organized release or capture of small amounts of
energy in processes whose overall change in energy is large. (a) Cells can release the energy of glucose in a
stepwise fashion and the small “packets” of energy appear in ATP. (b) Combustion of glucose in a bomb
calorimeter results in an uncontrolled, explosive release of energy in its least useful form, heat. Test yourself
on the concepts in this figure at www.cengage.com/login

reaction, determine the specific reaction that takes place. Virtually every metabolic
reaction is catalyzed by an enzyme (Figure 1.19).

Metabolic Regulation Is Achieved by Controlling the Activity of Enzymes Thou-
sands of reactions mediated by an equal number of enzymes are occurring at any
given instant within the cell. Collectively, these reactions constitute cellular metab-
olism. Metabolism has many branch points, cycles, and interconnections, as subse-
quent chapters reveal. All these reactions, many of which are at apparent cross-
purposes in the cell, must be fine-tuned and integrated so that metabolism and life
proceed harmoniously. The need for metabolic regulation is obvious. This meta-
bolic regulation is achieved through controls on enzyme activity so that the rates of
cellular reactions are appropriate to cellular requirements.

Despite the organized pattern of metabolism and the thousands of enzymes re-
quired, cellular reactions nevertheless conform to the same thermodynamic princi-
ples that govern any chemical reaction. Enzymes have no influence over energy
changes (the thermodynamic component) in their reactions. Enzymes only influ-
ence reaction rates. Thus, cells are systems that take in food, release waste, and carry
out complex degradative and biosynthetic reactions essential to their survival while
operating under conditions of essentially constant temperature and pressure and
maintaining a constant internal environment (homeostasis) with no outwardly ap-
parent changes. Cells are open thermodynamic systems exchanging matter and energy with
their environment and functioning as highly regulated isothermal chemical engines.

The Time Scale of Life

Individual organisms have life spans ranging from a day or less to a century or more,
but the phenomena that characterize and define living systems have durations rang-
ing over 33 orders of magnitude, from 1071 sec (electron transfer reactions, photo-
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m Life Times

Time (sec) Process Example

101 Electron transfer The light reactions in photosynthesis

10713 Transition states Transition states in chemical reactions have lifetimes of 107! to 1071 sec (the reciprocal
of the frequency of bond vibrations)

1071 H-bond lifetimes H bonds are exchanged between HyO molecules due to the rotation of the water
molecules themselves

1072 to 10° Motion in proteins Fast: tyrosine ring flips, methyl group rotations
Slow: bending motions between protein domains

107% to 10° Enzyme catalysis 107% sec: fast enzyme reactions
1073 sec: typical enzyme reactions
10° sec: slow enzyme reactions

10° Diffusion in membranes A typical membrane lipid molecule can diffuse from one end of a bacterial cell to the
other in 1 sec; a small protein would go half as far

10! to 102 Protein synthesis Some ribosomes synthesize proteins at a rate of 20 amino acids added per second

10* to 10° Cell division Prokaryotic cells can divide as rapidly as every hour or so; eukaryotic cell division varies
greatly (from hours to years)

107 to 108 Embryonic development Human embryonic development takes 9 months (2.4 X 108 sec)

105 to 109 Life span Human life expectancy is 77.6 years (about 2.5 X 109 sec)

1018 Evolution The first organisms appeared 3.5 X 109 years ago and evolution has continued since then

excitation in photosynthesis) to 10'® sec (the period of evolution, spanning from
the first appearance of organisms on the earth more than 3 billion years ago to to-
day) (Table 1.5). Because proteins are the agents of biological function, phenom-
ena involving weak interactions and proteins dominate the shorter times. As time
increases, more stable interactions (covalent bonds) and phenomena involving the
agents of genetic information (the nucleic acids) come into play.

1.5" What Is the Organization and Structure of Cells?

All living cells fall into one of three broad categories—Archaea, Bacteria and Eu-
karya. Archaea and bacteria are referred to collectively as prokaryotes. As a group,
prokaryotes are single-celled organisms that lack nuclei and other organelles; the
word is derived from pro meaning “prior to” and karyot meaning “nucleus.” In con-
ventional biological classification schemes, prokaryotes are grouped together as
members of the kingdom Monera. The other four living kingdoms are all Eukarya—
the single-celled Protists, such as amoebae, and all multicellular life forms, including
the Fungi, Plant, and Animal kingdoms. Eukaryotic cells have true nuclei and other
organelles such as mitochondria, with the prefix ew meaning “true.”

The Evolution of Early Cells Gave Rise to Eubacteria, Archaea,
and Eukaryotes

For a long time, most biologists believed that eukaryotes evolved from the simpler
prokaryotes in some linear progression from simple to complex over the course of
geological time. However, contemporary evidence favors the view that present-day
organisms are better grouped into the three classes mentioned: eukarya, bacteria,
and archaea. All are believed to have evolved approximately 3.5 billion years ago
from an ancestral communal gene pool shared among primitive cellular entities.
Furthermore, contemporary eukaryotic cells are, in reality, composite cells that har-
bor various bacterial contributions.

Despite great diversity in form and function, cells and organisms share much bio-
chemistry in common. This commonality and diversity has been substantiated by
the results of whole genome sequencing, the determination of the complete nu-
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Gene is a unit of hereditary information, physi-
cally defined by a specific sequence of nucleo-
tides in DNA; in molecular terms,a gene is a

nucleotide sequence that encodes a protein or

RNA product.

cleotide sequence within the DNA of an organism. For example, the genome of the
metabolically divergent archaea Methanococcus jannaschii shows 44% similarity to
known genes in eubacteria and eukaryotes, yet 56% of its genes are new to science.

How Many Genes Does a Cell Need?

The genome of the Mycoplasma genitalium consists of 523 genes, encoding 484 pro-
teins, in just 580,074 base pairs (Table 1.6). This information sparks an interesting
question: How many genes are needed for cellular life? Any minimum gene set must
encode all the information necessary for cellular metabolism, including the vital
functions essential to reproduction. The simplest cell must show at least (1) some
degree of metabolism and energy production; (2) genetic replication based on a
template molecule that encodes information (DNA or RNA?); and (3) formation
and maintenance of a cell boundary (membrane). Top-down studies aim to discover
from existing cells what a minimum gene set might be. These studies have focused
on simple parasitic bacteria, because parasites often obtain many substances from
their hosts and do not have to synthesize them from scratch; thus, they require
fewer genes. One study concluded that 206 genes are sufficient to form a minimum
gene set. The set included genes for DNA replication and repair, transcription,
translation, protein processing, cell division, membrane structure, nutrient trans-
port, metabolic pathways for ATP synthesis, and enzymes to make a small number
of metabolites that might not be available, such as pentoses for nucleotides. Yet
another study based on computer modeling decided that a minimum gene set
might have only 105 protein-coding genes. Bottom-up studies aim to create a mini-
mal cell by reconstruction based on known cellular components. At this time, no
such bottom-up creation of an artificial cell has been reported. The simplest func-
tional artificial cell capable of replication would contain an informational macro-
molecule (presumably a nucleic acid) and enough metabolic apparatus to maintain
a basic set of cellular components within a membranelike boundary.

1/.UI8 W How Many Genes Does It Take To Make An Organism?

Number of Cells

Organism in Adult* Number of Genes
Mycobacterium genitalium 1 523
Pathogenic bacterium

Methanococcus jannaschii 1 1,800
Archaeal methanogen

Escherichia coli K12 1 4,400
Intestinal bacterium

Saccharomyces cereviseae 1 6,000
Baker’s yeast (eukaryote)

Caenorhabditis elegans 959 19,000
Nematode worm

Drosophila melanogaster 10* 13,500

Fruit fly

Avrabidopsis thaliana 107 27,000
Flowering plant

Fugu rubripes 102 38,000 (est.)
Pufferfish

Homo sapiens 10t 20,500 (est.)
Human

The first four of the nine organisms in the table are single-celled microbes; the last six are eukaryotes; the last five are
multicellular, four of which are animals; the final two are vertebrates. Although pufferfish and humans have roughly the
same number of genes, the pufferfish genome, at 0.365 billion nucleotide pairs, is only one-eighth the size of the human
genome.

*Numbers for Arabidopsis thaliana, the pufferfish, and human are “order-of-magnitude” rough estimates.
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A BACTERIAL CELL
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FIGURE 1.20 This bacterium is Escherichia coli, a member of the coliform group of bacteria that colonize the
intestinal tract of humans. (See Table 1.7.) (Photo, Martin Rotker/Phototake, Inc,; inset photo, David M. Phillips/The Popula-
tion Council/Science Source/Photo Researchers, Inc.)

Archaea and Bacteria Have a Relatively Simple Structural Organization

The bacteria form a widely spread group. Certain of them are pathogenic to hu-
mans. The archaea, about which we know less, are remarkable because they can be
found in unusual environments where other cells cannot survive. Archaea include
the thermoacidophiles (heat- and acid-loving bacteria) of hot springs, the
halophiles (salt-loving bacteria) of salt lakes and ponds, and the methanogens (bac-
teria that generate methane from CO, and Hy). Prokaryotes are typically very small,
on the order of several microns in length, and are usually surrounded by a rigid cell
wall that protects the cell and gives it its shape. The characteristic structural orga-
nization of one of these cells is depicted in Figure 1.20.

Prokaryotic cells have only a single membrane, the plasma membrane or cell
membrane. Because they have no other membranes, prokaryotic cells contain no
nucleus or organelles. Nevertheless, they possess a distinct nuclear area where a sin-
gle circular chromosome is localized, and some have an internal membranous struc-
ture called a mesosome that is derived from and continuous with the cell mem-
brane. Reactions of cellular respiration are localized on these membranes. In
cyanobacteria, flat, sheetlike membranous structures called lamellae are formed
from cell membrane infoldings. These lamellae are the sites of photosynthetic ac-
tivity, but they are not contained within plastids, the organelles of photosynthesis
found in higher plant cells. Prokaryotic cells also lack a cytoskeleton; the cell wall
maintains their structure. Some bacteria have flagella, single, long filaments used
for motility. Prokaryotes largely reproduce by asexual division, although sexual ex-
changes can occur. Table 1.7 lists the major features of bacterial cells.

The Structural Organization of Eukaryotic Cells Is More Complex
Than That of Prokaryotic Cells

Compared with prokaryotic cells, eukaryotic cells are much greater in size, typically
having cell volumes 10% to 10* times larger. They are also much more complex.
These two features require that eukaryotic cells partition their diverse metabolic
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m Major Features of Prokaryotic Cells

Structure

Molecular Composition

Function

Cell wall

Cell membrane

Nuclear area or nucleoid

Ribosomes

Storage granules

Cytosol

Peptidoglycan: a rigid framework of polysaccharide
crosslinked by short peptide chains. Some bacteria
possess a lipopolysaccharide- and protein-rich outer
membrane.

The cell membrane is composed of about

45% lipid and 55% protein. The lipids form a
bilayer that is a continuous nonpolar hydrophobic
phase in which the proteins are embedded.

The genetic material is a single, tightly coiled DNA
molecule 2 nm in diameter but more than 1 mm
in length (molecular mass of E. coli DNA is 3 X 10°
daltons; 4.64 X 10° nucleotide pairs).

Bacterial cells contain about 15,000 ribosomes.
Each is composed of a small (30S) subunit and a
large (50S) subunit. The mass of a single ribosome
is 2.3 X 10° daltons. It consists of 65% RNA and
35% protein.

Bacteria contain granules that represent storage
forms of polymerized metabolites such as sugars or
B-hydroxybutyric acid.

Despite its amorphous appearance, the cytosol is an
organized gelatinous compartment that is 20%

protein by weight and rich in the organic molecules

that are the intermediates in metabolism.

Mechanical support, shape, and protection against
swelling in hypotonic media. The cell wall is a
porous nonselective barrier that allows most small
molecules to pass.

The cell membrane is a highly selective perme-
ability barrier that controls the entry of most sub-
stances into the cell. Important enzymes in the
generation of cellular energy are located in the
membrane.

DNA provides the operating instructions for the
cell; it is the repository of the cell’s genetic infor-
mation. During cell division, each strand of the
double-stranded DNA molecule is replicated to
yield two double-helical daughter molecules.
Messenger RNA (mRNA) is transcribed from
DNA to direct the synthesis of cellular proteins.

Ribosomes are the sites of protein synthesis. The
mRNA binds to ribosomes, and the mRNA
nucleotide sequence specifies the protein that is
synthesized.

When needed as metabolic fuel, the monomeric
units of the polymer are liberated and degraded
by energy-yielding pathways in the cell.

The cytosol is the site of intermediary metabo-
lism, the interconnecting sets of chemical reac-
tions by which cells generate energy and form the
precursors necessary for biosynthesis of macro-
molecules essential to cell growth and function.

processes into organized compartments, with each compartment dedicated to a par-
ticular function. A system of internal membranes accomplishes this partitioning. A
typical animal cell is shown in Figure 1.21 and a typical plant cell in Figure 1.22.
Tables 1.8 and 1.9 list the major features of a typical animal cell and a higher plant

cell, respectively.

Eukaryotic cells possess a discrete, membrane-bounded nucleus, the repository
of the cell’s genetic material, which is distributed among a few or many chromo-
somes. During cell division, equivalent copies of this genetic material must be
passed to both daughter cells through duplication and orderly partitioning of the
chromosomes by the process known as mitosis. Like prokaryotic cells, eukaryotic
cells are surrounded by a plasma membrane. Unlike prokaryotic cells, eukaryotic
cells are rich in internal membranes that are differentiated into specialized struc-
tures such as the endoplasmic reticulum (ER) and the Golgi apparatus. Membranes
also surround certain organelles (mitochondria and chloroplasts, for example) and
various vesicles, including vacuoles, lysosomes, and peroxisomes. The common

purpose of these membranous partitionings is the creation of cellular compart-
ments that have specific, organized metabolic functions, such as the mitochon-
drion’s role as the principal site of cellular energy production. Eukaryotic cells also
have a cytoskeleton composed of arrays of filaments that give the cell its shape and
its capacity to move. Some eukaryotic cells also have long projections on their
surface—cilia or flagella—which provide propulsion.
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FIGURE 1.21 This figure diagrams a rat liver cell, a typical higher animal cell.

1.6 What Are Viruses?

Viruses are supramolecular complexes of nucleic acid, either DNA or RNA, en-
capsulated in a protein coat and, in some instances, surrounded by a membrane
envelope (Figure 1.23). Viruses are acellular, but they act as cellular parasites in
order to reproduce. The bits of nucleic acid in viruses are, in reality, mobile ele-
ments of genetic information. The protein coat serves to protect the nucleic acid
and allows it to gain entry to the cells that are its specific hosts. Viruses unique for
all types of cells are known. Viruses infecting bacteria are called bacteriophages
(“bacteria eaters”); different viruses infect animal cells and plant cells. Once the
nucleic acid of a virus gains access to its specific host, it typically takes over the
metabolic machinery of the host cell, diverting it to the production of virus parti-
cles. The host metabolic functions are subjugated to the synthesis of viral nucleic
acid and proteins. Mature virus particles arise by encapsulating the nucleic acid
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FIGURE 1.22 This figure diagrams a cell in the leaf of a higher plant. The cell wall, membrane, nucleus, chloro-
plasts, mitochondria, vacuole, endoplasmic reticulum (ER), and other characteristic features are shown.

within a protein coat called the capsid. Thus, viruses are supramolecular assem-
blies that act as parasites of cells (Figure 1.24).

Often, viruses cause disintegration of the cells that they have infected, a process
referred to as cell lysis. It is their cytolytic properties that are the basis of viral dis-
ease. In certain circumstances, the viral genetic elements may integrate into the
host chromosome and become quiescent. Such a state is termed lysogeny. Typically,
damage to the host cell activates the replicative capacities of the quiescent viral nu-
cleic acid, leading to viral propagation and release. Some viruses are implicated in
transforming cells into a cancerous state, that is, in converting their hosts to an un-
regulated state of cell division and proliferation. Because all viruses are heavily de-
pendent on their host for the production of viral progeny, viruses must have evolved
after cells were established. Presumably, the first viruses were fragments of nucleic
acid that developed the ability to replicate independently of the chromosome and
then acquired the necessary genes enabling protection, autonomy, and transfer be-
tween cells.
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1L A Wl Major Features of a Typical Animal Cell

Cell membrane
(plasma
membrane)

Nucleus

Endoplasmic
reticulum (ER)
and ribosomes

Golgi apparatus

Mitochondria

Lysosomes

Peroxisomes

Cytoskeleton

Structure Molecular Composition Function
Extracellular The surfaces of animal cells are covered with a flexible This complex coating is cell specific, serves in cell-
matrix and sticky layer of complex carbohydrates, proteins, and cell recognition and communication, creates cell

lipids.
Roughly 50:50 lipid: protein as a 5-nm-thick continuous

sheet of lipid bilayer in which a variety of proteins are
embedded.

The nucleus is separated from the cytosol by a double
membrane, the nuclear envelope. The DNA is com-
plexed with basic proteins (histones) to form chromatin
fibers, the material from which chromosomes are made.
A distinct RNA-rich region, the nucleolus, is the site of
ribosome assembly.

Flattened sacs, tubes, and sheets of internal membrane
extending throughout the cytoplasm of the cell and en-
closing a large interconnecting series of volumes called
cisternae. The ER membrane is continuous with the outer
membrane of the nuclear envelope. Portions of the sheet-
like areas of the ER are studded with ribosomes, giving
rise to rough ER. Eukaryotic ribosomes are larger than
prokaryotic ribosomes.

The Golgi is an asymmetrical system of flattened membrane-
bounded vesicles often stacked into a complex. The face of
the complex nearest the ER is the cis face; that most distant
from the ER is the trans face. Numerous small vesicles found
peripheral to the trans face of the Golgi contain secretory
material packaged by the Golgi.

Mitochondria are organelles surrounded by two mem-
branes that differ markedly in their protein and lipid com-
position. The inner membrane and its interior volume—
the matrix—contain many important enzymes of energy
metabolism. Mitochondria are about the size of bacteria,
~]1 pm. Cells contain hundreds of mitochondria, which
collectively occupy about one-fifth of the cell volume.

Lysosomes are vesicles 0.2—-0.5 um in diameter, bounded
by a single membrane. They contain hydrolytic enzymes
such as proteases and nucleases that act to degrade cell
constituents targeted for destruction. They are formed as
membrane vesicles budding from the Golgi apparatus.

Like lysosomes, peroxisomes are 0.2—-0.5 um, single-
membrane-bounded vesicles. They contain a variety of
oxidative enzymes that use molecular oxygen and gener-
ate peroxides. They are also formed from membrane vesi-
cles budding from the smooth ER.

The cytoskeleton is composed of a network of protein
filaments: actin filaments (or microfilaments), 7 nm in
diameter; intermediate filaments, 8—10 nm; and micro-
tubules, 25 nm. These filaments interact in establishing
the structure and functions of the cytoskeleton. This in-
teracting network of protein filaments gives structure and
organization to the cytoplasm.

adhesion, and provides a protective outer layer.

The plasma membrane is a selectively permeable
outer boundary of the cell, containing specific
systems—pumps, channels, transporters, receptors—
for the exchange of materials with the environment
and the reception of extracellular information. Impor-
tant enzymes are also located here.

The nucleus is the repository of genetic information
encoded in DNA and organized into chromosomes.
During mitosis, the chromosomes are replicated and
transmitted to the daughter cells. The genetic informa-
tion of DNA is transcribed into RNA in the nucleus and
passes into the cytosol, where it is translated into pro-
tein by ribosomes.

The endoplasmic reticulum is a labyrinthine organelle
where both membrane proteins and lipids are synthe-
sized. Proteins made by the ribosomes of the rough
ER pass through the ER membrane into the cisternae
and can be transported via the Golgi to the periphery
of the cell. Other ribosomes unassociated with the ER
carry on protein synthesis in the cytosol. The nuclear
membrane, ER, Golgi, and additional vesicles are all
part of a continuous endomembrane system.

Involved in the packaging and processing of macro-
molecules for secretion and for delivery to other
cellular compartments.

Mitochondria are the power plants of eukaryotic cells
where carbohydrates, fats, and amino acids are oxi-
dized to COy and HyO. The energy released is
trapped as high-energy phosphate bonds in ATP.

Lysosomes function in intracellular digestion of
materials entering the cell via phagocytosis or pino-
cytosis. They also function in the controlled degrada-
tion of cellular components. Their internal pH is
about 5, and the hydrolytic enzymes they contain work
best at this pH.

Peroxisomes act to oxidize certain nutrients, such as
amino acids. In doing so, they form potentially toxic
hydrogen peroxide, HyO,, and then decompose it to
H50O and Oy by way of the peroxide-cleaving enzyme
catalase.

The cytoskeleton determines the shape of the cell and
gives it its ability to move. It also mediates the internal
movements that occur in the cytoplasm, such as the
migration of organelles and mitotic movements of
chromosomes. The propulsion instruments of cells—
cilia and flagella—are constructed of microtubules.
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LL.UINR MW Major Features of a Higher Plant Cell: A Photosynthetic Leaf Cell

Structure

Molecular Composition

Function

Cell wall

Cell membrane

Nucleus

Endoplasmic reticulum,
Golgi apparatus,
ribosomes, lysosomes,
peroxisomes, and
cytoskeleton

Chloroplasts

Mitochondria

Vacuole

Cellulose fibers embedded in a polysaccharide/
protein matrix; it is thick (>0.1 um), rigid, and
porous to small molecules.

Plant cell membranes are similar in overall struc-
ture and organization to animal cell membranes
but differ in lipid and protein composition.

The nucleus, nucleolus, and nuclear envelope of
plant cells are like those of animal cells.

Plant cells also contain all of these characteristic
eukaryotic organelles, essentially in the form
described for animal cells.

Chloroplasts have a double-membrane envelope, an
inner volume called the stroma, and an internal
membrane system rich in thylakoid membranes,
which enclose a third compartment, the thylakoid
lumen. Chloroplasts are significantly larger than
mitochondria. Other plastids are found in special-
ized structures such as fruits, flower petals, and roots
and have specialized roles.

Plant cell mitochondria resemble the mitochondria
of other eukaryotes in form and function.

The vacuole is usually the most obvious compart-
ment in plant cells. It is a very large vesicle en-
closed by a single membrane called the tonoplast.
Vacuoles tend to be smaller in young cells, but in
mature cells, they may occupy more than 50% of
the cell’s volume. Vacuoles occupy the center of the
cell, with the cytoplasm being located peripherally
around it. They resemble the lysosomes of animal
cells.

Protection against osmotic or mechanical rupture.
The walls of neighboring cells interact in cement-
ing the cells together to form the plant. Channels
for fluid circulation and for cell-cell communica-
tion pass through the walls. The structural material
confers form and strength on plant tissue.

The plasma membrane of plant cells is selectively
permeable, containing transport systems for the
uptake of essential nutrients and inorganic ions. A
number of important enzymes are localized here.

Chromosomal organization, DNA replication, tran-
scription, ribosome synthesis, and mitosis in plant
cells are generally similar to the analogous features
in animals.

These organelles serve the same purposes in plant
cells that they do in animal cells.

Chloroplasts are the site of photosynthesis, the
reactions by which light energy is converted to
metabolically useful chemical energy in the form of
ATP. These reactions occur on the thylakoid mem-
branes. The formation of carbohydrate from COy
takes place in the stroma. Oxygen is evolved during
photosynthesis. Chloroplasts are the primary
source of energy in the light.

Plant mitochondria are the main source of energy
generation in photosynthetic cells in the dark and
in nonphotosynthetic cells under all conditions.
Vacuoles function in transport and storage of
nutrients and cellular waste products. By accumu-
lating water, the vacuole allows the plant cell to
grow dramatically in size with no increase in cyto-
plasmic volume.
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FIGURE 1.23 Viruses are genetic elements enclosed in a protein coat.Viruses are not free-living organisms and
can reproduce only within cells.Viruses show an almost absolute specificity for their particular host cells, infect-

()

ing and multiplying only within those cells.Viruses are known for virtually every kind of cell. Shown here are
examples of (a) an animal virus,adenovirus; (b) bacteriophage T, on E. coli;and (c) a plant virus, tobacco

mosaic Vvirus.
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CENGAGENOW" ACTIVE FIGURE 1.24 The virus life cycle.Viruses are mobile bits of genetic information
encapsulated in a protein coat. The genetic material can be either DNA or RNA. Once this genetic material
gains entry to its host cell, it takes over the host machinery for macromolecular synthesis and subverts it to the
synthesis of viral-specific nucleic acids and proteins. These virus components are then assembled into mature
virus particles that are released from the cell. Often, this parasitic cycle of virus infection leads to cell death and

disease. Test yourself on the concepts in this figure at www.cengage.com/login

SUMMARY

1.1 What Are the Distinctive Properties of Living Systems? Living sys-
tems display an astounding array of activities that collectively constitute
growth, metabolism, response to stimuli, and replication. In accord with
their functional diversity, living organisms are complicated and highly or-
ganized entities composed of many cells. In turn, cells possess subcellular
structures known as organelles, which are complex assemblies of very
large polymeric molecules, or macromolecules. The monomeric units of
macromolecules are common organic molecules (metabolites). Biologi-
cal structures play a role in the organism’s existence. From parts of or-
ganisms, such as limbs and organs, down to the chemical agents of me-
tabolism, such as enzymes and metabolic intermediates, a biological
purpose can be given for each component. Maintenance of the highly
organized structure and activity of living systems requires energy that
must be obtained from the environment. Energy is required to create and
maintain structures and to carry out cellular functions. In terms of the ca-
pacity of organisms to self-replicate, the fidelity of self-replication resides
ultimately in the chemical nature of DNA, the genetic material.

1.2 What Kinds of Molecules Are Biomolecules? C, H, N, and O are
among the lightest elements capable of forming covalent bonds
through electron-pair sharing. Because the strength of covalent bonds
is inversely proportional to atomic weight, H, C, N, and O form the
strongest covalent bonds. Two properties of carbon covalent bonds
merit attention: the ability of carbon to form covalent bonds with itself
and the tetrahedral nature of the four covalent bonds when carbon
atoms form only single bonds. Together these properties hold the po-
tential for an incredible variety of structural forms, whose diversity is
multiplied further by including N, O, and H atoms.

1.3 What Is the Structural Organization of Complex Biomolecules?
Biomolecules are built according to a structural hierarchy: Simple mol-
ecules are the units for building complex structures. HyO, CO,, NH,",
NO;~, and Ny are the inorganic precursors for the formation of simple
organic compounds from which metabolites are made. These metabo-
lites serve as intermediates in cellular energy transformation and as
building blocks (amino acids, sugars, nucleotides, fatty acids, and glyc-
erol) for lipids and for macromolecular synthesis (synthesis of proteins,
polysaccharides, DNA, and RNA). The next higher level of structural or-
ganization is created when macromolecules come together through

noncovalent interactions to form supramolecular complexes, such as
multifunctional enzyme complexes, ribosomes, chromosomes, and cyto-
skeletal elements.

The next higher rung in the hierarchical ladder is occupied by the
organelles. Organelles are membrane-bounded cellular inclusions ded-
icated to important cellular tasks, such as the nucleus, mitochondria,
chloroplasts, endoplasmic reticulum, Golgi apparatus, and vacuoles, as
well as other relatively small cellular inclusions. At the apex of the bio-
molecular hierarchy is the cell, the unit of life, the smallest entity dis-
playing those attributes associated uniquely with the living state—
growth, metabolism, stimulus response, and replication.

1.4 How Do the Properties of Biomolecules Reflect Their Fitness to the
Living Condition? Some biomolecules carry the information of life;
others translate this information so that the organized structures essen-
tial to life are formed. Interactions between such structures are the
processes of life. Properties of biomolecules that endow them with the
potential for creating the living state include the following: Biological
macromolecules and their building blocks have directionality, and thus
biological macromolecules are informational; in addition, biomolecules
have characteristic three-dimensional architectures, providing the
means for molecular recognition through structural complementarity.
Weak forces (H bonds, van der Waals interactions, ionic attractions, and
hydrophobic interactions) mediate the interactions between biological
molecules and, as a consequence, restrict organisms to the narrow
range of environmental conditions where these forces operate.

1.5 What Is the Organization and Structure of Cells? All cells share a
common ancestor and fall into one of two broad categories—prokaryotic
and eukaryotic—depending on whether the cell has a nucleus. Prokary-
otes are typically single-celled organisms and have a rather simple cellu-
lar organization. In contrast, eukaryotic cells are structurally more com-
plex, having organelles and various subcellular compartments defined
by membranes. Other than the Protists, eukaryotes are multicellular.

1.6 What Are Viruses? Viruses are supramolecular complexes of nu-
cleic acid encapsulated in a protein coat and, in some instances, sur-
rounded by a membrane envelope. Viruses are not alive; they are not
even cellular. Instead, they are packaged bits of genetic material that
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can parasitize cells in order to reproduce. Often, they cause disintegra-
tion, or lysis, of the cells they’ve infected. It is these cytolytic properties
that are the basis of viral disease. In certain circumstances, the viral nu-
cleic acid may integrate into the host chromosome and become quies-

The Facts of Life: Chemistry Is the Logic of Biological Phenomena

cent, creating a state known as lysogeny. If the host cell is damaged, the
replicative capacities of the quiescent viral nucleic acid may be acti-
vated, leading to viral propagation and release.

PROBLEMS

CENGAGENOW" Preparing for an exam? Create you own study path for this
chapter at www.cengage.com/login
1. The nutritional requirements of Escherichia coli cells are far simpler

than those of humans, yet the macromolecules found in bacteria
are about as complex as those of animals. Because bacteria can
make all their essential biomolecules while subsisting on a simpler
diet, do you think bacteria may have more biosynthetic capacity and
hence more metabolic complexity than animals? Organize your
thoughts on this question, pro and con, into a rational argument.

2. Without consulting the figures in this chapter, sketch the charac-
teristic prokaryotic and eukaryotic cell types and label their perti-
nent organelle and membrane systems.

3. Escherichia coli cells are about 2 um (microns) long and 0.8 um in
diameter.

a. How many E. coli cells laid end to end would fit across the diame-
ter of a pinhead? (Assume a pinhead diameter of 0.5 mm.)

b. What is the volume of an E. coli cell? (Assume it is a cylinder, with
the volume of a cylinder given by V= 7 1?h, where 7 = 3.14.)

c. What is the surface area of an E. coli cell? What is the surface-to-
volume ratio of an E. coli cell?

d. Glucose, a major energy-yielding nutrient, is present in bacterial
cells at a concentration of about 1 mM. What is the concentration
of glucose, expressed as mg/mL? How many glucose molecules
are contained in a typical E. coli cell? (Recall that Avogadro’s
number = 6.023 X 10%.)

e. A number of regulatory proteins are present in E. coli at only one
or two molecules per cell. If we assume that an E. coli cell contains
just one molecule of a particular protein, what is the molar con-
centration of this protein in the cell? If the molecular weight of
this protein is 40 kD, what is its concentration, expressed as
mg/mlL?

f. An E. coli cell contains about 15,000 ribosomes, which carry out
protein synthesis. Assuming ribosomes are spherical and have a di-
ameter of 20 nm (nanometers), what fraction of the E. coli cell vol-
ume is occupied by ribosomes?

g. The E. coli chromosome is a single DNA molecule whose mass
is about 3 X 10° daltons. This macromolecule is actually a linear
array of nucleotide pairs. The average molecular weight of a
nucleotide pair is 660, and each pair imparts 0.34 nm to the
length of the DNA molecule. What is the total length of the
E. coli chromosome? How does this length compare with the over-
all dimensions of an E. coli cell? How many nucleotide pairs does
this DNA contain? The average E. coli protein is a linear chain of
360 amino acids. If three nucleotide pairs in a gene encode one
amino acid in a protein, how many different proteins can the
E. coli chromosome encode? (The answer to this question is a rea-
sonable approximation of the maximum number of different
kinds of proteins that can be expected in bacteria.)

4. Assume that mitochondria are cylinders 1.5 um in length and

0.6 um in diameter.

a. What is the volume of a single mitochondrion?

b. Oxaloacetate is an intermediate in the citric acid cycle, an im-
portant metabolic pathway localized in the mitochondria of
eukaryotic cells. The concentration of oxaloacetate in mito-
chondria is about 0.03 wM. How many molecules of oxaloacetate
are in a single mitochondrion?

5. Assume that liver cells are cuboidal in shape, 20 wm on a side.

a. How many liver cells laid end to end would fit across the diameter
of a pinhead? (Assume a pinhead diameter of 0.5 mm.)

b. What is the volume of a liver cell? (Assume it is a cube.)

c. What is the surface area of a liver cell?> What is the surface-
to-volume ratio of a liver cell? How does this compare to the
surface-to-volume ratio of an E. coli cell (compare this answer with
that of problem 3c)? What problems must cells with low surface-
to-volume ratios confront that do not occur in cells with high
surface-to-volume ratios?

d. A human liver cell contains two sets of 23 chromosomes, each
set being roughly equivalent in information content. The total
mass of DNA contained in these 46 enormous DNA molecules is
4 X 102 daltons. Because each nucleotide pair contributes
660 daltons to the mass of DNA and 0.34 nm to the length of
DNA, what is the total number of nucleotide pairs and the com-
plete length of the DNA in a liver cell? How does this length
compare with the overall dimensions of a liver cell? The maximal
information in each set of liver cell chromosomes should be re-
lated to the number of nucleotide pairs in the chromosome set’s
DNA. This number can be obtained by dividing the total number
of nucleotide pairs just calculated by 2. What is this value? If this
information is expressed in proteins that average 400 amino
acids in length and three nucleotide pairs encode one amino
acid in a protein, how many different kinds of proteins might a
liver cell be able to produce? (In reality, liver cell DNA encodes
approximately 20,000 different proteins. Thus, a large discrep-
ancy exists between the theoretical information content of DNA
in liver cells and the amount of information actually expressed.)

6. Biomolecules interact with one another through molecular surfaces
that are structurally complementary. How can various proteins in-
teract with molecules as different as simple ions, hydrophobic
lipids, polar but uncharged carbohydrates, and even nucleic acids?

7. What structural features allow biological polymers to be informa-
tional macromolecules? Is it possible for polysaccharides to be in-
formational macromolecules?

8. Why is it important that weak forces, not strong forces, mediate bio-
molecular recognition?

9. What is the distance between the centers of two carbon atoms (their
limit of approach) that are interacting through van der Waals forces?
What is the distance between the centers of two carbon atoms
joined in a covalent bond? (See Table 1.4.)

10. Why does the central role of weak forces in biomolecular interac-
tions restrict living systems to a narrow range of environmental
conditions?

11. Describe what is meant by the phrase “cells are steady-state systems.”

12. The genome of the Mycoplasma genitalium consists of 523 genes, en-
coding 484 proteins, in just 580,074 base pairs (Table 1.6). What
fraction of the M. genitalium genes encode proteins? What do you
think the other genes encode? If the fraction of base pairs devoted
to protein-coding genes is the same as the fraction of the total
genes that they represent, what is the average number of base pairs
per protein-coding gene? If it takes 3 base pairs to specify an amino
acid in a protein, how many amino acids are found in the average
M. genitalium protein? If each amino acid contributes on average
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120 Daltons to the mass of a protein, what is the mass of an average
M. genitalium protein?

13. Studies of existing cells to determine the minimum number of
genes for a living cell have suggested that 206 genes are sufficient.
If the ratio of protein-coding genes to non—protein-coding genes is
the same in this minimal organism as the genes of Mycoplasma geni-
talium, how many proteins are represented in these 206 genes? How
many base pairs would be required to form the genome of this min-
imal organism if the genes are the same size as M. genitalium genes?

14. Virus genomes range in size from approximately 3500 nucleotides
to approximately 280,000 base pairs. If viral genes are about the
same size as M. genitalium genes, what is the minimum and maxi-
mum number of genes in viruses?
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15. The endoplasmic reticulum (ER) is a site of protein synthesis. Pro-
teins made by ribosomes associated with the ER may pass into the
ER membrane or enter the lumen of the ER. Devise a pathway by
which:
a. a plasma membrane protein may reach the plasma membrane.
b. a secreted protein may be deposited outside the cell.

Preparing for the MCAT Exam

16. Biological molecules often interact via weak forces (H bonds, van
der Waals interactions, etc.). What would be the effect of an in-
crease in kinetic energy on such interactions?

17. Proteins and nucleic acids are informational macromolecules. What
are the two minimal criteria for a linear informational polymer?
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Water: The Medium of Life

ESSENTIAL QUESTION

Water provided conditions for the origin, evolution, and flourishing of life; water is

@ the medium of life.
é What are the properties of water that render it so suited to its role as the
§ medium of life?
:
o
Where there's water, there’s life.
If there is magic on this planet, it is contained in Water is 2 major chemical component of the earth’s surface. It is indispensable to
water. life. Indeed, it is the only liquid that most organisms ever encounter. We are
Loven Eisley prone to take it for granted because of its ubiquity and bland nature, yet we mar-
(inscribed on the wall of the National Aquarium vel at its many unusual and fascinating properties. At the center of this fascination
in Baltimore, Maryland) is the role of water as the medium of life. Life originated, evolved, and thrives in
the seas. Organisms invaded and occupied terrestrial and aerial niches, but none
KEY QUESTIONS gained true independence from water. Typically, organisms are 70% to 90% water.
Indeed, normal metabolic activity can occur only when cells are at least 65% HyO.
2.1 What Are the Properties of Water? This dependency of life on water is not a simple matter, but it can be grasped by
22 Whatls pH? considering the unusual chemical and physical properties of HyO. Subsequent
23 What Are Buffers, and What Do They Do? chapters establish that water and its ionization products, hydrogen ions and hy-
24 What Properties of Water Give It a Unique droxide ions, are critical determinants of the structure and function of many bio-
Role in the Environment? molecules, including amino acids and proteins, nucleotides and nucleic acids,

and even phospholipids and membranes. In yet another essential role, water is an
indirect participant—a difference in the concentration of hydrogen ions on op-
posite sides of a membrane represents an energized condition essential to bio-
logical mechanisms of energy transformation. First, let’s review the remarkable
properties of water.

2.1° What Are the Properties of Water?

Water Has Unusual Properties

Compared with chemical compounds of similar atomic organization and molecular
size, water displays unexpected properties. For example, compare water, the hy-
dride of oxygen, with hydrides of oxygen’s nearest neighbors in the periodic table,
namely, ammonia (NH3) and hydrogen fluoride (HF), or with the hydride of its
nearest congener, sulfur (H,S). Water has a substantially higher boiling point, melt-
ing point, heat of vaporization, and surface tension. Indeed, all of these physical
properties are anomalously high for a substance of this molecular weight that is nei-
ther metallic nor ionic. These properties suggest that intermolecular forces of at-
traction between HyO molecules are high. Thus, the internal cohesion of this sub-
stance is high. Furthermore, water has an unusually high dielectric constant, its
maximum density is found in the liquid (not the solid) state, and it has a negative
volume of melting (that is, the solid form, ice, occupies more space than does the
liquid form, water). It is truly remarkable that so many eccentric properties occur
together in this single substance. As chemists, we expect to find an explanation for
CENGAGENOW" Create your own study path for these apparent eccentricities in the structure of water. The key to its intermolecular
this chapter with tutorials, simulations, animations, attractions must lie in its atomic constitution. Indeed, the unrivaled ability to form hy-
and Active Figures at www.cengage.com/ login . . . . .
drogen bonds is the crucial fact to understanding its properties.
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Hydrogen Bonding in Water Is Key to Its Properties

The two hydrogen atoms of water are linked covalently to oxygen, each sharing an
electron pair, to give a nonlinear arrangement (Figure 2.1). This “bent” structure of
the Hy,O molecule has enormous influence on its properties. If HyO were linear, it
would be a nonpolar substance. In the bent configuration, however, the electroneg-
ative O atom and the two H atoms form a dipole that renders the molecule distinctly
polar. Furthermore, this structure is ideally suited to H-bond formation. Water can
serve as both an H donor and an H acceptor in H-bond formation. The potential to
form four H bonds per water molecule is the source of the strong intermolecular at-
tractions that endow this substance with its anomalously high boiling point, melting
point, heat of vaporization, and surface tension. In ordinary ice, the common crys-
talline form of water, each HyO molecule has four nearest neighbors to which it is
hydrogen bonded: Each H atom donates an H bond to the O of a neighbor, and the
O atom serves as an H-bond acceptor from H atoms bound to two different water
molecules (Figure 2.2). A local tetrahedral symmetry results.

Hydrogen bonding in water is cooperative. That is, an H-bonded water mole-
cule serving as an acceptor is a better H-bond donor than an unbonded molecule
(and an HsO molecule serving as an H-bond donor becomes a better H-bond ac-
ceptor). Thus, participation in H bonding by H,O molecules is a phenomenon
of mutual reinforcement. The H bonds between neighboring molecules are weak
(23 kJ/mol each) relative to the H—O covalent bonds (420 kJ/mol). As a conse-
quence, the hydrogen atoms are situated asymmetrically between the two oxygen
atoms along the O-O axis. There is never any ambiguity about which O atom the
H atom is chemically bound to, nor to which O it is H bonded.

The Structure of Ice Is Based On H-Bond Formation

In ice, the hydrogen bonds form a space-filling, three-dimensional network. These
bonds are directional and straight; that is, the H atom lies on a direct line between
the two O atoms. This linearity and directionality mean that the H bonds in ice are
strong. In addition, the directional preference of the H bonds leads to an open lat-
tice structure. For example, if the water molecules are approximated as rigid
spheres centered at the positions of the O atoms in the lattice, then the observed
density of ice is actually only 57% of that expected for a tightly packed arrangement
of such spheres. The H bonds in ice hold the water molecules apart. Melting in-
volves breaking some of the H bonds that maintain the crystal structure of ice so

Qgcpg@y%

CENGAGENOW-" ANIMATED FIGURE 2.2 The structure of normal ice. The smallest number of H,O molecules in
any closed circuit of H-bonded molecules is six, so this structure bears the name hexagonal ice. See this figure
animated at www.cengage.com/login
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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

CENGAGENOW" ACTIVE FIGURE 2.1 The structure of
water. Two lobes of negative charge formed by the
lone-pair electrons of the oxygen atom lie above and
below the plane of the diagram. This electron density
contributes substantially to the large dipole moment of
the water molecule. Note that the H—O—H angle is
104.3°, not 109°, the angular value found in molecules
with tetrahedral symmetry, such as CH4. Many of the
important properties of water derive from this angular
value, such as the decreased density of its crystalline
state, ice. Test yourself on the concepts in this figure
at www.cengage.com/login
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H bond

CENGAGENOW" ACTIVE FIGURE 2.3 The fluid network
of H bonds linking water molecules in the liquid state. It
is revealing to note that, in 10 psec, a photon of light
(which travels at 3 X 10® m/sec) would move a distance
of only 0.003 m. Test yourself on the concepts in this

figure at www.cengage.com/login

that the molecules of water (now liquid) can actually pack closer together. Thus, the
density of ice is slightly less than that of water. Ice floats, a property of great impor-
tance to aquatic organisms in cold climates.

In liquid water, the rigidity of ice is replaced by fluidity and the crystalline pe-
riodicity of ice gives way to spatial homogeneity. The HoO molecules in liquid wa-
ter form a disordered H-bonded network, with each molecule having an average
of 4.4 close neighbors situated within a center-to-center distance of 0.284 nm
(2.84 A) At least half of the hydrogen bonds have nonideal orientations (that is,
they are not perfectly straight); consequently, liquid HyO lacks the regular lat-
ticelike structure of ice. The space about an O atom is not defined by the pres-
ence of four hydrogens but can be occupied by other water molecules randomly
oriented so that the local environment, over time, is essentially uniform. Never-
theless, the heat of melting for ice is but a small fraction (13%) of the heat of sub-
limation for ice (the energy needed to go from the solid to the vapor state). This
fact indicates that the majority of H bonds between HyO molecules survive the
transition from solid to liquid. At 10°C, 2.3 H bonds per HyO molecule remain
and the tetrahedral bond order persists, even though substantial disorder is now
present.

Molecular Interactions in Liquid Water Are Based on H Bonds

The present interpretation of water structure is that water molecules are connected
by uninterrupted H-bond paths running in every direction, spanning the whole
sample. The participation of each water molecule in an average state of H bonding
to its neighbors means that each molecule is connected to every other in a fluid net-
work of H bonds. The average lifetime of an H-bonded connection between two
H,O molecules in water is 9.5 psec (picoseconds, where 1 psec = 1072 sec). Thus,
about every 10 psec, the average HoO molecule moves, reorients, and interacts with
new neighbors, as illustrated in Figure 2.3.

In summary, pure liquid water consists of HyO molecules held in a disordered,
three-dimensional network that has a local preference for tetrahedral geometry, yet
contains a large number of strained or broken hydrogen bonds. The presence of
strain creates a kinetic situation in which HyO molecules can switch H-bond alle-
giances; fluidity ensues.

The Solvent Properties of Water Derive from Its Polar Nature

Because of its highly polar nature, water is an excellent solvent for ionic sub-
stances such as salts; nonionic but polar substances such as sugars, simple
alcohols, and amines; and carbonyl-containing molecules such as aldehydes and
ketones. Although the electrostatic attractions between the positive and negative
ions in the crystal lattice of a salt are very strong, water readily dissolves salts. For
example, sodium chloride is dissolved because dipolar water molecules partici-
pate in strong electrostatic interactions with the Na* and Cl~ ions, leading to the
formation of hydration shells surrounding these ions (Figure 2.4). Although hy-
dration shells are stable structures, they are also dynamic. Each water molecule in
the inner hydration shell around a Na* ion is replaced on average every 2 to
4 nsec (nanoseconds, where 1 nsec = 107%sec) by another HyO. Consequently, a
water molecule is trapped only several hundred times longer by the electrostatic
force field of an ion than it is by the H-bonded network of water. (Recall that the
average lifetime of H bonds between water molecules is about 10 psec.)

Water Has a High Dielectric Constant The attractions between the water mole-
cules interacting with, or hydrating, ions are much greater than the tendency of op-
positely charged ions to attract one another. Water’s ability to surround ions in di-
pole interactions and diminish their attraction for each other is a measure of its
dielectric constant, D. Indeed, ionization in solution depends on the dielectric con-
stant of the solvent; otherwise, the strongly attracted positive and negative ions
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CENGAGENOW" ANIMATED FIGURE 2.4
Hydration shells surrounding ions in
solution. Water molecules orient so that
the electrical charge on the ion is
sequestered by the water dipole. See
this figure animated at www
.cengage.com/login

would unite to form neutral molecules. The strength of the dielectric constant is re-
lated to the force, F, experienced between two ions of opposite charge separated by
a distance, 1, as given in the relationship

F = ejeo/Dr?

where ¢ and ¢ are the charges on the two ions. Table 2.1 lists the dielectric con-
stants of some common liquids. Note that the dielectric constant for water is more
than twice that of methanol and more than 40 times that of hexane.

Water Forms H Bonds with Polar Solutes In the case of nonionic but polar com-
pounds such as sugars, the excellent solvent properties of water stem from its abil-
ity to readily form hydrogen bonds with the polar functional groups on these com-
pounds, such as hydroxyls, amines, and carbonyls (see Figure 1.14). These polar
interactions between solvent and solute are stronger than the intermolecular at-
tractions between solute molecules caused by van der Waals forces and weaker hy-
drogen bonding. Thus, the solute molecules readily dissolve in water.

Hydrophobic Interactions The behavior of water toward nonpolar solutes is dif-
ferent from the interactions just discussed. Nonpolar solutes (or nonpolar func-
tional groups on biological macromolecules) do not readily H bond to HyO, and
as a result, such compounds tend to be only sparingly soluble in water. The
process of dissolving such substances is accompanied by significant reorganization
of the water surrounding the solute so that the response of the solvent water to
such solutes can be equated to “structure making.” Because nonpolar solutes must
occupy space, the random H-bonded network of water must reorganize to ac-
commodate them. At the same time, the water molecules participate in as many
H-bonded interactions with one another as the temperature permits. Conse-
quently, the H-bonded water network rearranges toward formation of a local cage-
like (clathrate) structure surrounding each solute molecule, as shown for a long-
chain fatty acid in Figure 2.5. This fixed orientation of water molecules around a
hydrophobic “solute” molecule results in a hydration shell. A major consequence
of this rearrangement is that the molecules of HyO participating in the cage layer
have markedly reduced options for orientation in three-dimensional space. Water
molecules tend to straddle the nonpolar solute such that two or three tetrahedral
directions (H-bonding vectors) are tangential to the space occupied by the inert
solute. “Straddling” allows the water molecules to retain their H-bonding possi-
bilities because no H-bond donor or acceptor of the HyO is directed toward the
caged solute. The water molecules forming these clathrates are involved in highly
ordered structures. That is, clathrate formation is accompanied by significant or-
dering of structure or negative entropy.

2.1 What Are the Properties of Water? 31

Dielectric Constants* of Some
Common Solvents at 25°C

Solvent Dielectric Constant (D)
Formamide 109

Water 78.5
Methyl alcohol 32.6

Ethyl alcohol 24.3
Acetone 20.7

Acetic acid 6.2
Chloroform 5.0
Benzene 2.3
Hexane 1.9

*The dielectric constant is also referred to as relative permitiv-

ity by physical chemists.
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CENGAGENOW" ANIMATED FIGURE 2.5 (left) Disordered network of H-bonded water

molecules. (right) Clathrate cage of ordered, H-bonded water molecules around a V
nonpolar solute molecule. See this figure animated at www.cengage.com/
login
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Multiple nonpolar molecules tend to cluster together, because their joint solva-
tion cage involves less total surface area and thus fewer ordered water molecules
than in their separate cages. It is as if the nonpolar molecules had some net attrac-
tion for one another. This apparent affinity of nonpolar structures for one another
is called hydrophobic interactions (Figure 2.6). In actuality, the “attraction” be-
tween nonpolar solutes is an entropy-driven process due to a net decrease in order

FIGURE 2.6 Hydrophobic interactions between nonpolar molecules (or nonpolar regions of molecules) are due
to the increase in entropy of solvent water molecules.
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among the HyO molecules. To be specific, hydrophobic interactions between non-
polar molecules are maintained not so much by direct interactions between the
inert solutes themselves as by the increase in entropy when the water cages coalesce
and reorganize. Because interactions between nonpolar solute molecules and the
water surrounding them are of uncertain stoichiometry and do not share the equal-
ity of atom-to-atom participation implicit in chemical bonding, the term hydrophobic
interaction is more correct than the misleading expression hydrophobic bond.

Amphiphilic Molecules Compounds containing both strongly polar and strongly
nonpolar groups are called amphiphilic molecules (from the Greek amphi meaning
“both” and philos meaning “loving”). Such compounds are also referred to as
amphipathic molecules (from the Greek pathos meaning “passion”). Salts of fatty
acids are a typical example that has biological relevance. They have a long nonpo-
lar hydrocarbon tail and a strongly polar carboxyl head group, as in the sodium salt
of palmitic acid (Figure 2.7). Their behavior in aqueous solution reflects the com-
bination of the contrasting polar and nonpolar nature of these substances. The
ionic carboxylate function hydrates readily, whereas the long hydrophobic tail is in-
trinsically insoluble. Nevertheless, sodium palmitate and other amphiphilic mole-
cules readily disperse in water because the hydrocarbon tails of these substances are
joined together in hydrophobic interactions as their polar carboxylate functions
are hydrated in typical hydrophilic fashion. Such clusters of amphipathic molecules
are termed micelles; Figure 2.7b depicts their structure.

Influence of Solutes on Water Properties The presence of dissolved substances
disturbs the structure of liquid water, thereby changing its properties. The dynamic
H-bonding interactions of water must now accommodate the intruding substance.
The net effect is that solutes, regardless of whether they are polar or nonpolar, fix
nearby water molecules in a more ordered array. Ions, by establishing hydration
shells through interactions with the water dipoles, create local order. Hydrophobic
substances, for different reasons, make structures within water. To put it another
way, by limiting the orientations that neighboring water molecules can assume,
solutes give order to the solvent and diminish the dynamic interplay among HsO
molecules that occurs in pure water.

Colligative Properties This influence of the solute on water is reflected in a set of
characteristic changes in behavior termed colligative properties, or properties re-
lated by a common principle. These alterations in solvent properties are related in
that they all depend only on the number of solute particles per unit volume of sol-
vent and not on the chemical nature of the solute. These effects include freezing
point depression, boiling point elevation, vapor pressure lowering, and osmotic
pressure effects. For example, 1 mol of an ideal solute dissolved in 1000 g of water

(a) The sodium salt of palmitic acid: Sodium (b)
palmitate (Nat “OOC(CH,),,CHs)

Polar Nonpolar tail
head

Qrirrrrr
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CENGAGFNOW" ACTIVEFIGURE 2.7 (a) An
amphiphilic molecule: sodium palmitate. (b) Micelle
formation by amphiphilic molecules in aqueous
solution. Because of their negatively charged sur-
faces, neighboring micelles repel one another and
thereby maintain a relative stability in solution. Test
yourself on the concepts in this figure at
www.cengage.com/login
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CENGAGENOW" ACTIVE FIGURE 2.8 The osmotic pres-
sure of a 1 molal (m) solution is equal to 22.4 atmo-
spheres of pressure. (a) If a nonpermeant solute is sepa-
rated from pure water by a semipermeable membrane
through which H,O passes freely, (b) water molecules
enter the solution (osmosis) and the height of the solu-
tion column in the tube rises. The pressure necessary to
push water back through the membrane at a rate
exactly equaled by the water influx is the osmotic pres-
sure of the solution. (c) For a 1T m solution, this force is
equal to 22.4 atm of pressure. Osmotic pressure is direct-
ly proportional to the concentration of the nonper-
meant solute. Test yourself on the concepts in this fig-
ure at www.cengage.com/login
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CENGAGENOW" ACTIVE FIGURE 2.9 The ionization of
water. Test yourself on the concepts in this figure at
www.cengage.com/login
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(a 1 m, or molal, solution) at 1 atm pressure depresses the freezing point by 1.86°C,
raises the boiling point by 0.543°C, lowers the vapor pressure in a temperature-
dependent manner, and yields a solution whose osmotic pressure relative to pure
water is 22.4 atm (at 25°C). In effect, by imposing local order on the water mole-
cules, solutes make it more difficult for water to assume its crystalline lattice (freeze)
or escape into the atmosphere (boil or vaporize). Furthermore, when a solution
(such as the 1 m solution discussed here) is separated from a volume of pure water
by a semipermeable membrane, the solution draws water molecules across this bar-
rier. The water molecules are moving from a region of higher effective concentra-
tion (pure HyO) to a region of lower effective concentration (the solution). This
movement of water into the solution dilutes the effects of the solute that is present.
The osmotic force exerted by each mole of solute is so strong that it requires the
imposition of 22.4 atm of pressure to be negated (Figure 2.8).

Osmotic pressure from high concentrations of dissolved solutes is a serious prob-
lem for cells. Bacterial and plant cells have strong, rigid cell walls to contain these
pressures. In contrast, animal cells are bathed in extracellular fluids of comparable
osmolarity, so no net osmotic gradient exists. Also, to minimize the osmotic pressure
created by the contents of their cytosol, cells tend to store substances such as amino
acids and sugars in polymeric form. For example, a molecule of glycogen or starch
containing 1000 glucose units exerts only 1/1000 the osmotic pressure that 1000
free glucose molecules would.

Water Can lonize to Form H* and OH™

Water shows a small but finite tendency to form ions. This tendency is demonstrated
by the electrical conductivity of pure water, a property that clearly establishes the
presence of charged species (ions). Water ionizes because the larger, strongly elec-
tronegative oxygen atom strips the electron from one of its hydrogen atoms, leav-
ing the proton to dissociate (Figure 2.9):

H—O—H—H" + OH~

Two ions are thus formed: (1) protons or hydrogen ions, H*, and (2) hydroxyl ions,
OH". Free protons are immediately hydrated to form hydronium ions, H;O*:

H* + HO— H;0"

Indeed, because most hydrogen atoms in liquid water are hydrogen bonded to a
neighboring water molecule, this protonic hydration is an instantaneous process
and the ion products of water are H;O" and OH™:

H H H
/ \
_O0-H-O0 — O—H'+OH
H H/
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The amount of H;O™ or OH™ in 1 L (liter) of pure water at 25°C is 1 X 10~ mol;
the concentrations are equal because the dissociation is stoichiometric.

Although it is important to keep in mind that the hydronium ion, or hydrated
hydrogen ion, represents the true state in solution, the convention is to speak of hy-
drogen ion concentrations in aqueous solution, even though “naked” protons are
virtually nonexistent. Indeed, H;O™ itself attracts a hydration shell by H bonding to
adjacent water molecules to form an HqO," species (Figure 2.10) and even more
highly hydrated forms. Similarly, the hydroxyl ion, like all other highly charged
species, is also hydrated.

K., the lon Product of Water The dissociation of water into hydrogen ions and hy-
droxyl ions occurs to the extent that 10""mol of H* and 10" "mol of OH™ are pres-
ent at equilibrium in 1 L of water at 25°C.

H,O——H"* + OH"

The equilibrium constant for this process is

_ [H'][OH ]
T 0]

where brackets denote concentrations in moles per liter. Because the concentration
of HyO in 1 L of pure water is equal to the number of grams in a liter divided by the
gram molecular weight of HyO, or 1000/18, the molar concentration of HyO in
pure water is 55.5 M (molar). The decrease in HyO concentration as a result of ion
formation ([H], [OH"] = 1077M) is negligible in comparison; thus its influence
on the overall concentration of HyO can be ignored. Thus,

_ (107 (107

. = 1.8X10°% M
1 55.5

Because the concentration of HyO in pure water is essentially constant, a new con-
stant, K, the ion product of water, can be written as

K, =555 Keq =101 M? = [H*][OH]

This equation has the virtue of revealing the reciprocal relationship between H*
and OH™ concentrations of aqueous solutions. If a solution is acidic (that is, it has
a significant [H*]), then the ion product of water dictates that the OH™ concen-
tration is correspondingly less. For example, if [H"] is 1072 M, [OH"] must be
1072 M (K, = 107 M?2 = [10"2][OH]; [OH] = 10" !2 M). Similarly, in an alka-
line, or basic, solution in which [OH™] is great, [H*] is low.

2.2 What Is pH?

To avoid the cumbersome use of negative exponents to express concentrations that
range over 14 orders of magnitude, Sgren Sgrensen, a Danish biochemist, devised
the pH scale by defining pH as the negative logarithm of the hydrogen ion concentration':

pH = —logyo [H']

Table 2.2 gives the pH scale. Note again the reciprocal relationship between [H]
and [OH™]. Also, because the pH scale is based on negative logarithms, low pH val-
ues represent the highest H* concentrations (and the lowest OH™ concentrations,
as K,, specifies). Note also that

pK, =pH + pOH = 14

To be precise in physical chemical terms, the activities of the various components, not their molar con-
centrations, should be used in these equations. The activity (a) of a solute component is defined as the
product of its molar concentration, ¢, and an activily coefficient, y: a = [c]y. Most biochemical work in-
volves dilute solutions, and the use of activities instead of molar concentrations is usually neglected.
However, the concentration of certain solutes may be very high in living cells.
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CENGAGENOW™ ANIMATED FIGURE 2.10 The hydration
of H;0O™. See this figure animated at www
.cengage.com/login


www.cengage.com/login
www.cengage.com/login

36 Chapter2 Water:The Medium of Life

m pH Scale
The hydrogen ion and hydroxyl ion concentrations are given in moles per liter at 25°C.
pH | [H*] . ————[OH] ———
0 (10% 1.0 0.00000000000001 (1071
1 (1071 0.1 0.0000000000001 (10719
2 (1072 0.01 0.000000000001 (10712
3 (1079%) 0.001 0.00000000001 (1071
4 (1074 0.0001 0.0000000001 (10719)
5 (107%) 0.00001 0.000000001 (1079
6 (107 0.000001 0.00000001 (107%)
7 (1077) 0.0000001 0.0000001 (1077)
8 (107%) 0.00000001 0.000001 (107
9 (1079 0.000000001 0.00001 (1079)
10 (10719) 0.0000000001 0.0001 (107
11 (10711 0.00000000001 0.001 (107%)
12 (10712 0.000000000001 0.01 (1072
13 (1071%) 0.0000000000001 0.1 (1071
14 (10711 0.00000000000001 1.0 (10%

The pH scale is widely used in biological applications because hydrogen ion con-
centrations in biological fluids are very low, about 1077 M or 0.0000001 M, a value
more easily represented as pH 7. The pH of blood plasma, for example, is 7.4, or
0.00000004 M H*. Certain disease conditions may lower the plasma pH level to 6.8
or less, a situation that may result in death. At pH 6.8, the H* concentration is
0.00000016 M, four times greater than at pH 7.4.

m The pH of Various Common Fluids At pH 7, [H*] = [OH™]; that is, there is no excess acidity or basicity. The
Fluid pH point of neutrality is at pH 7, and solutions having a pH of 7 are said to be at
neutral pH. The pH values of various fluids of biological origin or relevance are
Household lye 13.6 given in Table 2.3. Because the pH scale is a logarithmic scale, two solutions
Bleach 12.6 whose pH values differ by 1 pH unit have a tenfold difference in [H"]. For ex-
Household ammonia 11.4 ample, grapefruit juice at pH 3.2 contains more than 12 times as much H* as or-
Milk of magnesia 10.3 ange juice at pH 4.3.
Baking soda 8.4
Seawater 8.0 . . .
Pancreatic fluid -s.s0 | Strong Electrolytes Dissociate Completely in Water
Blood plasma 7.4 Substances that are almost completely dissociated to form ions in solution are called
Intracellular fluids strong electrolytes. The term electrolyte describes substances capable of generating
Liver 6.9 ions in solution and thereby causing an increase in the electrical conductivity of the

solution. Many salts (such as NaCl and KoSOy) fit this category, as do strong acids

Muscl 6.1
Sal e 6.6 (such as HCI) and strong bases (such as NaOH). Recall from general chemistry that
& .1va ' acids are proton donors and bases are proton acceptors. In effect, the dissociation
Umtle ) 5-8 of a strong acid such as HCl in water can be treated as a proton transfer reaction be-
Boric acid 5.0 tween the acid HCI and the base HyO to give the conjugate acid H;O* and the con-
Beer 4.5 jugate base Cl™:
Orange juice 4.3 HCL + H.O H.O* + CI-
Grapefruit juice 3.2 H: s *
Vinegar 2.9 The equilibrium constant for this reaction is
Soft drir'lk‘s 2.8 - [HsO*][C17]
Lemon juice 2.3 [H,0] [HCI]
Gastric juice 1.2-3.0
Battery acid 0.35 Customarily, because the term [HyO] is essentially constant in dilute aqueous solu-

tions, it is incorporated into the equilibrium constant K to give a new term, K,, the




acid dissociation constant, where K, = K [HoO]. Also, the term [H3O%] is often re-

placed by H*, such that
Hf][Cl”
K, = [HT][Cl7]
[HCI]

For HCI, the value of K, is exceedingly large because the concentration of HCI in
aqueous solution is vanishingly small. Because this is so, the pH of HCI solutions is
readily calculated from the amount of HCI used to make the solution:

[H*] in solution = [HCI] added to solution

Thus, a 1 M solution of HCI has a pH of 0; a 1 mM HCI solution has a pH of 3. Sim-
ilarly, a 0.1 M NaOH solution has a pH of 13. (Because [OH™] = 0.1 M, [H*] must
be 10713 M.) Viewing the dissociation of strong electrolytes another way, we see that
the ions formed show little affinity for each other. For example, in HCl in water, C1~
has very little affinity for H*:

HCl— H" + CI™

and in NaOH solutions, Na™ has little affinity for OH™. The dissociation of these
substances in water is effectively complete.

Weak Electrolytes Are Substances That Dissociate Only Slightly in Water

Substances with only a slight tendency to dissociate to form ions in solution are
called weak electrolytes. Acetic acid, CH3COOH, is a good example:

CH3COOH + HiO=—CH,;COO~ + H;0"

The acid dissociation constant K, for acetic acid is 1.74 X 107> M:

_ [H*][CH;COO™]

=174 X107 M
[CH;COOH]

K,

K, is also termed an ionization constant because it states the extent to which a sub-
stance forms ions in water. The relatively low value of K, for acetic acid reveals that
the un-ionized form, CH;COOH, predominates over H* and CH;COO™ in aqueous
solutions of acetic acid. Viewed another way, CH;COO™, the acetate ion, has a high
affinity for H*.

m Whatis the pH of a 0.1 M solution of acetic acid? In other words, what
is the final pH when 0.1 mol of acetic acid (HAc) is added to water and the volume
of the solution is adjusted to equal 1 L.?

Answer
The dissociation of HAc in water can be written simply as

HAc=——H" + Ac™

where Ac™ represents the acetate ion, CHsCOO™. In solution, some amount x of
HAc dissociates, generating x amount of Ac™ and an equal amount x of H*. Tonic
equilibria characteristically are established very rapidly. At equilibrium, the concen-
tration of HAc + Ac™ must equal 0.1 M. So, [HAc] can be represented as (0.1 — x)
M, and [Ac"] and [H'] then both equal x molar. From 1.74 X 107° M=
([H"]1[Ac"1)/[HAc], we get 1.74 X 107> M = x*/[0.1 — «x]. The solution to qua-
dratic equations of this form (ax?> + bx + ¢=0) is x = —b * V? — 4ac/2a. For x> +
(1.74 X 107%)x — (1.74 X 107%) = 0, x = 1.319 X 107® M, so pH = 2.88. (Note that
the calculation of x can be simplified here: Because K, is quite small, x << 0.1 M.
Therefore, K, is essentially equal to x?/0.1. Thus, x> = 1.74 X 107° M2, so x = 1.32 X
1073 M, and pH = 2.88.)

2.2 What Is pH?
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The Henderson—Hasselbalch Equation Describes the Dissociation
of a Weak Acid In the Presence of Its Conjugate Base

Consider the ionization of some weak acid, HA, occurring with an acid dissociation
constant, K,. Then,

HA—H" + A~
and

_ [H[A]
¢ [HA]
Rearranging this expression in terms of the parameter of interest, [H"], we have
ey - LKAl
[A7]

Taking the logarithm of both sides gives

[HA]
log [H*] = log K, + logjo A

If we change the signs and define pK, = —log K,, we have

[HA]
pH = pK, — logo [A]

or

[A7]

H = pK, + 1 S
P P 08g10 [HA]

This relationship is known as the Henderson—-Hasselbalch equation. Thus, the pH
of a solution can be calculated, provided K, and the concentrations of the weak
acid HA and its conjugate base A~ are known. Note particularly that when [HA] =
[A7], pH = pK,. For example, if equal volumes of 0.1 M HAc and 0.1 M sodium
acetate are mixed, then

pH = pK, = 4.76
pK., = —log K, = —log;(1.74 X 107°%) = 4.76

(Sodium acetate, the sodium salt of acetic acid, is a strong electrolyte and dissoci-
ates completely in water to yield Na* and Ac™.)

The Henderson-Hasselbalch equation provides a general solution to the quan-
titative treatment of acid-base equilibria in biological systems. Table 2.4 gives the
acid dissociation constants and pK, values for some weak electrolytes of biochemi-
cal interest.

m What is the pH when 100 mL of 0.1 N NaOH is added to 150 mL of

0.2 MHACc if pK, for acetic acid = 4.76?

Answer
100 mL 0.1 NNaOH = 0.01 mol OH™, which neutralizes 0.01 mol of HAc, giving
an equivalent amount of Ac™:

OH™ + HAc—— Ac™ + H,O

0.02 mol of the original 0.03 mol of HAc remains essentially undissociated. The fi-
nal volume is 250 mL.

[Ac™]
[HAC]
pH = 4.76 — log;, 2 = 4.46

pH = pK, + logy =4.76 + log (0.01 mol/0.02 mol)




If 150 mL of 0.2 M HAc had merely been diluted with 100 mL of water, this would
leave 250 mL of a 0.12 M HAc solution. The pH would be given by:

B [H"][Ac™] B x2
* [HAc] — 0.12M

=174 X107°M

x=144 X 1073 = [H"]
pH = 2.84

Titration Curves lllustrate the Progressive Dissociation
of a Weak Acid

Titration is the analytical method used to determine the amount of acid in
a solution. A measured volume of the acid solution is titrated by slowly adding a
solution of base, typically NaOH, of known concentration. As incremental
amounts of NaOH are added, the pH of the solution is determined and a plot of
the pH of the solution versus the amount of OH™ added yields a titration curve.
The titration curve for acetic acid is shown in Figure 2.11. In considering the

progress of this titration, keep in mind two important equilibria:
1. HAc=H" + Acc K,=1.74 X107

[HyO]
[Kw]

2. H* + OH =—H,0 K= =5.55 X 10

As the titration begins, mostly HAc is present, plus some H™ and Ac™ in amounts that
can be calculated (see the Example on page 37). Addition of a solution of NaOH al-
lows hydroxide ions to neutralize any H present. Note that reaction (2) as written
is strongly favored; its apparent equilibrium constant is greater than 101% As H* is
neutralized, more HAc dissociates to H" and Ac™. The stoichiometry of the titration
is 1:1—for each increment of OH™ added, an equal amount of the weak acid HAc is
titrated. As additional NaOH is added, the pH gradually increases as Ac™ accumu-

Acid Dissociation Constants and pK, Values for Some Weak Electrolytes (at 25°C)

Acid Ka (M) PK,

HCOOH (formic acid) 1.78 X 1074 3.75
CH3;COOH (acetic acid) 1.74 X 107° 4.76
CH3CH,COOH (propionic acid) 1.85 X 107? 4.87
CH3;CHOHCOOH (lactic acid) 1.38 X 10~* 3.86
HOOCCHyCHyCOOH (succinic acid) pK* 6.16 X 1075 4.21
HOOCCHy;CH,COO™ (succinic acid) pKy 2.34 X 1076 5.63
H;3PO, (phosphoric acid) pK; 7.08 X 107% 2.15
H,yPO,~ (phosphoric acid) pK, 6.31 X 1078 7.20
HPO.2~ (phosphoric acid) pK; 3.98 X 10713 12.40
C3NoH;* (imidazole) 1.02 X 1077 6.99
CsO9N3H ;™ (histidine—imidazole group) pKg' 9.12 X 1077 6.04
H,COs (carbonic acid) pK; 1.70 X 1074 3.77
HCOs;~ (bicarbonate) pK, 5.75 X 10711 10.24
(HOCH,)3sCNH;* (trishydroxymethyl aminomethane) 8.32 X 107° 8.07
NH,* (ammonium) 5.62 X 10710 9.25
CH3;NH;" (methylammonium) 2.46 X 10711 10.62

*The pK values listed as pKj, pK,, or pK; are in actuality pK, values for the respective dissociations. This simplification in
notation is used throughout this book.

pKk refers to the imidazole ionization of histidine.

Data from CRC Handbook of Biochemistry, The Chemical Rubber Co., 1968.
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CENGAGENOW" ANIMATED FIGURE 2.11 The titration
curve for acetic acid. Note that the titration curve is rela-
tively flat at pH values near the pK..In other words, the
pH changes relatively little as OH™ is added in this
region of the titration curve. See this figure animated
at www.cengage.com/login
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Titration midpoint

[HA] = [A7]
pH=pK,
12
NH,
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CENGAGENOW" ANIMATED FIGURE 2.12 The titration curves of several weak electrolytes: acetic acid, imidazole,
and ammonium. See this figure animated at www.cengage.com/login

lates at the expense of diminishing HAc and the neutralization of H*. At the point
where half of the HAc has been neutralized (that is, where 0.5 equivalent of OH™ has
been added), the concentrations of HAc and Ac™ are equal and pH = pK, for HAc.
Thus, we have an experimental method for determining the pK, values of weak elec-
trolytes. These pK, values lie at the midpoint of their respective titration curves. Af-
ter all of the acid has been neutralized (that is, when one equivalent of base has been
added), the pH rises exponentially.

The shapes of the titration curves of weak electrolytes are identical, as Figure
2.12 reveals. Note, however, that the midpoints of the different curves vary in a way
that characterizes the particular electrolytes. The pK, for acetic acid is 4.76, the pK,
for imidazole is 6.99, and that for ammonium is 9.25. These pK, values are directly
related to the dissociation constants of these substances, or, viewed the other way, to
the relative affinities of the conjugate bases for protons. NHjs has a high affinity for
protons compared to Ac™; NH,4* is a poor acid compared to HAc.

Phosphoric Acid Has Three Dissociable H*

Figure 2.13 shows the titration curve for phosphoric acid, HsPOy. This substance
is a polyprotic acid, meaning it has more than one dissociable proton. Indeed, it
has three, and thus three equivalents of OH™ are required to neutralize it, as Fig-
ure 2.13 shows. Note that the three dissociable H* are lost in discrete steps, each
dissociation showing a characteristic pK,. Note that pK; occurs at pH = 2.15, and
the concentrations of the acid HsPO, and the conjugate base Ho,PO,~ are equal.
As the next dissociation is approached, HyPO,~ is treated as the acid and HPO,*~
is its conjugate base. Their concentrations are equal at pH 7.20, so pK, = 7.20.
(Note that at this point, 1.5 equivalents of OH™ have been added.) As more OH™
is added, the last dissociable hydrogen is titrated, and pKs occurs at pH = 12.4,
where [HPO,?>"] = [PO,].

The shape of the titration curves for weak electrolytes has a biologically rele-
vant property: In the region of the pK,, pH remains relatively unaffected as in-
crements of OH™ (or H*) are added. The weak acid and its conjugate base are
acting as a buffer.
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2.3 What Are Buffers, and What Do They Do?

Buffers are solutions that tend to resist changes in their pH as acid or base is added.
Typically, a buffer system is composed of a weak acid and its conjugate base. A solution
of a weak acid that has a pH nearly equal to its pK,, by definition, contains an amount
of the conjugate base nearly equivalent to the weak acid. Note that in this region, the
titration curve is relatively flat (Figure 2.14). Addition of H* then has little effect be-
cause it is absorbed by the following reaction:

H* + AA——HA
Similarly, any increase in [OH™] is offset by the process
OH™ + HA— A~ + H,O

Thus, the pH remains relatively constant. The components of a buffer system are
chosen such that the pK, of the weak acid is close to the pH of interest. It is at the
pK, that the buffer system shows its greatest buffering capacity. At pH values more
than 1 pH unit from the pK,, buffer systems become ineffective because the con-
centration of one of the components is too low to absorb the influx of H" or OH™.
The molarity of a buffer is defined as the sum of the concentrations of the acid and
conjugate base forms.

Maintenance of pH is vital to all cells. Cellular processes such as metabolism are
dependent on the activities of enzymes; in turn, enzyme activity is markedly influ-
enced by pH, as the graphs in Figure 2.15 show. Consequently, changes in pH would
be disruptive to metabolism for reasons that become apparent in later chapters. Or-
ganisms have a variety of mechanisms to keep the pH of their intracellular and ex-
tracellular fluids essentially constant, but the primary protection against harmful pH
changes is provided by buffer systems. The buffer systems selected reflect both the
need for a pK, value near pH 7 and the compatibility of the buffer components with
the metabolic machinery of cells. Two buffer systems act to maintain intracellular pH
essentially constant—the phosphate (HPO,2~ /HoPO, ") system and the histidine sys-
tem. The pH of the extracellular fluid that bathes the cells and tissues of animals is
maintained by the bicarbonate/carbonic acid (HCO;~/HyCOs) system.

The Phosphate Buffer System Is a Major Intracellular Buffering System

The phosphate system serves to buffer the intracellular fluid of cells at physiological
pH because pKo lies near this pH value. The intracellular pH of most cells is main-
tained in the range between 6.9 and 7.4. Phosphate is an abundant anion in cells, both
in inorganic form and as an important functional group on organic molecules that
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CENGAGENOW" ANIMATED FIGURE 2.13 The titration
curve for phosphoric acid. See this figure animated at
www.cengage.com/login
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CENGAGENOW" ANIMATED FIGURE 2.14 A buffer
system consists of a weak acid, HA, and its conjugate
base, A~. See this figure animated at www.cengage
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(a)

Pepsin

Enzyme activity

(b)

Fumarase

Enzyme activity

pH

Lysozyme

Enzyme activity

FIGURE 2.15 pH versus enzymatic activity. Pepsin is a
protein-digesting enzyme active in the gastric fluid.
Fumarase is a metabolic enzyme found in mitochon-
dria. Lysozyme digests the cell walls of bacteria; it is
found in tears.

serve as metabolites or macromolecular precursors. In both organic and inorganic
forms, its characteristic pKy means that the ionic species present at physiological pH
are sufficient to donate or accept hydrogen ions to buffer any changes in pH, as the
titration curve for HsPO, in Figure 2.13 reveals. For example, if the total cellular con-
centration of phosphate is 20 mM (millimolar) and the pH is 7.4, the distribution of
the major phosphate species is given by

[HPO,*]
pH = pK, + log TH,PO, ]
7.4 = 720 + logl(, %
[HoPO,~]
[HPO,*"]
ipo, )~ 18

Thus, if [HPO,2>"] + [HoPO4~] = 20 mM, then
[HPO,>"]1 =12.25 mM and [HyPO, ] =7.75 mM

Dissociation of the Histidine—Imidazole Group Also Serves
as an Intracellular Buffering System

Histidine is one of the 20 naturally occurring amino acids commonly found in pro-
teins (see Chapter 4). It possesses as part of its structure an imidazole group, a five-
membered heterocyclic ring possessing two nitrogen atoms. The pK, for dissocia-
tion of the imidazole hydrogen of histidine is 6.04.

COO™ COO™
pK, = 6.04

|
H' + H;'N—C—CHy——
3 H 27_\

"
v/N H HNV/N

I
H;'N—C—CH,
H /
HN

In cells, histidine occurs as the free amino acid, as a constituent of proteins, and
as part of dipeptides in combination with other amino acids. Because the con-
centration of free histidine is low and its imidazole pK, is more than 1 pH unit re-
moved from prevailing intracellular pH, its role in intracellular buffering is mi-
nor. However, protein-bound and dipeptide histidine may be the dominant
buffering system in some cells. In combination with other amino acids, as in pro-
teins or dipeptides, the imidazole pK, may increase substantially. For example,
the imidazole pK, is 7.04 in anserine, a dipeptide containing B-alanine and histi-
dine (Figure 2.16). Thus, this pK, is near physiological pH, and some histidine
peptides are well suited for buffering at physiological pH.

“Good” Buffers Are Buffers Useful Within Physiological pH Ranges

Not many common substances have pK, values in the range from 6 to 8. Conse-
quently, biochemists conducting in vitro experiments were limited in their choice
of buffers effective at or near physiological pH. In 1966, N. E. Good devised a set of

o. O
N/

o) C

+ I |
HyN — CHy— CHy— G —ITI— CH— CHy——

N_ N'H
H

e N

FIGURE 2.16 Anserine (N-B-alanyl-3-methyl-L-histidine) is an important dipeptide buffer in the maintenance of
intracellular pH in some tissues. The structure shown is the predominant ionic species at pH 7. pK; (COOH) = 2.64;
pK; (imidazole-N*H) = 7.04; pK; (N*H3) = 9.49.
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HUMAN BIOCHEMISTRY

The Bicarbonate Buffer System of Blood Plasma

The important buffer system of blood plasma is the bicarbonate/
carbonic acid couple:

H,COs

H* + HCO;~

The relevant pK,, pK, for carbonic acid, has a value far removed
from the normal pH of blood plasma (pH 7.4). (The pK; for
HyCOs at 25°C is 3.77 [Table 2.4], but at 37°C, pK; is 3.57.) At pH
7.4, the concentration of HoCOj3 is a minuscule fraction of the
HCO;3™ concentration; thus the plasma appears to be poorly pro-
tected against an influx of OH™ ions.

H=74=357+1 w
[ p] ST 9810 1H,CO,]
HCO3™
———— = 6761
[HoCOs]

For example, if [HCOs™ ] = 24 mM, then [HoCOs] is only 3.55 uM
(3.55 X 1075 M), and an equivalent amount of OH™ (its usual con-
centration in plasma) would swamp the buffer system, causing a
dangerous rise in the plasma pH. How, then, can this bicarbonate
system function effectively? The bicarbonate buffer system works
well because the critical concentration of HyCOs is maintained
relatively constant through equilibrium with dissolved COs pro-
duced in the tissues and available as a gaseous COs reservoir in the
lungs.*

Gaseous COy from the Iungs and tissues is dissolved in the blood
plasma, symbolized as COy(d), and hydrated to form HyCOs:

COs(g) ==CO,(d)

HQCOg :H+ + HCOg_
Thus, the concentration of HyCOs is itself buffered by the avail-
able pools of CO,. The hydration of CO, is actually mediated by an

enzyme, carbonic anhydrase, which facilitates the equilibrium by
rapidly catalyzing the reaction

HQO + COQ(d) ﬁHgCOg

Under the conditions of temperature and ionic strength prevail-
ing in mammalian body fluids, the equilibrium for this reaction
lies far to the left, such that more than 300 CO, molecules are
present in solution for every molecule of HoCOs. Because dis-
solved COy and HyCOyg are in equilibrium, the proper expression
for HyCOj availability is [COs(d)] + [HsCOs], the so-called total
carbonic acid pool, consisting primarily of COo(d). The overall
equilibrium for the bicarbonate buffer system then is

K,
COy(d) + HyO —=H,CO

Ka
HQCO% :H+ + HCOg7

An expression for the ionization of HoCO3 under such conditions
(that is, in the presence of dissolved CO,) can be obtained from

*Well-fed humans exhale about 1 kg of CO, daily. Imagine the excretory
problem if CO, were not a volatile gas.

K, the equilibrium constant for the hydration of CO,, and from
K., the first acid dissociation constant for HoCOs:

_ [HyCOs]
" [COx(d)]
Thus,
[HoCOs] = Ki[CO9(d)]
Putting this value for [HyCOs] into the expression for the first dis-
sociation of HyCOj gives
[H'][HCO;~]
[HCOs]
_ [H*][HCO ]
© Ku[COy(d)]
Therefore, the overall equilibrium constant for the ionization of
HyCOs in equilibrium with COy(d) is given by
[H"][HCO;~]
K, [COo(d)]
and K,K,, the product of two constants, can be defined as a new
equilibrium constant, Koyeran. The value of Kj, is 0.003 at 37°C and

K,, the ionization constant for HoCOs, is 10737 = 0.000269.
Therefore,

K, =

KaKh =

Koveran = (0.000269) (0.003)
=8.07 X 1077
pKoverall =6.1
which yields the following Henderson-Hasselbalch relationship:
[HCO5™]

H= Kovera +1 T AN
PH T PRt 20810 100, (a)]

Although the prevailing blood pH of 7.4 is more than 1 pH unit
away from pKoyera, the bicarbonate system is still an effective
buffer. Note that, at blood pH, the concentration of the acid com-
ponent of the buffer will be less than 10% of the conjugate base
component. One might imagine that this buffer component could
be overwhelmed by relatively small amounts of alkali, with conse-
quent disastrous rises in blood pH. However, the acid component
is the total carbonic acid pool, thatis, [COs(d)] + [HyCOs3], which
is stabilized by its equilibrium with COy(g). Gaseous COy serves to
buffer any losses from the total carbonic acid pool by entering so-
lution as COy(d), and blood pH is effectively maintained. Thus,
the bicarbonate buffer system is an open system. The natural pres-
ence of CO, gas at a partial pressure of 40 mm Hg in the alveoli of
the lungs and the equilibrium

COq(g) ==CO0y(d)
keep the concentration of COy(d) (the principal component of the

total carbonic acid pool in blood plasma) in the neighborhood of
1.2 mM. Plasma [HCO5™] is about 24 mM under such conditions.
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Blood pH and Respiration

Hyperventilation, defined as a breathing rate more rapid than
necessary for normal COs elimination from the body, can result
in an inappropriately low [CO,(g)] in the blood. Central nervous
system disorders such as meningitis, encephalitis, or cerebral
hemorrhage, as well as a number of drug- or hormone-induced
physiological changes, can lead to hyperventilation. As [COs(g) ]
drops due to excessive exhalation, [HyCOg] in the blood plasma
falls, followed by a decline in [H*] and [HCO;~] in the blood
plasma. Blood pH rises within 20 sec of the onset of hyperventi-
lation, becoming maximal within 15 min. [H*] can change from

its normal value of 40 nM (pH = 7.4) to 18 nM (pH = 7.74). This
rise in plasma pH (increase in alkalinity) is termed respiratory
alkalosis.

Hypoventilation is the opposite of hyperventilation and is char-
acterized by an inability to excrete CO, rapidly enough to meet
physiological needs. Hypoventilation can be caused by narcotics,
sedatives, anesthetics, and depressant drugs; diseases of the lung
also lead to hypoventilation. Hypoventilation results in respiratory
acidosis, as CO4(g) accumulates, giving rise to HyCOs, which dis-
sociates to form H" and HCO;™.

FIGURE 2.17 The structure of HEPES, 4-(2-hydroxy)-1-
piperazine ethane sulfonic acid, in its fully protonated
form.The pK; of the sulfonic acid group is about 3;the
pK; of the piperazine-N*H is 7.55 at 20°C.

+ / \
S/
HEPES

synthetic buffers to remedy this problem, and over the years the list has expanded
so that a “good” selection is available. Some of these compounds are analogs of tris-
hydroxymethyl aminomethane (Tris, see end-of-chapter Problem 19), such as tri-
ethanolamine (TEA, see end-of-chapter Problem 18) or N,N-bis (2-hydroxyethyl)
glycine (Bicine, see end-of-chapter Problems 8 and 20). Others are derivatives of
N-ethane sulfonic acids, such as HEPES (Figure 2.17).

2.4 What Properties of Water Give It a Unique Role
in the Environment?

The remarkable properties of water render it particularly suitable to its unique role
in living processes and the environment, and its presence in abundance favors the
existence of life. Let’s examine water’s physical and chemical properties to see the
extent to which they provide conditions that are advantageous to organisms.

As a solvent, water is powerful yet innocuous. No other chemically inert solvent
compares with water for the substances it can dissolve. Also, it is very important to
life that water is a “poor” solvent for nonpolar substances. Thus, through hydropho-
bic interactions, lipids coalesce, membranes form, boundaries are created delimiting
compartments, and the cellular nature of life is established. Because of its very high
dielectric constant, water is a medium for ionization. Ions enrich the living environ-
ment in that they enhance the variety of chemical species and introduce an impor-
tant class of chemical reactions. They provide electrical properties to solutions and
therefore to organisms. Aqueous solutions are the prime source of ions.

The thermal properties of water are especially relevant to its environmental fitness.
It has great power as a buffer resisting thermal (temperature) change. Its heat capac-
ity, or specific heat (4.1840 ]J/g°C), is remarkably high; it is ten times greater than
iron, five times greater than quartz or salt, and twice as great as hexane. Its heat of fu-
sion is 335 J/g. Thus, at 0°C, it takes a loss of 335 | to change the state of 1 g of HyO
from liquid to solid. Its heat of vaporization (2.24 k]/g) is exceptionally high. These
thermal properties mean that it takes substantial changes in heat content to alter the
temperature and especially the state of water. Water’s thermal properties allow it to
buffer the climate through such processes as condensation, evaporation, melting, and
freezing. Furthermore, these properties allow effective temperature regulation in liv-
ing organisms. For example, heat generated within an organism as a result of metab-
olism can be efficiently eliminated through evaporation or conduction. The thermal
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conductivity of water is very high compared with that of other liquids. The anomalous
expansion of water as it cools to temperatures near its freezing point is a unique at-
tribute of great significance to its natural fitness. As water cools, H bonding increases
because the thermal motions of the molecules are lessened. H bonding tends to sep-
arate the water molecules (Figure 2.2), thus decreasing the density of water. These
changes in density mean that, at temperatures below 4°C, cool water rises and, most
important, ice freezes on the surface of bodies of water, forming an insulating layer
protecting the liquid water underneath.

Water has the highest surface tension (75 dyne/cm) of all common liquids (ex-
cept mercury). Together, surface tension and density determine how high a liquid
rises in a capillary system. Capillary movement of water plays a prominent role in
the life of plants. Last, consider osmosis as it relates to water and, in particular, the
bulk movement of water in the direction from a dilute aqueous solution to a more
concentrated one across a semipermeable boundary. Such bulk movements deter-
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mine the shape and form of living things.

Water is truly a crucial determinant of the fitness of the environment. In a very

real sense, organisms are aqueous systems in a watery world.

SUMMARY

2.1 What Are the Properties of Water? Life depends on the unusual
chemical and physical properties of HyO. Its high boiling point, melting
point, heat of vaporization, and surface tension indicate that intermol-
ecular forces of attraction between HyO molecules are high. Hydrogen
bonds between adjacent water molecules are the basis of these forces.
Liquid water consists of HyO molecules held in a random, three-
dimensional network that has a local preference for tetrahedral geome-
try, yet contains a large number of strained or broken hydrogen bonds.
The presence of strain creates a kinetic situation in which HyO mole-
cules can switch H-bond allegiances; fluidity ensues. As kinetic energy
decreases (the temperature falls), crystalline water (ice) forms.

The solvent properties of water are attributable to the “bent” struc-
ture of the water molecule and polar nature of its O—H bonds. To-
gether these attributes yield a liquid that can form hydration shells
around salt ions or dissolve polar solutes through H-bond interactions.
Hydrophobic interactions in aqueous environments also arise as a con-
sequence of polar interactions between water molecules. The polarity of
the O—H bonds means that water also ionizes to a small but finite ex-
tent to release H" and OH™ ions. K, the ion product of water, reveals
that the concentration of [H*] and [OH "] at 25°C is 1077 M.

2.2 What Is pH? pH is defined as —log;, [H*]. pH is an important
concept in biochemistry because the structure and function of biologi-
cal molecules depend strongly on functional groups that ionize, or not,
depending on small changes in [H*] concentration. Weak electrolytes
are substances that dissociate incompletely in water. The behavior of
weak electrolytes determines the concentration of [H*] and hence, pH.
The Henderson-Hasselbalch equation provides a general solution to
the quantitative treatment of acid-base equilibria in biological systems.

2.3 What Are Buffers, and What Do They Do? Buffers are solutions
composed of a weak acid and its conjugate base. Such solutions can re-
sist changes in pH when acid or base is added to the solution. Mainte-

nance of pH is vital to all cells, and primary protection against harmful
pH changes is provided by buffer systems. The buffer systems used by
cells reflect a need for a pK, value near pH 7 and the compatibility of
the buffer components with the metabolic apparatus of cells. The phos-
phate buffer system and the histidine—imidazole system are the two
prominent intracellular buffers, whereas the bicarbonate buffer system
is the principal extracellular buffering system in animals.

2.4 What Properties of Water Give It a Unique Role in the Environ-
ment? Life and water are inextricably related. Water is particularly
suited to its unique role in living processes and the environment. As a sol-
vent, water is powerful yet innocuous; no other chemically inert solvent
compares with water for the substances it can dissolve. Also, water as a
“poor” solvent for nonpolar substances gives rise to hydrophobic inter-
actions, leading lipids to coalesce, membranes to form, and boundaries
delimiting compartments to appear.

Water is a medium for ionization. Ions enrich the living environment
and introduce an important class of chemical reactions. Ions provide
electrical properties to solutions and therefore to organisms.

The thermal properties of water are especially relevant to its envi-
ronmental fitness. It takes substantial changes in heat content to alter
the temperature and especially the state of water. Water’s thermal
properties allow it to buffer the climate through such processes as
condensation, evaporation, melting, and freezing. Furthermore, wa-
ter’s thermal properties allow effective temperature regulation in liv-
ing organisms.

Osmosis as it relates to water, and in particular, the bulk movement of
water in the direction from a dilute aqueous solution to a more concen-
trated one across semipermeable membranes, determines the shape and
form of living things. In large degree, the properties of water define the
fitness of the environment. Organisms are aqueous systems in a watery
world.

PROBLEMS

CENGAGENOW" Preparing for an exam? Create your own study path for this
chapter at www.cengage.com/login

1. Calculate the pH of the following.
a. 5 X 107* MHCI d. 3 X 1072 MKOH
b. 7 X 107> M NaOH e. 0.04 mM HCI
c. 2 uMHCI f. 6 X 107M HCI

2. Calculate the following from the pH values given in Table 2.3.
[H*] in vinegar

[H*] in saliva

[H*] in household ammonia

[OH™] in milk of magnesia

[OH™] in beer

[H*] inside a liver cell

=0 a0 T
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10.

11.

12.

13.

14.

15.

. The pH of a 0.02 M solution of an acid was measured at 4.6.

a. What is the [H™] in this solution?
b. Calculate the acid dissociation constant K, and pK, for this acid.

. The K, for formic acid is 1.78 X 10~* M.

a. What is the pH of a 0.1 M solution of formic acid?

b. 150 mL of 0.1 M NaOH is added to 200 mL of 0.1 M formic acid,
and water is added to give a final volume of 1 L. What is the pH of
the final solution?

. Given 0.1 M solutions of acetic acid and sodium acetate, describe

the preparation of 1 L of 0.1 M acetate buffer at a pH of 5.4.

. If the internal pH of a muscle cell is 6.8, what is the

[HPO,>"1/[HoPO, ] ratio in this cell?

. Given 0.1 M solutions of Na;PO, and HsPOy,, describe the prepara-

tion of 1 L of a phosphate buffer at a pH of 7.5. What are the mo-
lar concentrations of the ions in the final buffer solution, including
Na® and H*?

. Bicine is a compound containing a tertiary amino group whose

relevant pK, is 8.3 (Figure 2.17). Given 1 L of 0.05 M Bicine with
its tertiary amino group in the unprotonated form, how much
0.1 N HCl must be added to have a Bicine buffer solution of
pH 7.5? What is the molarity of Bicine in the final buffer? What is
the concentration of the protonated form of Bicine in this final
buffer?

. What are the approximate fractional concentrations of the follow-

ing phosphate species at pH values of 0, 2, 4, 6, 8, 10, and 12?
a. H3P04

b. Ho,PO,~

c. HPO2~

d. POS~

Citric acid, a tricarboxylic acid important in intermediary metabo-
lism, can be symbolized as HsA. Its dissociation reactions are

H:A =—H' + HA~  pK; =3.13
H,A- —=H" + HA>  pK,=4.76
HA?™ = H* + A> pKs = 6.40

If the total concentration of the acid and its anion forms is 0.02 M,
what are the individual concentrations of HsA, HoA~, HA?™, and A%~
at pH 5.2?

a. If 50 mL of 0.01 M HCl is added to 100 mL of 0.05 M phosphate
buffer at pH 7.2, what is the resultant pH? What are the concen-
trations of HoPO,~ and HPO,?~ in the final solution?

b. If 50 mL of 0.01 M NaOH is added to 100 mL of 0.05 M phosphate
buffer at pH 7.2, what is the resultant pH? What are the concen-
trations of HoPO,~ and HPO,?>™ in this final solution?

At 37°C, if the plasma pH is 7.4 and the plasma concentration of
HCOs™ is 15 mM, what is the plasma concentration of HyCOs? What
is the plasma concentration of COygissoneay? If metabolic activity
changes the concentration of COygissolvedy t0 3 mM and [HCO4™]
remains at 15 mM, what is the pH of the plasma?

Draw the titration curve for anserine (Figure 2.16). The isoelectric
point of anserine is the pH where the net charge on the molecule is
zero; what is the isoelectric point for anserine? Given a 0.1 M
solution of anserine at its isoelectric point and ready access to 0.1 M
HCI, 0.1 M NaOH and distilled water, describe the preparation of
1 L of 0.04 M anserine buffer solution, pH 7.2.

Given a solution of 0.1 M HEPES in its fully protonated form, and
ready access to 0.1 M HCI, 0.1 M NaOH and distilled water, de-
scribe the preparation of 1 L of 0.025 M HEPES buffer solution,
pH 7.8.

A 100-g amount of a solute was dissolved in 1000 g of water. The
freezing point of this solution was measured accurately and de-
termined to be —1.12°C. What is the molecular weight of the
solute?

Preparing for the MCAT Exam

16.

17.

18.

19.

20.

21.

Shown here is the structure of triethanolamine in its fully proto-
nated form:

CH,CH,OH
N
HOCH,CH, — N — CH,CH,OH
I
H

Its pK, is 7.8. You have available at your lab bench 0.1 M solutions
of HCI, NaOH, and the uncharged (free base) form of triethanol-
amine, as well as ample distilled water. Describe the preparation of
a 1 L solution of 0.05 M triethanolamine buffer, pH 7.6.
Trishydroxymethyl aminomethane (TRIS) is widely used for the
preparation of buffers in biochemical research. Shown here is the
structure of TRIS in its protonated form:

"NH,

HOCH, — C — CH,OH
CH,OH

Its acid dissociation constant, K,,is 8.32 X 1079 M. You have available
atyour lab bench a 0.1 M solution of TRIS in its protonated form, 0.1
M solutions of HCl and NaOH, and ample distilled water. Describe the
preparation of a 1 L solution of 0.02 M TRIS buffer, pH 7.8.

Bicine (N, N-bis (2-hydroxyethyl) glycine) is another commonly
used buffer in biochemistry labs (see problem 8). The structure of
Bicine in its fully protonated form is shown below:

CH,CH,OH
H*N — CH,COOH
I
CH,CH,OH

a. Draw the titration curve for Bicine, assuming the pK, for its free
COOH group is 2.3 and the pK, for its tertiary amino group is 8.3.

b. Draw the structure of the fully deprotonated form (completely dis-
sociated form) of bicine.

c. You have available a 0.1 M solution of Bicine at its isoelectric point
(pHy), 0.1 Msolutions of HCl and NaOH, and ample distilled HyO.
Describe the preparation of 1 L of 0.04 M Bicine buffer, pH 7.5.

d. What is the concentration of fully protonated form of Bicine in
your final buffer solution?

Hydrochloric acid is a significant component of gastric juice. What
is the concentration of chloride ion in gastric juice if pH = 1.2?
From the pK, for lactic acid given in Table 2.4, calculate the con-
centration of lactate in blood plasma (pH = 7.4) if the concentra-
tion of lactic acid is 1.5 wM.

When a 0.1 M solution of a weak acid was titrated with base, the fol-
lowing results were obtained:

Equivalents of

base added pH observed
0.05 3.4
0.15 3.9
0.25 4.2
0.40 4.5
0.60 4.9
0.75 5.2
0.85 5.4
0.95 6.0

Plot the results of this titration and determine the pK, of the weak
acid from your graph.



22. The enzyme alcohol dehydrogenase catalyzes the oxidation of ethyl
alcohol by NAD* to give acetaldehyde plus NADH and a proton:

CH;CH,OH + NAD*—— CH3;CHO + NADH + H*

The rate of this reaction can be measured by following the change
in pH. The reaction is run in 1 mL 10 mM TRIS buffer at pH 8.6. If
the pH of the reaction solution falls to 8.4 after ten minutes, what
is the rate of alcohol oxidation, expressed as nanomoles of ethanol
oxidized per mL per sec of reaction mixture?
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23. In light of the Human Biochemistry box on page 43, what would be
the effect on blood pH if cellular metabolism produced a sudden
burst of carbon dioxide?

24. On the basis of Figure 2.12, what will be the pH of the acetate—
acetic acid solution when the ratio of [acetate]/[acetic acid] is 10?
a. 3.76
b. 4.76
c. 5.76
d. 14.76
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The sun is the source of energy for virtually all life.
We even harvest its energy in the form of electricity
using windmills driven by air heated by the sun.
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A theory is the more impressive the greater is the

simplicity of its premises, the more different
are the kinds of things it relates and the more
extended is its range of applicability.
Therefore, the deep impression which classical
thermodynamics made wpon me. It is the only
physical theory of universal content which I
am convinced, that within the framework of
applicability of its basic concepts, will never be
overthrown.

Albert Einstein
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Thermodynamics
of Biological Systems

ESSENTIAL QUESTION

Living things require energy. Movement, growth, synthesis of biomolecules, and the
transport of ions and molecules across membranes all demand energy input. All or-
ganisms must acquire energy from their surroundings and must utilize that energy
efficiently to carry out life processes.To study such bioenergetic phenomena re-
quires familiarity with thermodynamics. Thermodynamics also allows us to deter-
mine whether chemical processes and reactions occur spontaneously. The student
should appreciate the power and practical value of thermodynamic reasoning and
realize that this is well worth the effort needed to understand it.

What are the laws and principles of thermodynamics that allow us to describe
the flows and interchanges of heat, energy, and matter in biochemical systems?

Even the most complicated aspects of thermodynamics are based ultimately on three
rather simple and straightforward laws. These laws and their extensions sometimes
run counter to our intuition. However, once truly understood, the basic principles of
thermodynamics become powerful devices for sorting out complicated chemical and
biochemical problems. Once we reach this milestone in our scientific development,
thermodynamic thinking becomes an enjoyable and satisfying activity.

Several basic thermodynamic principles are presented in this chapter, including
the analysis of heat flow, entropy production, and free energy functions and the re-
lationship between entropy and information. In addition, some ancillary concepts
are considered, including the concept of standard states, the effect of pH on
standard-state free energies, the effect of concentration on the net free energy
change of a reaction, and the importance of coupled processes in living things. The
chapter concludes with a discussion of ATP and other energy-rich compounds.

3.1 What Are the Basic Concepts of Thermodynamics?

In any consideration of thermodynamics, a distinction must be made between the
system and the surroundings. The system is that portion of the universe with which
we are concerned. It might be a mixture of chemicals in a test tube, or a single cell,
or an entire organism. The surroundings include everything else in the universe
(Figure 3.1). The nature of the system must also be specified. There are three basic
kinds of systems: isolated, closed, and open. An isolated system cannot exchange
matter or energy with its surroundings. A closed system may exchange energy, but
not matter, with the surroundings. An open system may exchange matter, energy, or
both with the surroundings. Living things are typically open systems that exchange
matter (nutrients and waste products) and energy (heat from metabolism, for ex-
ample) with their surroundings.

The First Law: The Total Energy of an Isolated System Is Conserved

It was realized early in the development of thermodynamics that heat could be con-
verted into other forms of energy and moreover that all forms of energy could ulti-
mately be converted to some other form. The first law of thermodynamics states
that the total energy of an isolated system is conserved. Thermodynamicists have formu-
lated a mathematical function for keeping track of heat transfers and work expen-
ditures in thermodynamic systems. This function is called the internal energy, com-
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Isolated system:

No exchange of matter or energy

Closed system:

Energy exchange may occur
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exchange neither matter nor energy with their surroundings. Closed systems may exchange energy, but not
matter, with their surroundings. Open systems may exchange either matter or energy with the surroundings.
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monly designated E or U, and it includes all the energies that might be exchanged
in physical or chemical processes, including rotational, vibrational, and transla-
tional energies of molecules and also the energy stored in covalent and noncovalent
bonds. The internal energy depends only on the present state of a system and hence
is referred to as a state function. The internal energy does not depend on how the
system got there and is thus independent of path. An extension of this thinking is
that we can manipulate the system through any possible pathway of changes, and as
long as the system returns to the original state, the internal energy, £, will not have
been changed by these manipulations.

The internal energy, E, of any system can change only if energy flows in or out
of the system in the form of heat or work. For any process that converts one state
(state 1) into another (state 2), the change in internal energy, AE, is given as

where the quantity ¢is the heat absorbed by the system from the surroundings and wis the work
done on the system by the surroundings. Mechanical work is defined as movement through
some distance caused by the application of a force. Both movement and force are required
for work to have occurred. Examples of work done in biological systems include the
flight of insects and birds, the circulation of blood by a pumping heart, the transmis-
sion of an impulse along a nerve, and the lifting of a weight by someone who is exer-
cising. On the other hand, if a person strains to lift a heavy weight but fails to move the
weight at all, then, in the thermodynamic sense, no work has been done. (The energy
expended in the muscles of the would-be weight lifter is given off in the form of heat.)
In chemical and biochemical systems, work is often concerned with the pressure and
volume of the system under study. The mechanical work done on the system is defined
as w = —PAV, where P is the pressure and AV is the volume change and is equal to
Vo — V1. When work is defined in this way, the sign on the right side of Equation 3.1 is
positive. (Sometimes wis defined as work done by the system; in this case, the equation
is AE = ¢ — w.) Work may occur in many forms, such as mechanical, electrical, mag-
netic, and chemical. AE, ¢, and w must all have the same units. The calorie, abbrevi-
ated cal, and kilocalorie (kcal) have been traditional choices of chemists and bio-
chemists, but the SI unit, the joule, is now recommended.

Enthalpy Is a More Useful Function for Biological Systems

If the definition of work is limited to mechanical work (w = —PAV) and no change
in volume occurs, an interesting simplification is possible. In this case, AE is merely
the heat exchanged at constant volume. This is so because if the volume is constant, no
mechanical work can be done on or by the system. Then AE = ¢. Thus AE is a very
useful quantity in constant volume processes. However, chemical and especially bio-
chemical processes and reactions are much more likely to be carried out at constant
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FIGURE 3.2 The enthalpy change, AH®, for a reaction
can be determined from the slope of a plot of R In Keq
versus 1/T.To illustrate the method, the values of the
data points on either side of the 327.5 K (54.5°C) data
point have been used to calculate AH® at 54.5°C.
Regression analysis would normally be preferable.
(Adapted from Brandts, J. F, 1964.The thermodynamics of pro-
tein denaturation. . The denaturation of chymotrypsinogen.
Journal of the American Chemical Society 86:4291-4301.)

pressure. In constant pressure processes, AL is not necessarily equal to the heat
transferred. For this reason, chemists and biochemists have defined a function that
is especially suitable for constant pressure processes. It is called the enthalpy, H, and
it is defined as

H=E+ PV (3.2)

The clever nature of this definition is not immediately apparent. However, if the
pressure is constant, then we have

AH=AE+ PAV= g+ w+ PAV=g— PAV+ PAV =4 (3.3)

So, AE is the heat transferred in a constant volume process, and AH is the heat
transferred in a constant pressure process.

Often, because biochemical reactions normally occur in liquids or solids rather
than in gases, volume changes are typically quite small, and enthalpy and internal en-
ergy are often essentially equal.

In order to compare the thermodynamic parameters of different reactions, it is
convenient to define a standard state. For solutes in a solution, the standard state is
normally unit activity (often simplified to 1 M concentration). Enthalpy, internal
energy, and other thermodynamic quantities are often given or determined for
standard-state conditions and are then denoted by a superscript degree sign (“°”),
asin AH°, AE°, and so on.

Enthalpy changes for biochemical processes can be determined experimentally
by measuring the heat absorbed (or given off) by the process in a calorimeter (a re-
action vessel that can be used to measure the heat evolved by a reaction). Alterna-
tively, for any process A==B at equilibrium, the standard-state enthalpy change
for the process can be determined from the temperature dependence of the equi-
librium constant:

d(In K.,)
M4/ 1)

Here R is the gas constant, defined as R = 8.314 J/mol - K. A plot of R(In K.,) ver-
sus 1/ T is called a van’t Hoff plot. The example below demonstrates how a van’t
Hoff plot is constructed and how the enthalpy change for a reaction can be deter-
mined from the plot itself.

AH® = (3.4)

m In a study! of the temperature-induced reversible denaturation of the
protein chymotrypsinogen,

Native state (N) =—=denatured state (D)
Keq = [D]/[N]

John F. Brandts measured the equilibrium constants for the denaturation over a
range of pH and temperatures. The data for pH 3:

T(K): 324.4 326.1 327.5 329.0 330.7 332.0 333.8
K. 0.041 0.12 0.27 0.68 1.9 5.0 21

A plot of R(In K,) versus 1/7T (a van’t Hoff plot) is shown in Figure 3.2. AH® for
the denaturation process at any temperature is the negative of the slope of the plot
at that temperature. As shown, AH° at 54.5°C (327.5 K) is

AH® = —[-3.2 = (—17.6)]/[(3.04 — 3.067) X 107%] = +533 kJ/mol

q-

What does this value of AH° mean for the unfolding of the protein? Positive values
of AH® would be expected for the breaking of hydrogen bonds as well as for the ex-
posure of hydrophobic groups from the interior of the native, folded protein during
the unfolding process. Such events would raise the energy of the protein solution.
The magnitude of this enthalpy change (533 kJ/mol) at 54.5°C is large, compared

Brandts, J. F., 1964. The thermodynamics of protein denaturation. I. The denaturation of chymo-
trypsinogen. Journal of the American Chemical Society 86:4291-4301.
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to similar values of A H° for other proteins and for this same protein at 25°C (Table
3.1). If we consider only this positive enthalpy change for the unfolding process, the
native, folded state is strongly favored. As we shall see, however, other parameters
must be taken into account.

m Thermodynamic Parameters for Protein Denaturation
Protein AH® AS° AG° AC,
(and conditions) kJ/mol kJ/mol - K kJ/mol kJ/mol - K
Chymotrypsinogen 164 0.440 31.0 10.9
(pH 3, 25°C)
B-Lactoglobulin —88 —0.300 2.5 9.0
(b M urea, pH 3, 25°C)
Myoglobin 180 0.400 57.0 5.9
(pH 9, 25°C)
Ribonuclease 240 0.780 3.8 8.4
(pH 2.5, 30°C)

Adapted from Cantor, C., and Schimmel, P, 1980. Biophysical Chemistry. San Francisco: W.H. Freeman; and Tanford, C., 1968.
Protein denaturation. Advances in Protein Chemistry 23:121-282.

The Second Law: Systems Tend Toward Disorder and Randomness

The second law of thermodynamics has been described and expressed in many dif-
ferent ways, including the following:

1. Systems tend to proceed from ordered (low-entropy or low-probability) states to disor-
dered (high-entropy or high-probability) states.

2. The entropy of the system plus surroundings is unchanged by reversible processes;
the entropy of the system plus surroundings increases for irreversible processes.

3. All naturally occurring processes proceed toward equilibrium, that is, to a state
of minimum potential energy. Energy flows spontaneously so as to become dif-
fused or dispersed or spread out. Energy dispersal results in entropy increase.

Several of these statements of the second law invoke the concept of entropy, which
is a measure of disorder and randomness in the system (or the surroundings). An
organized or ordered state is a low-entropy state, whereas a disordered state is a
high-entropy state. All else being equal, reactions involving large, positive entropy
changes, AS, are more likely to occur than reactions for which AS is not large and

positive.
S=kInW (3.5)
and
AS =k In Wina — k In Wiia (3.6)

where Wi, and Wi, are the final and initial number of microstates, respectively,
and where k is Boltzmann’s constant (k= 1.38 X 107 J/K).

Seen in this way, entropy represents energy dispersion—the dispersion of energy
among a large number of molecular motions relatable to quantized states (mi-
crostates). An increase in entropy is just an increase in the number of microstates
in any macrostate. On the other hand, if only one microstate corresponds to a given
macrostate, then the system has no freedom to choose its microstate—and it has
zero entropy. This definition is useful for statistical calculations (in fact, it is a foun-
dation of statistical thermodynamics), but a more common form relates entropy to the
heat transferred in a process:

dq
dSrcvcrsiblc = T (87)
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A DEEPER LOOK

Entropy, Information, and the Importance of “Negentropy”

When a thermodynamic system undergoes an increase in entropyj, it

becomes more disordered. On the other hand, a decrease in en- & a m e

tropy reflects an increase in order. A more ordered system is more gy g P _ hog

highly organized and possesses a greater information content. To e re i s Vo

appreciate the implications of decreasing the entropy of a system, e it 2 p i
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its premises, the more different are the kinds of things it relates and . e 2 p ¢ f

the more extended is its range of applicability.” t & i P e oos
Arranged in this way, this same collection of 151 letters possesses o e e > ' o =

enormous information content—the profound words of a great sci- ” = e s ~ e

entist. Just as it would have required significant effort to rearrange t ¢ o Jn r s

these 151 letters in this way, so large amounts of energy are re- a I s 2 ' ¢ -

quired to construct and maintain living organisms. Energy input is I e S ! = o

required to produce information-rich, organized structures such as nt 2 ot t e

proteins and nucleic acids. Information content can be thought of € e h s

as negative entropy. In 1945 Erwin Schrodinger took time out from d oy y e nf o e

his studies of quantum mechanics to publish a delightful book ti- €t a > n

tled What Is Life? In it, Schrodinger coined the term negentropy to

describe the negative entropy changes that confer organization i . .

and information content to living organisms. Schrodinger pointed CENGAGENOW" See this figure animated at

out that organisms must “acquire negentropy” to sustain life. www.cengage.com/login

where dS,eversivie 18 the entropy change of the system in a reversible? process, ¢ is the
heat transferred, and 7'is the temperature at which the heat transfer occurs.

Equation 3.6 says that entropy change measures the dispersal of energy in a
process. When Wi,iia is less than W, energy is dispersed from a small number of
microstates (W) to a larger number of microstates (Wgya), and AS is a positive
quantity. That is, dispersal of energy into a larger number of microstates results in an
increase in entropy.

The Third Law: Why Is “Absolute Zero” So Important?

The third law of thermodynamics states that the entropy of any crystalline, perfectly
ordered substance must approach zero as the temperature approaches 0 K, and, at
T = 0K, entropy is exactly zero. Based on this, it is possible to establish a quantitative,
absolute entropy scale for any substance as

T
S= J;) CpdIn T (3.8)

where Cp is the heat capacity at constant pressure. The heat capacity of any substance is
the amount of heat 1 mole of it can store as the temperature of that substance is raised
by 1 degree. For a constant pressure process, this is described mathematically as

¢, =4 (3.9)

"oar '

If the heat capacity can be evaluated at all temperatures between 0 K and the tem-
perature of interest, an absolute entropy can be calculated. For biological processes,
entropy changes are more useful than absolute entropies. The entropy change for a
process can be calculated if the enthalpy change and free energy change are known.

%A reversible process is one that can be reversed by an infinitesimal modification of a variable.
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Free Energy Provides a Simple Criterion for Equilibrium

An important question for chemists, and particularly for biochemists, is, “Will the
reaction proceed in the direction written?” J. Willard Gibbs, one of the founders of
thermodynamics, realized that the answer to this question lay in a comparison of
the enthalpy change and the entropy change for a reaction at a given temperature.
The Gibbs free energy, G, is defined as

G=H-TS (3.10)

For any process A
is given by

B at constant pressure and temperature, the free energy change

AG=AH— TAS (3.11)

If AGis equal to 0, the process is at equilibrium and there is no net flow either in the
forward or reverse direction. When AG =0, AS = AH/ T and the enthalpic and en-
tropic changes are exactly balanced. Any process with a nonzero A G proceeds spon-
taneously to a final state of lower free energy. If A Gis negative, the process proceeds
spontaneously in the direction written. If A G is positive, the reaction or process pro-
ceeds spontaneously in the reverse direction. (The sign and value of AG do not al-
low us to determine how fast the process will go.) If the process has a negative AG, it
is said to be exergonic, whereas processes with positive AG values are endergonic.

The Standard-State Free Energy Change The free energy change, A G, for any re-
action depends upon the nature of the reactants and products, but it is also affected
by the conditions of the reaction, including temperature, pressure, pH, and the
concentrations of the reactants and products. As explained earlier, it is useful to de-
fine a standard state for such processes. If the free energy change for a reaction is
sensitive to solution conditions, what is the particular significance of the standard-
state free energy change? To answer this question, consider a reaction between two
reactants A and B to produce the products C and D.

A+B=—=C+D (3.12)

The free energy change for non—standard-state concentrations is given by

AG=AG°+ RTIn 1CIIb] (3.13)
[A][B]
At equilibrium, AG = 0 and [C][D]/[A][B] = K.q- We then have
AG° = —RTIn K (3.14)
or, in base 10 logarithms,
AG® = —2.3RTlogy Keq (3.15)
This can be rearranged to
Keq = 107467/23RT (3.16)

In any of these forms, this relationship allows the standard-state free energy change
for any process to be determined if the equilibrium constant is known. More im-
portant, it states that the point of equilibrium for a reaction in solution is a function of the
standard-state free energy change for the process. That is, A G° is another way of writing an
equilibrium constant.

m The equilibrium constants determined by Brandts at several temper-
atures for the denaturation of chymotrypsinogen (see previous example) can be
used to calculate the free energy changes for the denaturation process. For exam-
ple, the equilibrium constant at 54.5°C is 0.27, so

AG® = —(8.314 ]/mol - K) (327.5 K) In (0.27)
AG® = —(2.72 k] /mol) In (0.27)
AG® = 3.56 k]J/mol
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FIGURE 3.3 The dependence of AG° on temperature for
the denaturation of chymotrypsinogen. (Adapted from
Brandts, J.F, 1964.The thermodynamics of protein denaturation.
. The denaturation of chymotrypsinogen. Journal of the Ameri-
can Chemical Society 86:4291-4301.)
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FIGURE 3.4 The dependence of AS° on temperature for
the denaturation of chymotrypsinogen. (Adapted from
Brandts, J.F, 1964.The thermodynamics of protein denaturation.
. The denaturation of chymotrypsinogen. Journal of the Ameri-
can Chemical Society 86:4291-4301.)
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The positive sign of AG° means that the unfolding process is unfavorable; that is,
the stable form of the protein at 54.5°C is the folded form. On the other hand, the
relatively small magnitude of AG°® means that the folded form is only slightly fa-
vored. Figure 3.3 shows the dependence of AG° on temperature for the denatura-
tion data at pH 3 (from the data given in the example on page 50).

Having calculated both A H° and A G° for the denaturation of chymotrypsinogen,
we can also calculate AS°, using Equation 3.11:

_ (AG-Am)

AS° = :
S T (3.17)

At 54.5°C (327.5 K),

AS° = — (3560 — 533,000 J/mol)/327.5 K
AS°=1620]/mol - K

Figure 3.4 presents the dependence of AS° on temperature for chymotrypsinogen
denaturation at pH 3. A positive AS° indicates that the protein solution has become
more disordered as the protein unfolds. Comparison of the value of 1.62 kJ/mol - K
with the values of AS° in Table 3.1 shows that the present value (for chymotrypsino-
gen at 54.5°C) is quite large. The physical significance of the thermodynamic param-
eters for the unfolding of chymotrypsinogen becomes clear later in this chapter.

3.2 What Is the Effect of Concentration on Net
Free Energy Changes?

Equation 3.13 shows that the free energy change for a reaction can be very differ-
ent from the standard-state value if the concentrations of reactants and products
differ significantly from unit activity (1 M for solutions). The effects can often be
dramatic. Consider the hydrolysis of phosphocreatine:

Phosphocreatine + HyO —— creatine + P; (3.18)

This reaction is strongly exergonic, and A G° at 37°C is —42.8 k] /mol. Physiological
concentrations of phosphocreatine, creatine, and inorganic phosphate are nor-
mally between 1 and 10 mM. Assuming 1 mM concentrations and using Equation
3.13, the A G for the hydrolysis of phosphocreatine is

(3.19)

[0.0011[0.001]
AG= —42.8 k]/mol + (8.314 ]/mol - K) (310 K) In (—)

[0.001]
AG= —60.5 k] /mol (3.20)

At 837°C, the difference between standard-state and 1 mM concentrations for such a
reaction is thus approximately —17.7 kJ/mol.

3.3 What Is the Effect of pH on Standard-State
Free Energies?

For biochemical reactions in which hydrogen ions (H*) are consumed or pro-
duced, the usual definition of the standard state is awkward. Standard state for the
H" ion is 1 M, which corresponds to pH 0. At this pH, nearly all enzymes would be
denatured and biological reactions could not occur. It makes more sense to use free
energies and equilibrium constants determined at pH 7. Biochemists have thus
adopted a modified standard state, designated with prime (') symbols, as in AG*’,
K.,',AH®', and so on. For values determined in this way, a standard state of 1077 M
H™* and unit activity (1 M for solutions, 1 atm for gases and pure solids defined as
unit activity) for all other components (in the ionic forms that exist at pH 7) is as-
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sumed. The two standard states can be related easily. For a reaction in which H" is
produced,
A—>B + H* (3.21)

the relation of the equilibrium constants for the two standard states is

Keg = Keg' [H'] (3.22)
and AG®' is given by
AG° =AG° + RTIn [H*] (3.23)
For a reaction in which H" is consumed,
A+ H"—B (3.24)
the equilibrium constants are related by
Ko
K= TH (3.25)
and AG®’ is given by
AG°’=AG°+RT1n<[I_}—+]>=AG°—RT1n [H*] (3.26)

3.4 What Can Thermodynamic Parameters Tell Us
About Biochemical Events?

The best answer to this question is that a single parameter (A H or AS, for example)
is not very meaningful. A positive AH* for the unfolding of a protein might reflect
either the breaking of hydrogen bonds within the protein or the exposure of hy-
drophobic groups to water (Figure 3.5). However, comparison of several thermodynamic
parameters can provide meaningful insights about a process. For example, the transfer of
Na* and Cl~ ions from the gas phase to aqueous solution involves a very large neg-
ative AH° (thus a very favorable stabilization of the ions) and a comparatively small
AS° (Table 3.2). The negative entropy term reflects the ordering of water molecules
in the hydration shells of the Na* and Cl~ ions. The unfavorable —TAS contribu-
tion is more than offset by the large heat of hydration, which makes the hydration
of ions a very favorable process overall. The negative entropy change for the disso-
ciation of acetic acid in water also reflects the ordering of water molecules in the
ion hydration shells. In this case, however, the enthalpy change is much smaller in
magnitude. As a result, A G° for dissociation of acetic acid in water is positive, and
acetic acid is thus a weak (largely undissociated) acid.

Folded

CENGAGENOW" ANIMATED FIGURE 3.5 Unfolding of a
soluble protein exposes significant numbers of nonpo-
lar groups to water, forcing order on the solvent and
resulting in a negative AS° for the unfolding process.
Orange spheres represent nonpolar groups; blue
spheres are polar and/or charged groups. See this
figure animated at www.cengage.com/login

Unfolded
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m Thermodynamic Parameters for Several Simple Processes*
AH° AS° AG® ACp
Process kJ/mol kJ/mol - K kJ/mol kJ/mol - K
Hydration of ions'
Na*(g) + Cl"(g)——Na'*(aq) + ClI (aq) —760.0 —0.185 —705.0
Dissociation of ions in solution?
H,O + CH;COOH—— H3;0" + CH;COO~ -10.3 —0.126 27.26 —0.143
Transfer of hydrocarbon from pure liquid to water?
Toluene (in pure toluene) — toluene (aqueous) 1.72 -0.071 22.7 0.265

*All data collected for 25°C.

Berry,R.S., Rice, S. A, and Ross, J., 1980. Physical Chemistry. New York: John Wiley.
*Tanford, C., 1980. The Hydrophobic Effect. New York: John Wiley.

The transfer of a nonpolar hydrocarbon molecule from its pure liquid to water
is an appropriate model for the exposure of protein hydrophobic groups to solvent
when a protein unfolds. The transfer of toluene from liquid toluene to water in-
volves a negative AS°, a positive AG®, and a AH* that is small compared to AG® (a
pattern similar to that observed for the dissociation of acetic acid). What distin-
guishes these two very different processes is the change in heat capacity (Table 3.2). A posi-
tive heat capacity change for a process indicates that the molecules have acquired
new ways to move (and thus to store heat energy). A negative A Cp means that the
process has resulted in less freedom of motion for the molecules involved. A Cp is
negative for the dissociation of acetic acid and positive for the transfer of toluene
to water. The explanation is that polar and nonpolar molecules both induce organi-
zation of nearby water molecules, but in different ways. The water molecules near a
nonpolar solute are organized but labile. Hydrogen bonds formed by water molecules
near nonpolar solutes rearrange more rapidly than the hydrogen bonds of pure wa-
ter. On the other hand, the hydrogen bonds formed between water molecules near
an ion are less labile (rearrange more slowly) than they would be in pure water. This
means that A Cp should be negative for the dissociation of ions in solution, as ob-
served for acetic acid (Table 3.2).

3.5 What Are the Characteristics of High-Energy
Biomolecules?

Virtually all life on earth depends on energy from the sun. Among life forms, there
is a hierarchy of energetics: Certain organisms capture solar energy directly,
whereas others derive their energy from this group in subsequent processes. Or-
ganisms that absorb light energy directly are called phototrophic organisms. These
organisms store solar energy in the form of various organic molecules. Organisms
that feed on these latter molecules, releasing the stored energy in a series of oxida-
tive reactions, are called chemotrophic organisms. Despite these differences, both
types of organisms share common mechanisms for generating a useful form of
chemical energy. Once captured in chemical form, energy can be released in con-
trolled exergonic reactions to drive a variety of life processes (which require en-
ergy). A small family of universal biomolecules mediates the flow of energy from ex-
ergonic reactions to the energy-requiring processes of life. These molecules are the
reduced coenzymes and the high-energy phosphate compounds. Phosphate compounds are
considered high energy if they exhibit large negative free energies of hydrolysis
(that is, if AG®’" is more negative than —25 kJ/mol).

Table 3.3 lists the most important members of the high-energy phosphate com-
pounds. Such molecules include phosphoric anhydrides (ATP, ADP), an enol phosphate
(PEP), acyl phosphates (such as acetyl phosphate), and guanidino phosphates (such as
creatine phosphate). Also included are thioesters, such as acetyl-CoA, which do not
contain phosphorus, but which have a large negative free energy of hydrolysis. As
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m Free Energies of Hydrolysis of Some High-Energy Compounds*
Compound and Hydrolysis Reaction AG® (kJ/mol)  Structure
Phosphoenolpyruvate—— pyruvate + P; —62.2 Figure 3.13
1,3-Bisphosphoglycerate—— 3-phosphoglycerate + P; —49.6 Figure 3.12
Creatine phosphate—— creatine + P; —43.3 Figure 13.21
Acetyl phosphate——acetate + P; —43.3 Figure 3.12
Adenosine-5'-triphosphate—— ADP + P; —35.7F Figure 3.9
Adenosine-5'-triphosphate—— ADP + P; —30.5 Figure 3.9
(with excess Mg?*)
Adenosine-5'-diphosphate——> AMP + P; —35.7 Figure 3.11
Pyrophosphate——P; + P; (in 5 mM Mg?*) —33.6 Figure 3.10
Adenosine-5'-triphosphate——> AMP + PP; (excess Mg?*) —32.3 Figure 10.11
Uridine diphosphoglucose—— UDP + glucose —-31.9 Figure 22.10
Acetyl-coenzyme A—— acetate + CoA —31.5 page 570
S-adenosylmethionine—— methionine + adenosine —25.6% Figure 25.28
Glucose-1-phosphate—— glucose + P; —21.0 Figure 7.13
Sn-Glycerol-3-phosphate—— glycerol + P; —9.2 Figure 8.5
Adenosine-5"-monophosphate——adenosine + P; —-9.2 Figure 10.11

*Adapted primarily from Handbook of Biochemistry and Molecular Biology, 1976, 3rd ed. In Physical and Chemical Data,
G.Fasman, ed.,Vol. 1, pp. 296-304. Boca Raton, FL: CRC Press.

fFrom Gwynn, R.W., and Veech, R. L., 1973.The equilibrium constants of the adenosine triphosphate hydrolysis and the
adenosine triphosphate-citrate lyase reactions. Journal of Biological Chemistry 248:6966-6972.

*From Mudd, H., and Mann, J., 1963. Activation of methionine for transmethylation. Journal of Biological Chemistry
238:2164-2170.

noted earlier, the exact amount of chemical free energy available from the hydrol-
ysis of such compounds depends on concentration, pH, temperature, and so on,
but the AG®°’ values for hydrolysis of these substances are substantially more nega-
tive than those for most other metabolic species. Two important points: First, high-
energy phosphate compounds are not long-term energy storage substances. They
are transient forms of stored energy, meant to carry energy from point to point,
from one enzyme system to another, in the minute-to-minute existence of the cell.
(As we shall see in subsequent chapters, other molecules bear the responsibility for
long-term storage of energy supplies.) Second, the term high-energy compound should
not be construed to imply that these molecules are unstable and hydrolyze or de-
compose unpredictably. ATP, for example, is quite a stable molecule. A substantial
activation energy must be delivered to ATP to hydrolyze the terminal, or y, phosphate
group. In fact, as shown in Figure 3.6, the activation energy that must be absorbed
by the molecule to break the O—P, bond is normally 200 to 400 k]/mol, which is
substantially larger than the net 30.5 k] /mol released in the hydrolysis reaction. Bio-
chemists are much more concerned with the net release of 30.5 k]/mol than with the
activation energy for the reaction (because suitable enzymes cope with the latter).
The net release of large quantities of free energy distinguishes the high-energy
phosphoric anhydrides from their “low-energy” ester cousins, such as glycerol-3-
phosphate (Table 3.3). The next section provides a quantitative framework for un-
derstanding these comparisons.

ATP Is an Intermediate Energy-Shuttle Molecule

One last point about Table 3.3 deserves mention. Given the central importance of
ATP as a high-energy phosphate in biology, students are sometimes surprised to find
that ATP holds an intermediate place in the rank of high-energy phosphates. PEP,
1,3-BPG, creatine phosphate, acetyl phosphate, and pyrophosphate all exhibit
higher values of A G°’. This is not a biological anomaly. ATP is uniquely situated be-
tween the very-high-energy phosphates synthesized in the breakdown of fuel mole-
cules and the numerous lower-energy acceptor molecules that are phosphorylated
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FIGURE 3.6 The activation energies for phosphoryl
group transfer reactions (200 to 400 kJ/mol) are sub-
stantially larger than the free energy of hydrolysis of ATP
(—30.5 kJ/mol).
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transfer potential
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in the course of further metabolic reactions. ADP can accept both phosphates and
energy from the higher-energy phosphates, and the ATP thus formed can donate
both phosphates and energy to the lower-energy molecules of metabolism. The
ATP/ADP pair is an intermediately placed acceptor/donor system among high-
energy phosphates. In this context, ATP functions as a very versatile but intermedi-
ate energy-shuttle device that interacts with many different energy-coupling en-
zymes of metabolism.

Group Transfer Potentials Quantify the Reactivity
of Functional Groups

Many reactions in biochemistry involve the transfer of a functional group from a
donor molecule to a specific receptor molecule or to water. The concept of group
transfer potential explains the tendency for such reactions to occur. Biochemists de-
fine the group transfer potential as the free energy change that occurs upon hy-
drolysis, that is, upon transfer of the particular group to water. This concept and its
terminology are preferable to the more qualitative notion of high-energy bonds.

The concept of group transfer potential is not particularly novel. Other kinds of
transfer (of hydrogen ions and electrons, for example) are commonly characterized
in terms of appropriate measures of transfer potential (pK, and reduction poten-
tial, €,, respectively). As shown in Table 3.4, the notion of group transfer is fully
analogous to those of ionization potential and reduction potential. The similarity is
anything but coincidental, because all of these are really specific instances of free
energy changes. If we write

AH——> A~ + HY (8.27a)

we really don’t mean that a proton has literally been removed from the acid AH. In
the gas phase at least, this would require the input of approximately 1200 kJ/mol!
What we really mean is that the proton has been transferred to a suitable acceptor
molecule, usually water:

AH + Ho O—— A~ + H;07 (3.27b)
The appropriate free energy relationship is of course

AG

K=—— 3.28
PRa™ 9303 RT (3.28)
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LU AER N Types of Transfer Potential

Proton Transfer Potential Standard Reduction Potential Group Transfer Potential

(Acidity) (Electron Transfer Potential) (High-Energy Bond)
Simple equation AH=—A" + H* A=—A" + ¢ A~P=—A+P
Equation including acceptor AH + HlO=— A+ H'=— A ~POs + H, O=—

A~ + H;,0* A" + 4 H, A—H + HPO2~
. AG® —AG® —AG®

Measure of transfer potential pK, = m A€, = T In Keq = RT
Free energy change of transfer AG® per mole of AG° per mole of AG® per mole of phosphate
is given by: H™ transferred e transferred transferred

Adapted from:Klotz, I. M., 1986. Introduction to Biomolecular Energetics. New York: Academic Press.

Similarly, in the case of an oxidation-reduction reaction
A—> At + ¢ (3.29a)

we don’t really mean that A oxidizes independently. What we really mean (and what
is much more likely in biochemical systems) is that the electron is transferred to a
suitable acceptor:

A+ H'—> A" + { Hy (3.29b)

and the relevant free energy relationship is
g, = A& 3.30
° % (3.30)

where 7 is the number of equivalents of electrons transferred and % is Faraday’s
constant.

Similarly, the release of free energy that occurs upon the hydrolysis of ATP and
other “high-energy phosphates” can be treated quantitatively in terms of group trans-
Jer. It is common to write for the hydrolysis of ATP

ATP + H,O— ADP + P, (3.31)

The free energy change, which we henceforth call the group transfer potential, is
given by

AG® = —RTIn K., (3.32)

where K., is the equilibrium constant for the group transfer, which is normally
written as

[ADP][P;]

= TATP][H,O] (3.33)

Even this set of equations represents an approximation, because ATP, ADP, and P;
all exist in solutions as a mixture of ionic species. This problem is discussed in a
later section. For now, it is enough to note that the free energy changes listed in
Table 3.3 are the group transfer potentials observed for transfers to water.

The Hydrolysis of Phosphoric Acid Anhydrides Is Highly Favorable

ATP contains two pyrophosphoryl or phosphoric acid anhydride linkages, as shown in
Figure 3.7. Other common biomolecules possessing phosphoric acid anhydride
linkages include ADP, GTP, GDP and the other nucleoside diphosphates and
triphosphates, sugar nucleotides such as UDP-glucose, and inorganic pyrophos-
phate itself. All exhibit large negative free energies of hydrolysis, as shown in
Table 3.3. The chemical reasons for the large negative AG°’ values for the hydrol-
ysis reactions include destabilization of the reactant due to bond strain caused by
electrostatic repulsion, stabilization of the products by ionization and resonance,
and entropy factors due to hydrolysis and subsequent ionization.
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CENGAGENOW" ACTIVE FIGURE 3.7 The triphosphate
chain of ATP contains two pyrophosphate linkages, both
of which release large amounts of energy upon hydroly-
sis. Test yourself on the concepts in this figure at
www.cengage.com/login
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(adenosine-5'-triphosphate)

Destabilization Due to Electrostatic Repulsion Electrostatic repulsion in the
reactants is best understood by comparing these phosphoric anhydrides with
other reactive anhydrides, such as acetic anhydride. As shown in Figure 3.8a, the
electronegative carbonyl oxygen atoms withdraw electrons from the C=O bonds,
producing partial negative charges on the oxygens and partial positive charges on
the carbonyl carbons. Each of these electrophilic carbonyl carbons is further
destabilized by the other acetyl group, which is also electron-withdrawing in na-
ture. As a result, acetic anhydride is unstable with respect to the products of
hydrolysis.

The situation with phosphoric anhydrides is similar. The phosphorus atoms of
the pyrophosphate anion are electron-withdrawing and destabilize PP; with respect
to its hydrolysis products. Furthermore, the reverse reaction, reformation of the an-
hydride bond from the two anionic products, requires that the electrostatic repul-
sion between these anions be overcome (see following).

Stabilization of Hydrolysis Products by lonization and Resonance The pyro-
phosphoryl moiety possesses two negative charges at pH values above 7.5 or so
(Figure 3.8a). The hydrolysis products, two phosphate esters, each carry about two
negative charges at pH values above 7.2. The increased ionization of the hydrolysis
products helps stabilize the electrophilic phosphorus nuclei.

Resonance stabilization in the products is best illustrated by the reactant anhy-
drides (Figure 3.8b). The unpaired electrons of the bridging oxygen atom in acetic
anhydride (and phosphoric anhydride) cannot participate in resonance structures
with both electrophilic centers at once. This competing resonance situation is re-
lieved in the product acetate or phosphate molecules.

Entropy Factors Arising from Hydrolysis and lonization For the phosphoric
anhydrides, and for most of the high-energy compounds discussed here, there is
an additional “entropic” contribution to the free energy of hydrolysis. Most of the
hydrolysis reactions of Table 3.3 result in an increase in the number of molecules
in solution. As shown in Figure 3.9, the hydrolysis of ATP (at pH values above 7)
creates three species—ADP, inorganic phosphate (P;), and a hydrogen ion—from
only two reactants (ATP and HyO). The entropy of the solution increases because
the more particles, the more disordered the system.® (This effect is ionization-
dependent because, at low pH, the hydrogen ion created in many of these reac-
tions simply protonates one of the phosphate oxygens, and one fewer “particle” re-
sults from the hydrolysis.)

*Imagine the “disorder” created by hitting a crystal with a hammer and breaking it into many small
pieces.
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Competing resonance in acetic anhydride:
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CENGAGENOW" ACTIVE FIGURE 3.8 (a) Electrostatic repulsion between adjacent partial positive charges (on
carbon and phosphorus, respectively) is relieved upon hydrolysis of the anhydride bonds of acetic anhydride
and phosphoric anhydrides. (b) The competing resonances of acetic anhydride and the simultaneous reso-
nance forms of the hydrolysis product, acetate. Test yourself on the concepts in this figure at www
.cengage.com/login

The Hydrolysis AG°’ of ATP and ADP Is Greater Than That of AMP

The concepts of destabilization of reactants and stabilization of products described
for pyrophosphate also apply for ATP and other phosphoric anhydrides (Figure
3.9). ATP and ADP are destabilized relative to the hydrolysis products by electro-
static repulsion, competing resonance, and entropy. AMP, on the other hand, is a
phosphate ester (not an anhydride) possessing only a single phosphoryl group and
is not markedly different from the product inorganic phosphate in terms of elec-
trostatic repulsion and resonance stabilization. Thus, the AG®’ for hydrolysis of
AMP is much smaller than the corresponding values for ATP and ADP.

Acetyl Phosphate and 1,3-Bisphosphoglycerate Are
Phosphoric-Carboxylic Anhydrides

The mixed anhydrides of phosphoric and carboxylic acids, frequently called acyl
phosphates, are also energy-rich. Two biologically important acyl phosphates are
acetyl phosphate and 1,3-bisphosphoglycerate. Hydrolysis of these species yields
acetate and 3-phosphoglycerate, respectively, in addition to inorganic phosphate
(Figure 3.10). Once again, the large AG®’ values indicate that the reactants are
destabilized relative to products. This arises from bond strain, which can be
traced to the partial positive charges on the carbonyl carbon and phosphorus
atoms of these structures. The energy stored in the mixed anhydride bond
(which is required to overcome the charge—charge repulsion) is released upon
hydrolysis. Increased resonance possibilities in the products relative to the reac-
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CENGAGENOW" ANIMATED FIGURE 3.9 Hydrolysis of
ATP to ADP (and/or of ADP to AMP) leads to relief of
electrostatic repulsion. See this figure animated at
www.cengage.com/login

CH;—C + H,0 CH,—C—O~ + + Ht
AG® = —43.3 k]/mol

Acetyl phosphate

+  H,0 c—o- +
AG” = —49.6k]/mol |
HCOH

CH,

1,3-Bisphosphoglycerate 3-Phosphoglycerate

CENGAGENOW-" ACTIVEFIGURE 3.10 The hydrolysis reactions of acetyl phosphate and 1,3-bisphosphoglycerate.
Test yourself on the concepts in this figure at www.cengage.com/login
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o o
“O—P—0O" O—P—0O"
| H:0 |
OH o o
| | Enolase |
HyC———CH—COO™ ~ HyC=C—COO™
2-Phosphoglycerate Mg? Phosphoenolpyruvate
AG® = +1.8 kJ]/mol (PEP)
(0]
l
“O—P—O" ATP
| m
O ADP Pyruvate o
| L kinase |
HyC=C—COO™ H,C—C—COO~
Mg?t, K*
Phosphoenolpyruvate AG®' = -31.7 k] /mol Pyruvate

PEP

CENGAGENOW" ANIMATED FIGURE 3.11 Phosphoenolpyruvate (PEP) is produced by the enolase reaction (in
glycolysis; see Chapter 18) and in turn drives the phosphorylation of ADP to form ATP in the pyruvate kinase
reaction. See this figure animated at www.cengage.com/login

O O OH

i [ I
0-P-0 + HO —— > FO—P—0O" + HC=C—COO
(l) AG =-28.6 kJ/mol (l)H Pyruvate

(unstable enol form)

Hy,C=C—COO~
PEP

CENGAGENOW" ANIMATED FIGURE 3.12 Hydrolysis and the subsequent tautomerization account for the very
large AG®’ of PEP. See this figure animated at www.cengage.com/login

tants also contribute to the large negative AG°’ values. The value of AG®’ de-
pends on the pK, values of the starting anhydride and the product phosphoric
and carboxylic acids, and of course also on the pH of the medium.

Enol Phosphates Are Potent Phosphorylating Agents

The largest value of AG°’ in Table 3.3 belongs to phosphoenolpyruvate or PEP, an ex-
ample of an enolic phosphate. This molecule is an important intermediate in car-
bohydrate metabolism, and due to its large negative AG®’, it is a potent phospho-
rylating agent. PEP is formed via dehydration of 2-phosphoglycerate by enolase
during fermentation and glycolysis. PEP is subsequently transformed into pyruvate
upon transfer of its phosphate to ADP by pyruvate kinase (Figure 3.11). The very
large negative value of AG°’ for the latter reaction is to a large extent the result of
a secondary reaction of the enol form of pyruvate. Upon hydrolysis, the unstable
enolic form of pyruvate immediately converts to the keto form with a resulting
large negative AG®’ (Figure 3.12). Together, the hydrolysis and subsequent flau-
tomerization result in an overall AG®’ of —62.2 k]/mol.

3.6 What Are the Complex Equilibria Involved
in ATP Hydrolysis?

So far, as in Equation 3.34, the hydrolyses of ATP and other high-energy phosphates
have been portrayed as simple processes. The situation in a real biological system is
far more complex, owing to the operation of several ionic equilibria. First, ATP,

Tautomerization

AG =-33.6 k] /mol
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[
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FIGURE 3.14 The pH dependence of the free energy of
hydrolysis of ATP.Because pH varies only slightly in bio-
logical environments, the effect on AG is usually small.
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FIGURE 3.15 The free energy of hydrolysis of ATP as a
function of total Mg?* ion concentration at 38°C and
pH 7.0. (Adapted from Gwynn, R.W., and Veech,R.L, 1973.The
equilibrium constants of the adenosine triphosphate hydrolysis
and the adenosine triphosphate-citrate lyase reactions. Journal
of Biological Chemistry 248:6966-6972.)
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FIGURE 3.13 Adenosine-5’-triphosphate (ATP).

ADP, and the other species in Table 3.3 can exist in several different ionization
states that must be accounted for in any quantitative analysis. Second, phosphate
compounds bind a variety of divalent and monovalent cations with substantial affin-
ity, and the various metal complexes must also be considered in such analyses. Con-
sideration of these special cases makes the quantitative analysis far more realistic.
The importance of these multiple equilibria in group transfer reactions is illus-
trated for the hydrolysis of ATP, but the principles and methods presented are gen-
eral and can be applied to any similar hydrolysis reaction.

The AG°’ of Hydrolysis for ATP Is pH-Dependent

ATP has four dissociable protons, as indicated in Figure 3.13. Three of the protons
on the triphosphate chain dissociate at very low pH. The last proton to dissociate
from the triphosphate chain possesses a pK, of 6.95. At higher pH values, ATP is
completely deprotonated. ADP and phosphoric acid also undergo multiple ioniza-
tions. These multiple ionizations make the equilibrium constant for ATP hydrolysis
more complicated than the simple expression in Equation 3.33. Multiple ioniza-
tions must also be taken into account when the pH dependence of AG® is consid-
ered. The calculations are beyond the scope of this text, but Figure 3.14 shows the
variation of A G° as a function of pH. The free energy of hydrolysis is nearly constant
from pH 4 to pH 6. At higher values of pH, A G° varies linearly with pH, becoming
more negative by 5.7 k] /mol for every pH unit of increase at 37°C. Because the pH
of most biological tissues and fluids is near neutrality, the effect on A G° is relatively
small, but it must be taken into account in certain situations.

Metal lons Affect the Free Energy of Hydrolysis of ATP

Most biological environments contain substantial amounts of divalent and monova-
lent metal ions, including Mg?*, Ca%", Na*, K*, and so on. What effect do metal
ions have on the equilibrium constant for ATP hydrolysis and the associated free
energy change? Figure 3.15 shows the change in AG® with pMg (that is,
—logio[Mg?*]) at pH 7.0 and 38°C. The free energy of hydrolysis of ATP at zero
Mg?* is —35.7 kJ/mol, and at 5 mM total Mg?* (the minimum in the plot) the
AG,,° is approximately —31 k]J/mol. Thus, in most real biological environments
(with pH near 7 and Mg?*concentrations of 5 mM or more) the free energy of hy-
drolysis of ATP is altered more by metal ions than by protons. A widely used “con-
sensus value” for AG®" of ATP in biological systems is —30.5 kJ/mol (Table 3.3).
This value, cited in the 1976 Handbook of Biochemistry and Molecular Biology (3rd ed.,
Physical and Chemical Data, Vol. 1, pp. 296-304, Boca Raton, FL: CRC Press), was de-
termined in the presence of “excess Mg>".” This is the value we use for metabolic calcu-
lations in the balance of this text.
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Number of Mg?*
bound per ATP

FIGURE 3.16 Number of Mg”* ions bound per ATP as a function of pH and [Mg?*]. pMg = —log; [Mg?*].
(Cengage Learning.)

Why does the G°' of ATP hydrolysis depend so strongly on Mg?* concentration?
The answer lies in the strong binding of Mg?* by the triphosphate oxygens of ATP.
As shown in Figure 3.16, the binding of Mg?* to ATP is dependent on Mg** ion con-
centration and also on pH. At pH 7 and 1 mM [Mg?*], approximately one Mg?* ion
is bound to each ATP. The decrease in binding of Mg?* at low pH is the result of
competition by H* and Mg?* for the negatively charged oxygen atoms of ATP.

Concentration Affects the Free Energy of Hydrolysis of ATP

Through all these calculations of the effect of pH and metal ions on the ATP hy-
drolysis equilibrium, we have assumed “standard conditions” with respect to con-
centrations of all species except for protons. The levels of ATP, ADP, and other
high-energy metabolites never even begin to approach the standard state of 1 M.
In most cells, the concentrations of these species are more typically 1 to 5 mM or
even less. Earlier, we described the effect of concentration on equilibrium con-
stants and free energies in the form of Equation 3.13. For the present case, we can
rewrite this as
. [ZADP][3P;]

AG=AG° + RTIn [SATP] (3.34)
where the terms in brackets represent the sum (%) of the concentrations of all the
ionic forms of ATP, ADP, and P;.

It is clear that changes in the concentrations of these species can have large ef-
fects on AG. The concentrations of ATP, ADP, and P; may, of course, vary rather in-
dependently in real biological environments, but if, for the sake of some model cal-
culations, we assume that all three concentrations are equal, then the effect of
concentration on AG is as shown in Figure 3.17. The free energy of hydrolysis of
ATP, which is —35.7 kJ/mol at 1 M, becomes —49.4 k]/mol at 5 mM (that is, the
concentration for which pC = —2.3 in Figure 3.17). At 1 mM ATP, ADP, and P;, the
free energy change becomes even more negative at —53.6 kJ/mol. Clearly, the effects
of concentration are much greater than the effects of protons or metal ions under physiological
conditions.

Does the “concentration effect” change ATP’s position in the energy hierarchy
(in Table 3.3)? Not really. All the other high- and low-energy phosphates experi-
ence roughly similar changes in concentration under physiological conditions and
thus similar changes in their free energies of hydrolysis. The roles of the very-high-
energy phosphates (PEP, 1,3-bisphosphoglycerate, and creatine phosphate) in the
synthesis and maintenance of ATP in the cell are considered in our discussions of
metabolic pathways. In the meantime, several of the problems at the end of this
chapter address some of the more interesting cases.

-53.5

AG (k]J/mol)
&

|
N
(=]

-35.7

0 1.0 2.0 3.0
—Log [C]
Where C = concentration of
ATP, ADP, and P;

CENGAGENOW" ACTIVE FIGURE 3.17 The free energy of
hydrolysis of ATP as a function of concentration at 38°C,

pH 7.0.The plot follows the relationship described in
Equation 3.34, with the concentrations [C] of ATP, ADP,and
P; assumed to be equal. Test yourself on the concepts
in this figure at www.cengage.com/login
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3.7° Why Are Coupled Processes Important to Living Things?

Many of the reactions necessary to keep cells and organisms alive must run against
their thermodynamic potential, that is, in the direction of positive A G. Among these
are the synthesis of adenosine triphosphate (ATP) and other high-energy molecules
and the creation of ion gradients in all mammalian cells. These processes are driven
in the thermodynamically unfavorable direction via coupling with highly favorable
processes. Many such coupled processes are discussed later in this text. They are cru-
cially important in intermediary metabolism, oxidative phosphorylation, and mem-
brane transport, as we shall see.

We can predict whether pairs of coupled reactions will proceed spontaneously
by simply summing the free energy changes for each reaction. For example, con-
sider the reaction from glycolysis (discussed in Chapter 18) involving the conver-
sion of phosphoenolpyruvate (PEP) to pyruvate (Figure 3.18). The hydrolysis of
PEP is energetically very favorable, and it is used to drive phosphorylation of
adenosine diphosphate (ADP) to form ATP, a process that is energetically unfa-
vorable. Using values of A G that would be typical for a human erythrocyte:

PEP + HyO—— pyruvate + P; AG= —"78 kJ/mol (8.85)
ADP + P,——ATP + H,O AG= +55kJ/mol (3.36)
PEP + ADP—— pyruvate + ATP Total AG = —23 kJ/mol (3.37)

The net reaction catalyzed by this enzyme depends upon coupling between the two
reactions shown in Equations 3.35 and 3.36 to produce the net reaction shown in
Equation 3.37 with a net negative A G. Many other examples of coupled reactions
are considered in our discussions of intermediary metabolism (see Part 3). In ad-
dition, many of the complex biochemical systems discussed in the later chapters of
this text involve reactions and processes with positive A G values that are driven for-
ward by coupling to reactions with a negative AG.

3.8' What Is the Daily Human Requirement for ATP?

We can end this discussion of ATP and the other important high-energy compounds
in biology by discussing the daily metabolic consumption of ATP by humans. An ap-
proximate calculation gives a somewhat surprising and impressive result. Assume
that the average adult human consumes approximately 11,700 k] (2800 kcal, that is,
2800 Calories) per day. Assume also that the metabolic pathways leading to ATP syn-
thesis operate at a thermodynamic efficiency of approximately 50%. Thus, of the
11,700 kJ a person consumes as food, about 5860 kJ end up in the form of synthe-
sized ATP. As indicated earlier, the hydrolysis of 1 mole of ATP yields approximately
50 KJ of free energy under cellular conditions. This means that the body cycles
through 5860,/50 = 117 moles of ATP each day. The disodium salt of ATP has a mol-
ecular weight of 551 g/mol, so an average person hydrolyzes about

551 g
(117 moles) ——— = 64,467 g of ATP per day
mole

The average adult human, with a typical weight of 70 kg or so, thus consumes ap-
proximately 65 kg of ATP per day, an amount nearly equal to his or her own body
weight! Fortunately, we have a highly efficient recycling system for ATP/ADP utiliza-
tion. The energy released from food is stored transiently in the form of ATP. Once
ATP energy is used and ADP and phosphate are released, our bodies recycle it to
ATP through intermediary metabolism so that it may be reused. The typical 70-kg
body contains only about 50 grams of ATP/ADP total. Therefore, each ATP mole-
cule in our bodies must be recycled nearly 1300 times each day! Were it not for this
fact, at current commercial prices of about $20 per gram, our ATP “habit” would cost
more than $1 million per day! In these terms, the ability of biochemistry to sustain
the marvelous activity and vigor of organisms gains our respect and fascination.
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ATP Changes the K., by a Factor of 108

Consider a process, A==B. It could be a biochemical reaction, or
the transport of an ion against a concentration gradient, or even a
mechanical process (such as muscle contraction). Assume that it is
a thermodynamically unfavorable reaction. Let’s say, for purposes
of illustration, that AG®" = +13.8 kJ/mol. From the equation,

AG®' = —RTn K.,
we have
+13,800 = —(8.31 J/K - mol) (298 K) In K4
which yields
In K.q = —5.57
Therefore,

Ke.q = 0.0038 = [Beql/ [Acql

This reaction is clearly unfavorable (as we could have foreseen
from its positive AG°’). At equilibrium, there is one molecule of
product B for every 263 molecules of reactant A. Not much A was
transformed to B.

Now suppose the reaction A==B is coupled to ATP hydro-
lysis, as is often the case in metabolism:

A+ ATP==B + ADP + P,

The thermodynamic properties of this coupled reaction are the
same as the sum of the thermodynamic properties of the partial
reactions:

A—B
ATP + H{O=——ADP + P;

AG®" = +13.8 kJ/mol
AG®" = —30.5 k] /mol

A + ATP + HHO=——B + ADP + P; AG®" = —16.7 k] /mol

That is,
A GO/ovcrall = —16.7 k]/mol
So

—16,700 = —RT In K.q =
In K4

€q

—(8.31)(298)In K.,
—16,700/ —2476 = 6.75
850

Using this equilibrium constant, let’s now consider the cellular sit-
uation in which the concentrations of A and B are brought to equi-
librium in the presence of typical prevailing concentrations of
ATP, ADP, and P,.*

*The concentrations of ATP, ADP, and P; in a normal, healthy bacterial cell
growing at 25°C are maintained at roughly 8 mM, 8 mM, and 1 mM, re-
spectively. Therefore, the ratio [ADP][P;]/[ATP] is about 107%. Under
these conditions, A G for ATP hydrolysis is approximately —47.6 kJ/mol.
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A DEEPER LOOK

K. - [Beq] [ADP][P;]

1 [A][ATP]

(B J[8 X 1079 [107]
800 = T A8 X 107]

[Bey] /[Acq] = 850,000

Comparison of the [Beq]/[Acq] ratio for the simple A; B reac-

tion with the coupling of this reaction to ATP hydrolysis gives
850,000
0.0038

=22 X108

The equilibrium ratio of B to A is more than 10® greater when
the reaction is coupled to ATP hydrolysis. A reaction that was
clearly unfavorable (K., = 0.0038) has become emphatically
spontaneous!

The involvement of ATP has raised the equilibrium ratio of
B/A by more than 200 million—fold. It is informative to realize
that this multiplication factor does not depend on the nature of
the reaction. Recall that we defined A==DB in the most general
terms. Also, the value of this equilibrium constant ratio, some 2.2 X
108, is not at all dependent on the particular reaction chosen or its
standard free energy change, AG®’. You can satisfy yourself on this
point by choosing some value for AG°" other than +13.8 kJ/mol
and repeating these calculations (keeping the concentrations of
ATP, ADP, and P; at 8, 8, and 1 mM, as before).

NH,
Phosphoric anhydride N7 N\
linkages \\ | >
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O O O
[ Il Il
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SUMMARY

The activities of living things require energy. Movement, growth, synthe-
sis of biomolecules, and the transport of ions and molecules across mem-
branes all demand energy input. All organisms must acquire energy from
their surroundings and must utilize that energy efficiently to carry out
life processes. To study such bioenergetic phenomena requires familiar-
ity with thermodynamics. Thermodynamics also allows us to determine
whether chemical processes and reactions occur spontaneously.

3.1 What Are the Basic Concepts of Thermodynamics? The system is
that portion of the wuniverse with which we are concerned. The sur-
roundings include everything else in the universe. An isolated system
cannot exchange matter or energy with its surroundings. A closed sys-
tem may exchange energy, but not matter, with the surroundings. An
open system may exchange matter, energy, or both with the surround-
ings. Living things are typically open systems. The first law of thermo-
dynamics states that the total energy of an isolated system is conserved.
Enthalpy, H, is defined as H= E+ PV. AH is equal to the heat trans-
ferred in a constant pressure process. For biochemical reactions in lig-
uids, volume changes are typically quite small, and enthalpy and inter-
nal energy are often essentially equal. There are several statements of
the second law of thermodynamics, including the following: (1) Systems
tend to proceed from ordered (low-entropy or low-probability) states to
disordered (high-entropy or high-probability) states. (2) The entropy of
the system plus surroundings is unchanged by reversible processes; the
entropy of the system plus surroundings increases for irreversible
processes. (3) All naturally occurring processes proceed toward equilib-
rium, that is, to a state of minimum potential energy. The third law of
thermodynamics states that the entropy of any crystalline, perfectly
ordered substance must approach zero as the temperature approaches
0 K, and, at 7"= 0 K, entropy is exactly zero. The Gibbs free energy, G,
defined as G = H - T8, provides a simple criterion for equilibrium.

3.2 What Is the Effect of Concentration on Net Free Energy Changes?
The free energy change for a reaction can be very different from the
standard-state value if the concentrations of reactants and products dif-
fer significantly from unit activity (1 M for solutions). For the reaction

A+B C + D, the free energy change for non—standard-state con-
centrations is given by
AG=AG® + RT1 1C]bY
= n
[A][B]

3.3 What Is the Effect of pH on Standard-State Free Energies? For
biochemical reactions in which hydrogen ions (H") are consumed or

produced, a modified standard state, designated with prime (") symbols,
asin AG®', Ko/, AH®', may be employed. For a reaction in which H* is
produced, AG®' is given by

AG®" =AG° + RTIn [H"]

3.4 What Can Thermodynamic Parameters Tell Us About Biochemical
Events? A single parameter (AH or AS, for example) is not very mean-
ingful, but comparison of several thermodynamic parameters can pro-
vide meaningful insights about a process. Thermodynamic parameters
can be used to predict whether a given reaction will occur as written and
to calculate the relative contributions of molecular phenomena (for ex-
ample, hydrogen bonding or hydrophobic interactions) to an overall
process.

3.5 What Are the Characteristics of High-Energy Biomolecules? A
small family of universal biomolecules mediates the flow of energy from
exergonic reactions to the energy-requiring processes of life. These
molecules are the reduced coenzymes and the high-energy phosphate
compounds. High-energy phosphates are not long-term energy storage
substances, but rather transient forms of stored energy.

3.6 What Are the Complex Equilibria Involved in ATP Hydrolysis?
ATP, ADP, and similar species can exist in several different ionization
states that must be accounted for in any quantitative analysis. Also, phos-
phate compounds bind a variety of divalent and monovalent cations
with substantial affinity, and the various metal complexes must also be
considered in such analyses.

3.7 Why Are Coupled Processes Important to Living Things? Many of
the reactions necessary to keep cells and organisms alive must run
against their thermodynamic potential, that is, in the direction of posi-
tive AG. These processes are driven in the thermodynamically unfavor-
able direction via coupling with highly favorable processes. Many such
coupled processes are crucially important in intermediary metabolism,
oxidative phosphorylation, and membrane transport.

3.8 What Is the Daily Human Requirement for ATP? The average
adult human, with a typical weight of 70 kg or so, consumes
approximately 2800 calories per day. The energy released from food is
stored transiently in the form of ATP. Once ATP energy is used and ADP
and phosphate are released, our bodies recycle it to ATP through inter-
mediary metabolism so that it may be reused. The typical 70-kg body
contains only about 50 grams of ATP/ADP total. Therefore, each ATP
molecule in our bodies must be recycled nearly 1300 times each day.

PROBLEMS

CENGAGENOW" Create your own study path for this chapter at www.
cengage.com/login

1. An enzymatic hydrolysis of fructose-1-P,
Fructose-1-P + HoO =——=fructose + P;

was allowed to proceed to equilibrium at 25°C. The original con-
centration of fructose-1-P was 0.2 M, but when the system had
reached equilibrium the concentration of fructose-1-P was only
6.52 X 1075 M. Calculate the equilibrium constant for this reaction
and the free energy of hydrolysis of fructose-1-P.

2. The equilibrium constant for some process A=—=2B is 0.5 at 20°C
and 10 at 30°C. Assuming that AH° is independent of temperature,
calculate A H° for this reaction. Determine A G° and AS° at 20° and
at 30°C. Why is it important in this problem to assume that AH® is
independent of temperature?

3. The standard-state free energy of hydrolysis for acetyl phosphate is
AG° = —42.3 kJ/mol.

Acetyl-P + HyO — acetate + P;

Calculate the free energy change for acetyl phosphate hydrolysis
in a solution of 2 mM acetate, 2 mM phosphate, and 3 nM acetyl
phosphate.

4. Define a state function. Name three thermodynamic quantities that
are state functions and three that are not.

5. ATP hydrolysis at pH 7.0 is accompanied by release of a hydrogen
ion to the medium

ATP*~ + HLO==ADP?* + HPO,>” + H*

If the AG®' for this reaction is —30.5 kJ/mol, what is AG® (that is,

the free energy change for the same reaction with all components,

including H™, at a standard state of 1 M)?

6. For the process A==B, K., (AB) is 0.02 at 37°C. For the process

B==C, K. (BC) = 1000 at 37°C.

a. Determine K., (AC), the equilibrium constant for the overall
process A==C, from K., (AB) and K4 (BC).

b. Determine standard-state free energy changes for all three
processes, and use A G°(AC) to determine K.q (AC). Make sure that
this value agrees with that determined in part a of this problem.
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7. Draw all possible resonance structures for creatine phosphate
and discuss their possible effects on resonance stabilization of the
molecule.

8. Write the equilibrium constant, K., for the hydrolysis of creatine
phosphate and calculate a value for K. at 25°C from the value of

AG®" in Table 3.3.

9. Imagine that creatine phosphate, rather than ATP, is the universal
energy carrier molecule in the human body. Repeat the calculation
presented in Section 3.8, calculating the weight of creatine phos-
phate that would need to be consumed each day by a typical adult
human if creatine phosphate could not be recycled. If recycling of
creatine phosphate were possible, and if the typical adult human
body contained 20 grams of creatine phosphate, how many times
would each creatine phosphate molecule need to be turned over or
recycled each day? Repeat the calculation assuming that glycerol-3-
phosphate is the universal energy carrier and that the body contains
20 grams of glycerol-3-phosphate.

10. Calculate the free energy of hydrolysis of ATP in a rat liver cell in
which the ATP, ADP, and P; concentrations are 3.4, 1.3, and 4.8 mM,
respectively.

11. Hexokinase catalyzes the phosphorylation of glucose from ATP,
yielding glucose-6-P and ADP. Using the values of Table 3.3, calcu-
late the standard-state free energy change and equilibrium constant
for the hexokinase reaction.

12. Would you expect the free energy of hydrolysis of acetoacetyl-
coenzyme A (see diagram) to be greater than, equal to, or less
than that of acetyl-coenzyme A? Provide a chemical rationale for
your answer.

O
| |
CH;—C—CHy— C—S—CoA

13. Consider carbamoyl phosphate, a precursor in the biosynthesis of
pyrimidines:

NZER o
H,N  0—PO,
Based on the discussion of high-energy phosphates in this chapter,
would you expect carbamoyl phosphate to possess a high free
energy of hydrolysis? Provide a chemical rationale for your answer.
14. You are studying the various components of the venom of a poiso-
nous lizard. One of the venom components is a protein that ap-
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pears to be temperature sensitive. When heated, it denatures and is
no longer toxic. The process can be described by the following sim-
ple equation:

T (toxic) ==N (nontoxic)

There is only enough protein from this venom to carry out two
equilibrium measurements. At 298 K, you find that 98% of the pro-
tein is in its toxic form. However, when you raise the temperature to
320 K, you find that only 10% of the protein is in its toxic form.
a. Calculate the equilibrium constants for the T to N conversion at
these two temperatures.
b. Use the data to determine the AH®, AS°, and A G° for this process.
15. Consider the data in Figures 3.3 and 3.4. Is the denaturation of chy-
motrypsinogen spontaneous at 58°C? And what is the temperature
at which the native and denaturated forms of chymotrypsinogen are
in equilibrium?
16. Consider Tables 3.1 and 3.2, as well as the discussion of Table 3.2 in
the text, and discuss the meaning of the positive A Cp in Table 3.1.

17. The difference between A G° and A G°' was discussed in Section 3.3.
Consider the hydrolysis of acetyl phosphate (Figure 3.12) and de-
termine the value of AG® for each of this reaction at pH 2, 7, and
12. The value of AG®" for the enolase reaction (Figure 3.13) is
1.8 kJ/mol. What is the value of A G° for enolase at pH 2, 7, and 12?
Why is this case different from that of acetyl phosphate?

18. What is the significance of the magnitude of AG®’ for ATP in the cal-
culations in the box on page 672 Repeat these calculations for the
case of coupling of a reaction to 1,3-bisphosphoglycerate hydrolysis
to see what effect this reaction would have on the equilibrium ratio
for components A and B under the conditions stated on this page.

Preparing for the MCAT Exam

19. The hydrolysis of 1,3-bisphosphoglycerate is favorable, due in part
to the increased resonance stabilization of the products of the re-
action. Draw resonance structures for the reactant and the products
of this reaction to establish that this statement is true.

20. The acyl-CoA synthetase reaction activates fatty acids for oxidation
in cells:

R-COO™ + CoASH + ATP——R-COSCoA + AMP + pyrophosphate

The reaction is driven forward in part by hydrolysis of ATP to AMP
and pyrophosphate. However, pyrophosphate undergoes further
cleavage to yield two phosphate anions. Discuss the energetics of
this reaction both in the presence and absence of pyrophosphate
cleavage.
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All objects have mirror images. Like many molecules,
amino acids exist in mirror-image forms (stereo-
isomers) that are not superimposable. Only the
L-isomers of amino acids commonly occur in nature.
(Three Sisters Wilderness, central Oregon. The Middle
Sister, reflected in an alpine lake.)

David W. Grisham

1o hold, as ‘twere, the mirror up to nature.

William Shakespeare
Hamlet

KEY QUESTIONS

4.1 What Are the Structures and Properties
of Amino Acids?

42  What Are the Acid-Base Properties of
Amino Acids?
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Amino Acids

ESSENTIAL QUESTION

Proteins are the indispensable agents of biological function, and amino acids are
the building blocks of proteins. The stunning diversity of the thousands of pro-
teins found in nature arises from the intrinsic properties of only 20 commonly
occurring amino acids. These features include (1) the capacity to polymerize,

(2) novel acid-base properties, (3) varied structure and chemical functionality in
the amino acid side chains, and (4) chirality. This chapter describes each of these
properties, laying a foundation for discussions of protein structure (Chapters 5 and
6), enzyme function (Chapters 13-15), and many other subjects in later chapters.

Why are amino acids uniquely suited to their role as the building blocks of
proteins?

4.1° What Are the Structures and Properties of Amino Acids?

Typical Amino Acids Contain a Central Tetrahedral Carbon Atom

The structure of a single typical amino acid is shown in Figure 4.1. Central to this
structure is the tetrahedral alpha («) carbon (C,), which is covalently linked to both
the amino group and the carboxyl group. Also bonded to this a-carbon are a hydro-
gen and a variable side chain. It is the side chain, the so-called R group, that gives
each amino acid its identity. The detailed acid-base properties of amino acids are
discussed in the following sections. It is sufficient for now to realize that, in neutral
solution (pH 7), the carboxyl group exists as —COO™ and the amino group as
—NH;". Because the resulting amino acid contains one positive and one negative
charge, it is a neutral molecule called a zwitterion. Amino acids are also chiral mole-
cules. With four different groups attached to it, the a-carbon is said to be asymmetric.
The two possible configurations for the a-carbon constitute nonidentical mirror-im-
age isomers or enantiomers. Details of amino acid stereochemistry are discussed in
Section 4.4.

Amino Acids Can Join via Peptide Bonds

The crucial feature of amino acids that allows them to polymerize to form peptides
and proteins is the existence of their two identifying chemical groups: the amino
(—NH;") and carboxyl (—COO~) groups, as shown in Figure 4.2. The amino and
carboxyl groups of amino acids can react in a head-to-tail fashion, eliminating a wa-
ter molecule and forming a covalent amide linkage, which, in the case of peptides

Side
5 R” chain Q (R)
a-Carbon —_ ™ C N ./
@
+/ N\ A\
HyN.  Ccoo- @’ o
Amino Carboxyl Ball-and-stick Amino acids are
group group model tetrahedral structures

CENGAGENOW" ANIMATED FIGURE 4.1 Anatomy of an amino acid. Except for proline and its derivatives, all of
the amino acids commonly found in proteins possess this type of structure. See this figure animated at
www.cengage.com/login
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+
—_ Two amino acids
h
- — Removal of a
water molecule...
b
H,O
Peptide bond
= ...formation of
the CO—NH bond
1L
Amino end Carboxyl end

CENGAGENOW" ANIMATED FIGURE 4.2 The a-COOH and a-NH;* groups of two amino acids can react with
the resulting loss of a water molecule to form a covalent amide bond. (llustration: Irving Geis. Rights owned by
Howard Hughes Medical Institute. Not to be reproduced without permission.) See this figure animated at www
.cengage.com/login

and proteins, is typically referred to as a peptide bond. The equilibrium for this re-
action in aqueous solution favors peptide bond hydrolysis. For this reason, biologi-
cal systems as well as peptide chemists in the laboratory must couple peptide bond
formation in an indirect manner or with energy input.

Repetition of the reaction shown in Figure 4.2 produces polypeptides and proteins.
The remarkable properties of proteins, which we shall discover and come to appreci-
ate in later chapters, all depend in one way or another on the unique properties and
chemical diversity of the 20 common amino acids found in proteins.

There Are 20 Common Amino Acids

The structures and abbreviations for the 20 amino acids commonly found in pro-
teins are shown in Figure 4.3. All the amino acids except proline have both free
a-amino and free a-carboxyl groups (Figure 4.1). There are several ways to classify
the common amino acids. The most useful of these classifications is based on the
polarity of the side chains. Thus, the structures shown in Figure 4.3 are grouped
into the following categories: (1) nonpolar or hydrophobic amino acids, (2) neu-
tral (uncharged) but polar amino acids, (3) acidic amino acids (which have a net
negative charge at pH 7.0), and (4) basic amino acids (which have a net positive
charge at neutral pH). In later chapters, the importance of this classification sys-
tem for predicting protein properties becomes clear. Also shown in Figure 4.3 are
the three-letter and one-letter codes used to represent the amino acids. These
codes are useful when displaying and comparing the sequences of proteins in
shorthand form. (Note that several of the one-letter abbreviations are phonetic
in origin: arginine = “Rginine” = R, phenylalanine = “Fenylalanine” = F, aspartic
acid = “asparDic” = D.)
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(a) Nonpolar (hydrophobic)
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FIGURE 4.3 The 20 amino acids that are the building blocks of most proteins can be classified as (a) nonpolar (hydrophobic); (b) polar, neutral; (c) acidic; or (d) basic.
(Illustration: Irving Geis. Rights owned by Howard Hughes Medical Institute. Not to be produced without permission.)
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Nonpolar Amino Acids The nonpolar amino acids (Figure 4.3a) are critically im-
portant for the processes that drive protein chains to “fold,” that is to form their nat-
ural (and functional) structures, as shown in Chapter 6. Amino acids termed nonpolar
include all those with alkyl chain R groups (alanine, valine, leucine, and isoleucine);
as well as proline (with its unusual cyclic structure); methionine (one of the two sulfur-
containing amino acids); and two aromatic amino acids, phenylalanine and trypto-
phan. Tryptophan is sometimes considered a borderline member of this group be-
cause it can interact favorably with water via the N—H moiety of the indole ring. Pro-
line, strictly speaking, is not an amino acid but rather an a-imino acid.

Polar, Uncharged Amino Acids The polar, uncharged amino acids (Figure 4.3b),
except for glycine, contain R groups that can (1) form hydrogen bonds with water,
and (2) play a variety of nucleophilic roles in enzyme reactions. These amino acids
are usually more soluble in water than the nonpolar amino acids. The amide groups
of asparagine and glutamine; the hydroxyl groups of tyrosine, threonine, and serine;
and the sulfhydryl group of cysteine are all good hydrogen bond—forming moieties.
Glycine, the simplest amino acid, has only a single hydrogen for an R group, and this
hydrogen is not a good hydrogen bond former. Glycine’s solubility properties are
mainly influenced by its polar amino and carboxyl groups, and thus glycine is best
considered a member of the polar, uncharged group. It should be noted that tyrosine
has significant nonpolar characteristics due to its aromatic ring and could arguably
be placed in the nonpolar group. However, with a pK, of 10.1, tyrosine’s phenolic hy-
droxyl is a charged, polar entity at high pH.

Acidic Amino Acids There are two acidic amino acids—aspartic acid and glutamic
acid—whose R groups contain a carboxyl group (Figure 4.3c). These side-chain car-
boxyl groups are weaker acids than the a-COOH group but are sufficiently acidic to
exist as —COO™ at neutral pH. Aspartic acid and glutamic acid thus have a net neg-
ative charge at pH 7. These forms are appropriately referred to as aspartate and glu-
tamate. These negatively charged amino acids play several important roles in pro-
teins. Many proteins that bind metal ions for structural or functional purposes
possess metal-binding sites containing one or more aspartate and glutamate side
chains. The acid-base chemistry of such groups is considered in detail in Section 4.2.

Basic Amino Acids Three of the common amino acids have side chains with net pos-
itive charges at neutral pH: histidine, arginine, and lysine (Figure 4.3d). Histidine
contains an imidazole group, arginine contains a guanidino group, and lysine con-
tains a protonated alkyl amino group. The side chains of the latter two amino acids
are fully protonated at pH 7, but histidine, with a side-chain pK, of 6.0, is only 10%
protonated at pH 7. With a pK, near neutrality, histidine side chains play important
roles as proton donors and acceptors in many enzyme reactions. Histidine-containing
peptides are important biological buffers, as discussed in Chapter 2. Arginine and ly-
sine side chains, which are protonated under physiological conditions, participate in
electrostatic interactions in proteins.

Are There Other Ways to Classify Amino Acids?

There are alternative ways to classify the 20 common amino acids. For example, it
would be reasonable to imagine that the amino acids could be described as hydro-
phobic, hydrophilic, or amphipathic:

Hydrophobic: Hydrophilic: Amphipathic:
Alanine Proline Arginine Glutamine Lysine
Glycine Valine Asparagine Histidine Methionine
Isoleucine Aspartic acid ~ Serine Tryptophan
Leucine Cysteine Threonine Tyrosine

Phenylalanine Glutamic acid
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Lysine can be considered amphipathic, because its R group consists of an aliphatic
side chain, which can interact with hydrophobic amino acids in proteins, and an
amino group, which is normally charged at neutral pH. Methionine is the least po-
lar of the amphipathic amino acids, but its thioether sulfur can be an effective
metal ligand in proteins. Cysteine can deprotonate at pH values greater than 7,
and the thiolate anion is the most potent nucleophile that can be generated
among the 20 common acids. The imidazole ring of histidine has two nitrogen
atoms, each with an H. The pKfor dissociation of the first of these two H is around
6. However, once one N-H has dissociated, the pK value for the other becomes
greater than 10.

Amino Acids 21 and 22—and More?

Although uncommon, natural amino acids beyond the well-known 20 actually do oc-
cur. Selenocysteine (Figure 4.4a) was first identified in 1986 (see Chapter 30, page
954), and it has since been found in a variety of organisms.

More recently, Joseph Krzycki and his colleagues at Ohio State University have dis-
covered a lysine derivative—pyrrolysine—in several archaeal species, including
Methanosarcina barkeri, found as a bottom-dwelling microbe of freshwater lakes.
Pyrrolysine (Figure 4.4a) and selenocysteine both are incorporated naturally into pro-
teins thanks to specially adapted RNA molecules.

Both selenocysteine and pyrrolysine bring novel structural and chemical features
to the proteins that contain them. How many more unusual amino acids might be in-
corporated in proteins in a similar manner?

(a) (b)

COOH COOH 5-Hydroxylysine 4-Hydroxyproline y-Carboxyglutamic Pyroglutamic acid
acid
Hg]_(';_H Hﬁ_(lj_H COOH COOH COOH
3 3 . [ COOH
CH, CH, H;N—C—H HN—C—H + HN—C—H
[ | | / \ H,N—C—H /
HyC CH C CH
SeH (liH2 (FH2 2 N 2 (le B 2
. 2
Selenocysteine CH, CH, /\ | Hy
| | H OH cn
(l“.H2 N CHOH HOOC COOH
HN__ X CH,
I |
| +
NHj
O cn,
Pyrrolysine
(c)
COOH CH, NH{ HO CH,
™~ +
I I I \©j/ CH,—NH}
(CH)s NH} CH, N
I I I H
NHF CH, CH, .
: Serotonin
y-Aminobutyric acid HO—C—H 2\ NH
(GABA) N=
Histamine
OH
OH
Epinephrine

FIGURE 4.4 The structures of several amino acids that are less common but nevertheless found in certain pro-
teins. Hydroxylysine and hydroxyproline are found in connective-tissue proteins; pyroglutamic acid is found in
bacteriorhodopsin (a protein in Halobacterium halobium). Epinephrine, histamine, and serotonin, although not
amino acids, are derived from and closely related to amino acids.
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Several Amino Acids Occur Only Rarely in Proteins

There are several amino acids that occur only rarely in proteins and are produced by
modifications of one of the 20 amino acids already incorporated into a protein (Fig-
ure 4.4b), including hydroxylysine and hydroxyproline, which are found mainly in the
collagen and gelatin proteins, pyroglutamic acid, which is found in a light-driven pro-
ton-pumping protein called bacteriorhodopsin, and y-carboxyglutamic acid, which is
found in calcium-binding proteins.

Certain amino acids and their derivatives, although not found in proteins,
nonetheless are biochemically important. A few of the more notable examples are
shown in Figure 4.4c. y-Aminobutyric acid, or GABA, is produced by the decar-
boxylation of glutamic acid and is a potent neurotransmitter. Histamine, which is
synthesized by decarboxylation of histidine, and serotonin, which is derived from
tryptophan, similarly function as neurotransmitters and regulators. Epinephrine
(also known as adrenaline), derived from tyrosine, is an important hormone.

4.2 What Are the Acid—Base Properties of Amino Acids?
Amino Acids Are Weak Polyprotic Acids

From a chemical point of view, the common amino acids are all weak polyprotic
acids. The ionizable groups are not strongly dissociating ones, and the degree of dis-
sociation thus depends on the pH of the medium. All the amino acids contain at
least two dissociable hydrogens.

Consider the acid—base behavior of glycine, the simplest amino acid. At low pH,
both the amino and carboxyl groups are protonated and the molecule has a net
positive charge. If the counterion in solution is a chloride ion, this form is referred
to as glycine hydrochloride. If the pH is increased, the carboxyl group is the first to
dissociate, yielding the neutral zwitterionic species Gly’ (Figure 4.5). A further
increase in pH eventually results in dissociation of the amino group to yield the
negatively charged glycinate. If we denote these three forms as Gly*, Gly’, and Gly,
we can write the first dissociation of Gly* as

Gly+ + HQO\:\GIYO + H30+
and the dissociation constant K; as

_ [Gy1[H;07]
b [Gly"]

pH 1 Net charge +1 pH 7 Net charge 0 pH 13 Net charge -1

Cationic form Zwitterion (neutral) Anionic form

CENGAGENOW" ANIMATED FIGURE 4.5 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 zwitterion and finally the anionic form. (lllustration: Irving Geis. Rights owned by Howard Hughes
Medical Institute. Not to be reproduced without permission.) See this figure animated at www.cengage.com/
login
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pK; Values of Common Amino Acids
Amino Acid a-COOH pK, a-NHs* pK, R group pK,
Alanine 2.4 9.7
Arginine 2.2 9.0 12.5
Asparagine 2.0 8.8
Aspartic acid 2.1 9.8 3.9
Cysteine 1.7 10.8 8.3
Glutamic acid 2.2 9.7 4.3
Glutamine 2.2 9.1
Glycine 2.3 9.6
Histidine 1.8 9.2 6.0
Isoleucine 2.4 9.7
Leucine 2.4 9.6
Lysine 2.2 9.0 10.5
Methionine 2.3 9.2
Phenylalanine 1.8 9.1
Proline 2.1 10.6
Serine 2.2 9.2 ~13
Threonine 2.6 10.4 ~13
Tryptophan 2.4 9.4
Tyrosine 2.2 9.1 10.1
Valine 2.3 9.6

Values for K; for the common amino acids are typically 0.4 to 1.0 X 1072 M, so that
typical values of pK center on values of 2.0 to 2.4 (Table 4.1). In a similar manner,
we can write the second dissociation reaction as

Gly’ + HHO=—Gly~ + H;O"
and the dissociation constant K, as
_ [Gly 1[H,O"]
T IGy]
Typical values for pK; are in the range of 9.0 to 9.8. At physiological pH, the
a-carboxyl group of a simple amino acid (with no ionizable side chains) is com-

pletely dissociated, whereas the a-amino group has not really begun its dissociation.
The titration curve for such an amino acid is shown in Figure 4.6.

m What is the pH of a glycine solution in which the a-NH;" group is
one-third dissociated?

Answer
The appropriate Henderson—-Hasselbalch equation is

[Gly”]

= + _—
pH = pK, + logy [Gly"]

If the a-amino group is one-third dissociated, there is 1 part Gly~ for every 2 parts
Gly’. The important pK, is the pK, for the amino group. The glycine a-amino
group has a pK, of 9.6. The result is

pH = 9.6 + logy, (1/2)
pH=9.3
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FIGURE 4.6 Titration of glycine, a simple amino acid. The isoelectric point, pl, the pH where glycine has a net
charge of 0, can be calculated as (pK; + pKy)/2.

Note that the dissociation constants of both the a-carboxyl and a-amino groups are
affected by the presence of the other group. The adjacent a-amino group makes
the a-COOH group more acidic (that is, it lowers the pK,), so it gives up a proton
more readily than simple alkyl carboxylic acids. Thus, the pK; of 2.0 to 2.1 for
a-carboxyl groups of amino acids is substantially lower than that of acetic acid
(pK, = 4.76), for example. What is the chemical basis for the low pK, of the
a-COOH group of amino acids? The a-NH3* (ammonium) group is strongly
electron-withdrawing, and the positive charge of the amino group exerts a strong
field effect and stabilizes the carboxylate anion. (The effect of the a-COO™ group on
the pK, of the a-NH;" group is the basis for problem 4 at the end of this chapter.)

Side Chains of Amino Acids Undergo Characteristic lonizations

As we have seen, the side chains of several of the amino acids also contain disso-
ciable groups. Thus, aspartic and glutamic acids contain an additional carboxyl
function, and lysine possesses an aliphatic amino function. Histidine contains an
ionizable imidazolium proton, and arginine carries a guanidinium function. Typ-
ical pK,values of these groups are shown in Table 4.1. The B-carboxyl group of as-
partic acid and the y-carboxyl side chain of glutamic acid exhibit pK, values in-
termediate to the -COOH on one hand and typical aliphatic carboxyl groups on
the other hand. In a similar fashion, the e-amino group of lysine exhibits a pK,
that is higher than that of the a-amino group but similar to that for a typical
aliphatic amino group. These intermediate side-chain pK, values reflect the
slightly diminished effect of the a-carbon dissociable groups that lie several car-
bons removed from the side-chain functional groups. Figure 4.7 shows typical
titration curves for glutamic acid and lysine, along with the ionic species that pre-
dominate at various points in the titration. The only other side-chain groups that
exhibit any significant degree of dissociation are the para-OH group of tyrosine
and the —SH group of cysteine. The pK, of the cysteine sulfhydryl is 8.32, so it is
about 5% dissociated at pH 7. The tyrosine para-OH group is a very weakly acidic
group, with a pK, of about 10.1. This group is essentially fully protonated and un-
charged at pH 7.
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CENGAGENOW" ACTIVE FIGURE 4.7 Titrations of glutamic acid and lysine. Test yourself on the concepts in
this figure at www.cengage.com/login

It is important to note that side-chain pK, values for amino acids in proteins can
be different from the values shown in Table 4.1. On average, values for side chains in
proteins are one pH unit closer to neutrality compared to the free amino acid values.
Moreover, environmental effects in the protein can change pK, values dramatically.

4.3 What Reactions Do Amino Acids Undergo?

A number of reactions of amino acids are noteworthy because they are essential to
the degradation, sequencing, and chemical synthesis of peptides and proteins. One
of these, the reaction with phenylisothiocyanate, or Edman reagent, involves nucle-
ophilic attack by the amino acid @-amino nitrogen, followed by cyclization, to yield
a phenylthiohydantoin (PTH) derivative of the amino acid (Figure 4.8a). PTH-
amino acids can be easily identified and quantified, as shown in Section 4.6. An im-
portant amino acid side-chain reaction is formation of disulfide bonds via reaction
between two cysteines. In proteins, cysteine residues form disulfide linkages that sta-
bilize protein structure (Figure 4.8b). Related reactions are discussed in Chapter 5.

4.4 What Are the Optical and Stereochemical
Properties of Amino Acids?

Amino Acids Are Chiral Molecules

Except for glycine, all of the amino acids isolated from proteins have four different
groups attached to the a-carbon atom. In such a case, the a-carbon is said to be
asymmetric or chiral (from the Greek cheir, meaning “hand”), and the two possible
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CENGAGENOW" ANIMATED FIGURE 4.9 Enantiomeric
molecules based on a chiral carbon atom. Enantiomers
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See this figure animated at www.cengage.com/

login

phenylisothiocyanate, reacts with the a-amino group of an amino acid
or peptide to produce a phenylthiohydantoin (PTH) derivative.
(b) Cysteines react to form disulfides.

configurations for the a-carbon constitute nonsuperimposable mirror-image iso-
mers, or enantiomers (Figure 4.9). Enantiomeric molecules display a special prop-
erty called optical activity—the ability to rotate the plane of polarization of plane-
polarized light. Clockwise rotation of incident light is referred to as dextrorotatory
behavior, and counterclockwise rotation is called levorotatory behavior. The mag-
nitude and direction of the optical rotation depend on the nature of the amino acid
side chain. Some protein-derived amino acids at a given pH are dextrorotatory and
others are levorotatory, even though all of them are of the L-configuration. The di-
rection of optical rotation can be specified in the name by using a (+) for dextro-
rotatory compounds and a (—) for levorotatory compounds, as in L(+)-leucine.

Chiral Molecules Are Described by the p,L and R,S Naming Conventions

The discoveries of optical activity and enantiomeric structures (see Critical De-
velopments in Biochemistry, page 84) made it important to develop suitable
nomenclature for chiral molecules. Two systems are in common use today: the so-
called D,L system and the (R,S) system.

In the b,L system of nomenclature, the (+) and (—) isomers of glyceraldehyde
are denoted as D-glyceraldehyde and L-glyceraldehyde, respectively (see Critical
Developments in Biochemistry, page 84). Absolute configurations of all other
carbon-based molecules are referenced to D- and L-glyceraldehyde. When suffi-
cient care is taken to avoid racemization of the amino acids during hydrolysis of
proteins, it is found that all of the amino acids derived from natural proteins are
of the L-configuration. Amino acids of the D-configuration are nonetheless found
in nature, especially as components of certain peptide antibiotics, such as vali-
nomycin, gramicidin, and actinomycin D, and in the cell walls of certain micro-
organisms.
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‘ CRITICAL DEVELOPMENTS IN BIOCHEMISTRY

Green Fluorescent Protein—The “Light Fantastic” from Jellyfish to Gene Expression

Aquorea victoria, a species of jellyfish found in the northwest Pacific
Ocean, contains a green fluorescent protein (GFP) that works
together with another protein, aequorin, to provide a defense
mechanism for the jellyfish. When the jellyfish is attacked or
shaken, aequorin produces a blue light. This light energy is cap-
tured by GFP, which then emits a bright green flash that presum-
ably blinds or startles the attacker. Remarkably, the fluorescence of
GFP occurs without the assistance of a prosthetic group—a “helper
molecule” that would mediate GFP’s fluorescence. Instead, the
light-transducing capability of GFP is the result of a reaction be-
tween three amino acids in the protein itself. As shown below, ad-
Jjacent serine, tyrosine, and glycine in the sequence of the protein
react to form the pigment complex—termed a chromophore. No
enzymes are required; the reaction is autocatalytic.

Because the light-transducing talents of GFP depend only on
the protein itself (upper photo, chromophore highlighted), GFP
has quickly become a darling of genetic engineering laboratories.
The promoter of any gene whose cellular expression is of interest
can be fused to the DNA sequence coding for GFP. Telltale green
fluorescence tells the researcher when this fused gene has been
expressed (see lower photo and also Chapter 12).

Amino acid substi-
tutions in GFP can
tune the color of
emitted light; exam-
ples include YFP,
CFP, and BFP (yel-
low, cyan, and blue
fluorescent protein).
Shown here is an
image of African
green monkey
kidney cells express-
ing YFP fused to
a-tubulin, a major
cytoskeletal protein.
(Image courtesy of
Michelle E. King and
George S. Bloom, University
of Virginia.)
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Despite its widespread acceptance, problems exist with the D,L system of nomen-
clature. For example, this system can be ambiguous for molecules with two or more
chiral centers. To address such problems, the (R,S) system of nomenclature for chi-
ral molecules was proposed in 1956 by Robert Cahn, Sir Christopher Ingold, and
Vladimir Prelog. In this more versatile system, priorities are assigned to each of the
groups attached to a chiral center on the basis of atomic number, atoms with higher
atomic numbers having higher priorities.

The newer (R,S) system of nomenclature is superior to the older D,L system in one
important way: The configuration of molecules with more than one chiral center can
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‘ CRITICAL DEVELOPMENTS IN BIOCHEMISTRY

Discovery of Optically Active Molecules and Determination of Absolute Configuration

The optical activity of quartz and certain other materials was first
discovered by Jean-Baptiste Biot in 1815 in France, and in 1848 a
young chemist in Paris named Louis Pasteur made a related and
remarkable discovery. Pasteur noticed that preparations of opti-
cally inactive sodium ammonium tartrate contained two visibly
different kinds of crystals that were mirror images of each other.
Pasteur carefully separated the two types of crystals, dissolved
them each in water, and found that each solution was optically ac-
tive. Even more intriguing, the specific rotations of these two so-
lutions were equal in magnitude and of opposite sign. Because
these differences in optical rotation were apparent properties of

J. M. Bijvoet in Utrecht, the Netherlands, used a new X-ray dif-
fraction technique to show that Emil Fischer’s arbitrary guess
60 years earlier had been correct.

It was M. A. Rosanoff, a chemist and instructor at New York Uni-
versity, who first proposed (in 1906) that the isomers of glycer-
aldehyde be the standards for denoting the stereochemistry of sug-
ars and other molecules. Later, when experiments showed that the
configuration of (+)-glyceraldehyde was related to (+)-glucose,
(+)-glyceraldehyde was given the designation p. Emil Fischer re-
jected the Rosanoff convention, but it was universally accepted.
Ironically, this nomenclature system is often mistakenly referred to

the dissolved molecules, Pasteur eventually proposed that the  as the Fischer convention.
molecules themselves were mirror images of each other, just like
their respective crystals. Based on this and other related evi-
dence, van’t Hoff and LeBel proposed the tetrahedral arrange-

ment of valence bonds to carbon.

In 1888, Emil Fischer decided that it should be possible to de- (Ho
termine the relative configuration of (+)-glucose, a six-carbon sugar H—C—OH
with four asymmetric centers (see figure). Because each of the four |
C could be either of two configurations, glucose conceivably could HO—C—H
exist in any one of 16 possible isomeric structures. It took 3 years to |
complete the solution of an elaborate chemical and logical puzzle. H—C—OH
By 1891, Fischer had reduced his puzzle to a choice between two |
enantiomeric structures. (Methods for determining absolute config- H—C—OH
uration were not yet available, so Fischer made a simple guess, se- |

CH,OH

lecting the structure shown in the figure.) For this remarkable feat,
Fischer received the Nobel Prize in Chemistry in 1902. In 1951,

The absolute configuration of (+)-glucose.

be more easily, completely, and unambiguously described with (R,S) notation. Sev-
eral amino acids, including isoleucine, threonine, hydroxyproline, and hydroxyly-
sine, have two chiral centers. In the (R,S) system, L-threonine is (25,3 R)-threonine.

4.5 What Are the Spectroscopic Properties of Amino Acids?

One of the most important and exciting advances in modern biochemistry has
been the application of spectroscopic methods, which measure the absorption and
emission of energy of different frequencies by molecules and atoms. Spectroscopic
studies of proteins, nucleic acids, and other biomolecules are providing many new
insights into the structure and dynamic processes in these molecules.

Phenylalanine, Tyrosine, and Tryptophan Absorb Ultraviolet Light

Many details of the structure and chemistry of the amino acids have been elucidated
or at least confirmed by spectroscopic measurements. None of the amino acids ab-
sorbs light in the visible region of the electromagnetic spectrum. Several of the
amino acids, however, do absorb ultraviolet radiation, and all absorb in the infrared
region. The absorption of energy by electrons as they rise to higher-energy states oc-
curs in the ultraviolet/visible region of the energy spectrum. Only the aromatic
amino acids phenylalanine, tyrosine, and tryptophan exhibit significant ultraviolet
absorption above 250 nm, as shown in Figure 4.10. These strong absorptions can be
used for spectroscopic determinations of protein concentration. The aromatic
amino acids also exhibit relatively weak fluorescence, and it has recently been
shown that tryptophan can exhibit phosphorescence—a relatively long-lived emission
of light. These fluorescence and phosphorescence properties are especially useful
in the study of protein structure and dynamics.
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FIGURE 4.10 The ultraviolet absorption spectra of the aromatic amino acids at pH 6. (From Wetlaufer, D. B, 1962.
Ultraviolet spectra of proteins and amino acids. Advances in Protein Chemistry 17:303-390.)

Amino Acids Can Be Characterized by Nuclear Magnetic Resonance

The development in the 1950s of nuclear magnetic resonance (NMR), a spectro-
scopic technique that involves the absorption of radio frequency energy by certain
nuclei in the presence of a magnetic field, played an important part in the chemical
characterization of amino acids and proteins. Several important principles emerged
from these studies. First, the chemical shift! of amino acid protons depends on their

A DEEPER LOOK

The Murchison Meteorite—Discovery of Extraterrestrial Handedness

The predominance of L-amino acids in biological systems is one of  acids for their studies, Cronin and Pizzarello ensured that they

life’s intriguing features. Prebiotic syntheses of amino acids would
be expected to produce equal amounts of L- and D-enantiomers.
Some kind of enantiomeric selection process must have intervened
to select L-amino acids over their D-counterparts as the constituents
of proteins. Was it random chance that chose L- over D-isomers?
Analysis of carbon compounds—even amino acids—from ex-
traterrestrial sources might provide deeper insights into this mys-
tery. John Cronin and Sandra Pizzarello have examined the enan-
tiomeric distribution of unusual amino acids obtained from the
Murchison meteorite, which struck the earth on September 28,
1969, near Murchison, Australia. (By selecting unusual amino

NH3+ NH3+
CH3— CHy— CH — C — COOH CHg— CHy— C — COOH
| | |
CH; CH; CH4
2-Amino-2,3-dimethylpentanoic acid” Isovaline

*The four stereoisomers of this amino acid include the p- and 1-forms of
a-methylisoleucine and a-methylalloisoleucine.

Cronin, J. R., and Pizzarello, S., 1997. Enantiomeric excesses in meteoritic
amino acids. Science 275:951-955.

were examining materials that were native to the meteorite and
not earth-derived contaminants.) Four a-dialkyl amino acids—
a-methylisoleucine, a-methylalloisoleucine, a-methylnorvaline,
and isovaline—were found to have an L-enantiomeric excess of
2% to 9%.

This may be the first demonstration that a natural I-enantiomer
enrichment occurs in certain cosmological environments. Could
these observations be relevant to the emergence of L-enantiomers as
the dominant amino acids on the earth? And, if so, could there be
life elsewhere in the universe that is based upon the same amino
acid handedness?

NH,*

CH;— CHy— CHy— C— COOH
I

CHg4
a-Methylnorvaline

Amino acids found in the Murchison
meteorite.

IThe chemical shift for any NMR signal is the difference in resonant frequency between the ob-
served signal and a suitable reference signal. If two nuclei are magnetically coupled, the NMR sig-
nals of these nuclei split, and the separation between such split signals, known as the coupling con-
stant, is likewise dependent on the structural relationship between the two nuclei.
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‘ CRITICAL DEVELOPMENTS IN BIOCHEMISTRY

Rules for Description of Chiral Centers in the (R,S) System

Naming a chiral center in the (R,S) system is accomplished by  For such purposes, the priorities of certain functional groups
viewing the molecule from the chiral center to the atom with the  found in amino acids and related molecules are in the following
lowest priority. If the other three atoms facing the viewer then de-  order:

crease in priority in a clockwise direction, the center is said to

have the I()R) C(z/nﬁguration (where R is from the Latin rectus, SH > OH > NH; > COOH > CHO > CH,OH > CHs
meaning “right”). If the three atoms in question decrease in pri-
ority in a counterclockwise fashion, the chiral center is of the (S)
configuration (where § is from the Latin sinistrus, meaning
“left”). If two of the atoms coordinated to a chiral center are iden-
tical, the atoms bound to these two are considered for priorities.

From this, it is clear that D-glyceraldehyde is (R)-glyceraldehyde
and L-alanine is (§)-alanine (see figure). Interestingly, the a-carbon
configuration of all the L-amino acids except for cysteine is (S). Cys-
teine, by virtue of its thiol group, is in fact (R)-cysteine.

CHO OH CHO

g H»(§<0H —

OHC" —= CH,0OH

CH,OH

: oC ~—
CH,OH HOH,C CHO
L-Glyceraldehyde (S)-Glyceraldehyde p-Glyceraldehyde (R)-Glyceraldehyde
+
COOH NHs

+ H
HN>=~C—H ———>

~ — p
CH, 00C CH,

L-Alanine (S)-Alanine
The assignment of (R) and (S) notation for glyceraldehyde and r-alanine.

particular chemical environment and thus on the state of ionization of the amino
acid. Second, the change in electron density during a titration is transmitted
throughout the carbon chain in the aliphatic amino acids and the aliphatic portions
of aromatic amino acids, as evidenced by changes in the chemical shifts of relevant
protons. Finally, the magnitude of the coupling constants between protons on adja-
cent carbons depends in some cases on the ionization state of the amino acid. This
apparently reflects differences in the preferred conformations in different ionization
states. Proton NMR spectra of two amino acids are shown in Figure 4.11. Because

1-Alanine L-Tyrosine COOH
+
. COOH HsN—C—H
& —C— &
] HsN—C—H = CH,
: :
= CHs =
) )
B 5=
= =
< < OH
[~4 [~4
10 9 8 7 6 5 4 3 2 1 0 10 9 8 7 6 5 4 3 2 1 0
ppm ppm

FIGURE 4.11 Proton NMR spectra of several amino acids. Zero on the chemical shift scale is defined by the res-
onance of tetramethylsilane (TMS). (The large resonance at approximately 5 ppm is due to the normal HDO
impurity in the D,0 solvent.) (Adapted from Aldrich Library of NMR Spectra.)
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FIGURE 4.12 A plot of chemical shifts versus pH for the carbons of lysine. Changes in chemical shift are most
pronounced for atoms near the titrating groups. Note the correspondence between the pK; values and the par-
ticular chemical shift changes. All chemical shifts are defined relative to tetramethylsilane (TMS). (From Suprenant,
H. et al, 1980.Carbon-13 NMR studies of amino acids: Chemical shifts, protonation shifts, microscopic protonation behavior. Jour-
nal of Magnetic Resonance 40:231-243.)

they are highly sensitive to their environment, the chemical shifts of individual NMR
signals can detect the pH-dependent ionizations of amino acids. Figure 4.12 shows
the *C chemical shifts occurring in a titration of lysine. Note that the chemical shifts
of the carboxyl C, C,, and Cg carbons of lysine are sensitive to dissociation of the
nearby a-COOH and o-NH;* protons (with pK, values of about 2 and 9, respec-
tively), whereas the C; and C, carbons are sensitive to dissociation of the e-NH;3*
group. Such measurements have been very useful for studies of the ionization be-
havior of amino acid residues in proteins. More sophisticated NMR measurements at
very high magnetic fields are also used to determine the three-dimensional struc-
tures of peptides and proteins.

4.6 How Are Amino Acid Mixtures Separated and Analyzed?
Amino Acids Can Be Separated by Chromatography

A wide variety of methods is available for the separation and analysis of amino acids
(and other biological molecules and macromolecules). All of these methods take
advantage of the relative differences in the physical and chemical characteristics of
amino acids, particularly ionization behavior and solubility characteristics. Separa-
tions of amino acids are usually based on partition properties (the tendency to as-
sociate with one solvent or phase over another) and separations based on electrical
charge. In all of the partition methods discussed here, the molecules of interest are
allowed (or forced) to flow through a medium consisting of two phases—solid—
liquid, liquid-liquid, or gas-liquid. The molecules partition, or distribute them-
selves, between the two phases in a manner based on their particular properties and
their consequent preference for associating with one or the other phase.

In 1903, a separation technique based on repeated partitioning between phases
was developed by Mikhail Tswett for the separation of plant pigments (carotenes and
chlorophylls). Due to the colorful nature of the pigments thus separated, Tswett
called his technique chromatography. This term is now applied to a wide variety of
separation methods, regardless of whether the products are colored. The success of
all chromatography techniques depends on the repeated microscopic partitioning of
a solute mixture between the available phases. The more frequently this partitioning
can be made to occur within a given time span or over a given volume, the more ef-
ficient is the resulting separation. Chromatographic methods have advanced rapidly
in recent years, due in part to the development of sophisticated new solid-phase
materials. Methods important for amino acid separations include ion exchange
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FIGURE 4.13 Gradient separation of common PTH-amino acids, which absorb UV light. Absorbance was moni-
tored at 269 nm. PTH peaks are identified by single-letter notation for amino acid residues and by other abbre-
viations. D, Asp; CMC, carboxymethyl Cys; E, Glu; N, Asn; S, Ser; Q, GIn; H, His; T, Thr; G, Gly; R, Arg; MO,, Met sulfox-
ide; A, Ala; Y, Tyr; M, Met; V, Val; P, Pro; W, Trp; K, Lys; F, Phe; |, lle; L, Leu. See Figure 4.8a for PTH derivatization. (Adapted
from Persson, B, and Eaker, D,, 1990. An optimized procedure for the separation of amino acid phenylthiohydantoins by re-
versed phase HPLC. Journal of Biochemical and Biophysical Methods 21:341-350.)

chromatography, gas chromatography (GC), and high-performance liquid chroma-
tography (HPLC).

A typical HPLC chromatogram using precolumn modification of amino acids to
form phenylthiohydantoin (PTH) derivatives is shown in Figure 4.13. HPLC is the
chromatographic technique of choice for most modern biochemists. The very high
resolution, excellent sensitivity, and high speed of this technique usually outweigh
the disadvantage of relatively low capacity.

4.7 What Is the Fundamental Structural Pattern in Proteins?

Chemically, proteins are unbranched polymers of amino acids linked head to tail,
from carboxyl group to amino group, through formation of covalent peptide
bonds, a type of amide linkage (Figure 4.14).

Peptide bond formation results in the release of HyO. The peptide “backbone”
of a protein consists of the repeated sequence —N—C,—C,—, where the N repre-

R, R, R, O R

0 0 i 0
+ Va + 7 + | 4
H,N— CH—C + H,N—CH—C HyN— CH—C =N—CH—C
N N | N -
H,0 H
Amino acid 1 Amino acid 2 Dipeptide

CENGAGENOW" ANIMATED FIGURE 4.14 Peptide formation is the creation of an amide bond between the
carboxyl group of one amino acid and the amino group of another amino acid. See this figure animated at
www.cengage.com/login
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CENGAGENOW" ANIMATED FIGURE 4.15 The peptide bond is shown in its usual trans conformation of car-
bonyl O and amide H.The C, atoms are the a-carbons of two adjacent amino acids joined in peptide linkage.
The dimensions and angles are the average values observed by crystallographic analysis of amino acids and
small peptides. The peptide bond is the light-colored bond between C and N. (Adapted from Ramachandran, G.N,,
et al, 1974.The mean geometry of the peptide unit from crystal structure data. Biochimica et Biophysica Acta 359:298-302.) See
this figure animated at www.cengage.com/login

sents the amide nitrogen, the C,is the a-carbon atom of an amino acid in the poly-
mer chain, and the final C, is the carbonyl carbon of the amino acid, which in turn
is linked to the amide N of the next amino acid down the line. The geometry of the
peptide backbone is shown in Figure 4.15. Note that the carbonyl oxygen and the
amide hydrogen are trans to each other in this figure. This conformation is favored
energetically because it results in less steric hindrance between nonbonded atoms
in neighboring amino acids. Because the a-carbon atom of the amino acid is a chi-
ral center (in all amino acids except glycine), the polypeptide chain is inherently
asymmetric. Only L-amino acids are found in proteins.

The Peptide Bond Has Partial Double-Bond Character

The peptide linkage is usually portrayed by a single bond between the carbonyl car-
bon and the amide nitrogen (Figure 4.16a). Therefore, in principle, rotation may
occur about any covalent bond in the polypeptide backbone because all three
kinds of bonds (N—C,, C,—C,, and the C,—N peptide bond) are single bonds. In
this representation, the C, and N atoms of the peptide grouping are both in pla-
nar sp? hybridization and the C, and O atoms are linked by a 7 bond, leaving the
nitrogen with a lone pair of electrons in a 2p orbital. However, another resonance
form for the peptide bond is feasible in which the C, and N atoms participate in a
7 bond, leaving a lone ¢ pair on the oxygen (Figure 4.16b). This structure pre-
vents free rotation about the C,—N peptide bond because it becomes a double
bond. The real nature of the peptide bond lies somewhere between these ex-
tremes; that is, it has partial double-bond character, as represented by the inter-
mediate form shown in Figure 4.16c.

Peptide bond resonance has several important consequences. First, it restricts
free rotation around the peptide bond and leaves the peptide backbone with only
two degrees of freedom per amino acid group: rotation around the N—C, bond
and rotation around the C,—GC, bond.! Second, the six atoms composing the pep-
tide bond group tend to be coplanar, forming the so-called amide plane of the
polypeptide backbone (Figure 4.17). Third, the C,—N bond length is 0.133 nm,
which is shorter than normal C—N bond lengths (for example, the C,—N bond

IThe angle of rotation about the N—C, bond is designated ¢, phi, whereas the C,—C, angle of ro-
tation is designated s, psi.
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O C,
A pure double bond between C
and O would permit free rotation
around the C—N bond.
(b)
Cq H
\C —% 7
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The other extreme would prohibit
C—N bond rotation but would
place too great a charge on
O and N.
(¢)
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The true electron density is
intermediate. The barrier to
C—N bond rotation of about
88 kJ/mol is enough to

keep the amide group planar.

CENGAGENOW" ACTIVE FIGURE 4.16 The partial double-bond character of the peptide bond. Resonance
interactions among the carbon, oxygen, and nitrogen atoms of the peptide group can be represented by two
resonance extremes (a and b). (a) The usual way the peptide atoms are drawn. (b) In an equally feasible form,
the peptide bond is now a double bond; the amide N bears a positive charge and the carbonyl O has a nega-
tive charge. () The actual peptide bond is best described as a resonance hybrid of the forms in (a) and (b).
Significantly, all of the atoms associated with the peptide group are coplanar, rotation about C,—N is
restricted, and the peptide is distinctly polar. (llustration: Irving Geis. Rights owned by Howard Hughes Medical Institute.
Not to be reproduced without permission.) Test yourself on the concepts in this figure at www.cengage
.com/login

FIGURE 4.17 The coplanar relationship of the atoms in
the amide group is highlighted as an imaginary shaded
plane lying between two successive a-carbon atoms in
the peptide backbone. (lllustration: Irving Geis. Rights owned
by Howard Hughes Medical Institute. Not to be reproduced
without permission.)

a-carbon
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of 0.145 nm) but longer than typical C=N bonds (0.125 nm). The peptide bond
is estimated to have 40% double-bond character.

The Polypeptide Backbone Is Relatively Polar

Peptide bond resonance also causes the peptide backbone to be relatively polar. As
shown in Figure 4.16b, the amide nitrogen is in a protonated or positively charged
form, and the carbonyl oxygen is a negatively charged atom in this double-bonded
resonance state. In actuality, the hybrid state of the partially double-bonded peptide
arrangement gives a net positive charge of 0.28 on the amide N and an equivalent
net negative charge of 0.28 on the carbonyl O. The presence of these partial
charges means that the peptide bond has a permanent dipole. Nevertheless, the
peptide backbone is relatively unreactive chemically, and protons are gained or lost
by the peptide groups only at extreme pH conditions.

Peptides Can Be Classified According to How Many
Amino Acids They Contain

Peptide is the name assigned to short polymers of amino acids. Peptides are classi-
fied according to the number of amino acid units in the chain. Each unit is called an
amino acid residue, the word residue denoting what is left after the release of HoO
when an amino acid forms a peptide link upon joining the peptide chain. Dipeptides
have two amino acid residues, tripeptides have three, tetrapeptides four, and so on.
After about 12 residues, this terminology becomes cumbersome, so peptide chains
of more than 12 and less than about 20 amino acid residues are usually referred to
as oligopeptides, and when the chain exceeds several dozen amino acids in length,
the term polypeptide is used. The distinctions in this terminology are not precise.

Proteins Are Composed of One or More Polypeptide Chains

The terms polypeptide and protein are used interchangeably in discussing single
polypeptide chains. The term protein broadly defines molecules composed of one
or more polypeptide chains. Proteins with one polypeptide chain are monomeric
proteins. Proteins composed of more than one polypeptide chain are multimeric
proteins. Multimeric proteins may contain only one kind of polypeptide, in which
case they are homomultimeric, or they may be composed of several different kinds
of polypeptide chains, in which instance they are heteromultimeric. Greek letters
and subscripts are used to denote the polypeptide composition of multimeric pro-
teins. Thus, an as-type protein is a dimer of identical polypeptide subunits, or a
homodimer. Hemoglobin (Table 4.2) consists of four polypeptides of two different
kinds; it is an a9 89 heteromultimer.

Polypeptide chains of proteins typically range in length from about 100 amino
acids to around 2000, the number found in each of the two polypeptide chains of
myosin, the contractile protein of muscle. However, exceptions abound, including
human cardiac muscle titin, which has 26,926 amino acid residues and a molecular
weight of 2,993,497. The average molecular weight of polypeptide chains in eu-
karyotic cells is about 31,700, corresponding to about 270 amino acid residues.
Table 4.2 is a representative list of proteins according to size. The molecular weights
(M,) of proteins can be estimated by a number of physicochemical methods such as
polyacrylamide gel electrophoresis or ultracentrifugation (see Appendix to Chap-
ter 5). Precise determinations of protein molecular masses can be obtained by sim-
ple calculations based on knowledge of their amino acid sequence, which is often
available in genome databases. No simple generalizations correlate the size of pro-
teins with their functions. For instance, the same function may be fulfilled in dif-
ferent cells by proteins of different molecular weight. The Escherichia coli enzyme
responsible for glutamine synthesis (a protein known as glutamine synthetase) has a
molecular weight of 600,000, whereas the analogous enzyme in brain tissue has
a molecular weight of 380,000.
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1/ VIR WA Size of Protein Molecules®

Insulin
Cytochrome ¢

Hemoglobin

Ribonuclease

Immunoglobulin

Lysozyme

Protein M, Number of Residues per Chain Subunit Organization
Insulin (bovine) 5,733 21 (A) aB
30 (B)
Cytochrome ¢ (equine) 12,500 104 a
Ribonuclease A (bovine pancreas) 12,640 124 a
Lysozyme (egg white) 13,930 129 )
Myoglobin (horse) 16,980 153 a
Chymotrypsin (bovine pancreas) 22,600 13 (a) afy
132 (B)
97 (y)
Hemoglobin (human) 64,500 141 (@) a9fBe
146 (B)
Serum albumin (human) 68,500 550 ay
Hexokinase (yeast) 96,000 200 ay
y-Globulin (horse) 149,900 214 (@) asf3y
446 (B)
Glutamate dehydrogenase (liver) 332,694 500 Qg
Myosin (rabbit) 470,000 2,000 (heavy, h) hoceia of39
190 («)
149 (a')
160 (B)
Ribulose bisphosphate carboxylase (spinach) 560,000 475 (a) agPs
123 (B)
Glutamine synthetase (E. coli) 600,000 468 o

Glutamine synthetase

*Illustrations of selected proteins listed in Table 4.2 are drawn to constant scale.
Adapted from Goodsell, D.S.,and Olson, A. J., 1993. Soluble proteins: Size, shape and function. Trends in Biochemical Sciences 18:65-68.
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SUMMARY

4.1 What Are the Structures and Properties of Amino Acids? The
central tetrahedral alpha () carbon (C,) atom of typical amino acids is
linked covalently to both the amino group and the carboxyl group. Also
bonded to this a-carbon are a hydrogen and a variable side chain. It is
the side chain, the so-called R group, that gives each amino acid its iden-
tity. In neutral solution (pH 7), the carboxyl group exists as —COO~
and the amino group as —NHj;". The amino and carboxyl groups of
amino acids can react in a head-to-tail fashion, eliminating a water mol-
ecule and forming a covalent amide linkage, which, in the case of pep-
tides and proteins, is typically referred to as a peptide bond. Amino
acids are also chiral molecules. With four different groups attached to
it, the a-carbon is said to be asymmetric. The two possible configura-
tions for the a-carbon constitute nonidentical mirror-image isomers or
enantiomers. The structures of the 20 common amino acids are
grouped into the following categories: (1) nonpolar or hydrophobic
amino acids, (2) neutral (uncharged) but polar amino acids, (3) acidic
amino acids (which have a net negative charge at pH 7.0), and (4) ba-
sic amino acids (which have a net positive charge at neutral pH).

4.2 What Are the Acid-Base Properties of Amino Acids? The com-
mon amino acids are all weak polyprotic acids. The ionizable groups are
not strongly dissociating ones, and the degree of dissociation thus de-
pends on the pH of the medium. All the amino acids contain at least two
dissociable hydrogens. The side chains of several of the amino acids also
contain dissociable groups. Thus, aspartic and glutamic acids contain an
additional carboxyl function, and lysine possesses an aliphatic amino
function. Histidine contains an ionizable imidazolium proton, and argi-
nine carries a guanidinium function.

4.3 What Reactions Do Amino Acids Undergo? The reactivities of
amino acids are essential to the degradation, sequencing, and chemical
synthesis of peptides and proteins. Reaction with phenylisthiocyanate
(Edman reagent) forms PTH derivatives of amino acids, which can be
casily identified and quantified.

4.4 What Are the Optical and Stereochemical Properties of Amino
Acids? Except for glycine, all of the amino acids isolated from proteins

are said to be asymmetric or chiral (from the Greek cheir; meaning
“hand”), and the two possible configurations for the a-carbon constitute
nonsuperimposable mirror-image isomers, or enantiomers. Enantiomeric
molecules display a special property called optical activity—the ability to
rotate the plane of polarization of plane-polarized light. The magnitude
and direction of the optical rotation depend on the nature of the amino
acid side chain.

4.5 What Are the Spectroscopic Properties of Amino Acids? Many de-
tails of the structure and chemistry of the amino acids have been eluci-
dated or at least confirmed by spectroscopic measurements. None of
the amino acids absorbs light in the visible region of the electromag-
netic spectrum. Several of the amino acids, however, do absorb ultravi-
olet radiation, and all absorb in the infrared region. Proton NMR spec-
tra of amino acids are highly sensitive to their environment, and the
chemical shifts of individual NMR signals can detect the pH-dependent
ionizations of amino acids.

4.6 How Are Amino Acid Mixtures Separated and Analyzed? Separa-
tion can be achieved on the basis of the relative differences in the phys-
ical and chemical characteristics of amino acids, particularly ionization
behavior and solubility characteristics. The methods important for
amino acids include separations based on partition properties and sep-
arations based on electrical charge. HPLC is the chromatographic tech-
nique of choice for most modern biochemists. The very high resolution,
excellent sensitivity, and high speed of this technique usually outweigh
the disadvantage of relatively low capacity.

4.7 What Is the Fundamental Structural Pattern in Proteins? Proteins
are linear polymers joined by peptide bonds. The defining characteris-
tic of a protein is the amino acid sequence. The partial double-bonded
character of the peptide bond has profound influences on protein con-
formation. Proteins are also classified according to the length of their
polypeptide chains (how many amino acid residues they contain) and
the number and kinds of polypeptide chains.

PROBLEMS

CENGAGENOW" Preparing for an exam? Create you own study path for this
chapter at www.cengage.com/login

1. Without consulting chapter figures, draw Fischer projection for-
mulas for glycine, aspartate, leucine, isoleucine, methionine, and
threonine.

2. Without reference to the text, give the one-letter and three-letter
abbreviations for asparagine, arginine, cysteine, lysine, proline, ty-
rosine, and tryptophan.

3. Write equations for the ionic dissociations of alanine, glutamate,
histidine, lysine, and phenylalanine.

4. How is the pK, of the a-NH3* group affected by the presence on an

amino acid of the a-COO™?

(Integrates with Chapter 2.) Draw an appropriate titration curve for

aspartic acid, labeling the axes and indicating the equivalence

points and the pK, values.

!

6. (Integrates with Chapter 2.) Calculate the concentrations of all
ionic species in a 0.25 M solution of histidine at pH 2, pH 6.4, and
pH 9.3.

7. (Integrates with Chapter 2.) Calculate the pH at which the y-carboxyl
group of glutamic acid is two-thirds dissociated.

8. (Integrates with Chapter 2.) Calculate the pH at which the e-amino
group of lysine is 20% dissociated.

9. (Integrates with Chapter 2.) Calculate the pH of a 0.3 M solution of
(a) leucine hydrochloride, (b) sodium leucinate, and (c) isoelectric
leucine.

10. Absolute configurations of the amino acids are referenced to b- and
L-glyceraldehyde on the basis of chemical transformations that can
convert the molecule of interest to either of these reference iso-
meric structures. In such reactions, the stereochemical conse-
quences for the asymmetric centers must be understood for each re-
action step. Propose a sequence of reactions that would demonstrate
that L(—)-serine is stereochemically related to L(—)-glyceraldehyde.

11. Describe the stereochemical aspects of the structure of cystine, the
structure that is a disulfide-linked pair of cysteines.

12. Draw a simple mechanism for the reaction of a cysteine sulfhydryl
group with iodoacetamide.

13. A previously unknown protein has been isolated in your laboratory.
Others in your lab have determined that the protein sequence con-
tains 172 amino acids. They have also determined that this protein
has no tryptophan and no phenylalanine. You have been asked to
determine the possible tyrosine content of this protein. You know
from your study of this chapter that there is a relatively easy way to
do this. You prepare a pure 50 wM solution of the protein, and you
place it in a sample cell with a 1-cm path length, and you measure
the absorbance of this sample at 280 nm in a UV-visible spectro-
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photometer. The absorbance of the solution is 0.372. Are there ty-
rosines in this protein? How many? (Hint: You will need to use
Beer’s Law, which is described in any good general chemistry or
physical chemistry textbook. You will also find it useful to know that
the units of molar absorptivity are M ~'cm™!.)

14. The simple average molecular weight of the 20 common amino
acids is 138, but most biochemists use 110 when estimating the num-
ber of amino acids in a protein of known molecular weight. Why do
you suppose this is? (Hint: there are two contributing factors to the
answer. One of them will be apparent from a brief consideration of
the amino acid compositions of common proteins. See for example
Figure 5.16 of this text.)

15. The artificial sweeteners Equal and Nutrasweet contain aspartame,
which has the structure:

CO3

CH, O CHy, O

n
HsN— CH—C—NH—CH—C—OCH;4
Aspartame

What are the two amino acids that are components of aspartame?
What kind of bond links these amino acids? What do you suppose

might happen if a solution of aspartame was heated for several hours
at a pH near neutrality? Suppose you wanted to make hot chocolate
sweetened only with aspartame, and you stored it in a thermos for
several hours before drinking it. What might it taste like?

16. Individuals with phenylketonuria must avoid dietary phenylalanine
because they are unable to convert phenylalanine to tyrosine. Look
up this condition and find out what happens if phenylalanine accu-
mulates in the body. Would you advise a person with phenylke-
tonuria to consume foods sweetened with aspartame? Why or
why not?

17. In this chapter, the concept of prochirality was discussed. Citrate
(see Figure 19.2) is a prochiral molecule. Describe the process by
which you would distinguish between the (R—) and (S—) portions
of this molecule and how an enzyme could discriminate between
similar but distinct moieties.

18. Amino acids are frequently used as buffers. Describe the pH range
of acceptable buffering behavior for the amino acids alanine, histi-
dine, aspartic acid, and lysine.

Preparing for the MCAT Exam

19. Although the other common amino acids are used as buffers, cys-
teine is rarely used for this purpose. Why?

20. Draw all the possible isomers of threonine and assign (R,S) nomen-
clature to each.
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Proteins: Their Primary
Structure and Biological
Functions

ESSENTIAL QUESTIONS

Proteins are polymers composed of hundreds or even thousands of amino acids
linked in series by peptide bonds.

What structural forms do these polypeptide chains assume, how can the se-
quence of amino acids in a protein be determined, and what are the biological
roles played by proteins?

Proteins are a diverse and abundant class of biomolecules, constituting more than
50% of the dry weight of cells. Their diversity and abundance reflect the central
role of proteins in virtually all aspects of cell structure and function. An extraordi-
nary diversity of cellular activity is possible only because of the versatility inherent
in proteins, each of which is specifically tailored to its biological role. The pattern
by which each is tailored resides within the genetic information of cells, encoded
in a specific sequence of nucleotide bases in DNA. Each such segment of encoded
information defines a gene, and expression of the gene leads to synthesis of the
specific protein encoded by it, endowing the cell with the functions unique to that
particular protein. Proteins are the agents of biological function; they are also the
expressions of genetic information.

5.1 What Architectural Arrangements Characterize
Protein Structure?

Proteins Fall into Three Basic Classes According to Shape and Solubility

As a first approximation, proteins can be assigned to one of three global classes on
the basis of shape and solubility: fibrous, globular, or membrane (Figure 5.1). Fibrous
proteins tend to have relatively simple, regular linear structures. These proteins often
serve structural roles in cells. Typically, they are insoluble in water or in dilute salt so-
lutions. In contrast, globular proteins are roughly spherical in shape. The polypeptide
chain is compactly folded so that hydrophobic amino acid side chains are in the in-
terior of the molecule and the hydrophilic side chains are on the outside exposed to
the solvent, water. Consequently, globular proteins are usually very soluble in aqueous
solutions. Most soluble proteins of the cell, such as the cytosolic enzymes, are globu-
lar in shape. Membrane proteins are found in association with the various membrane
systems of cells. For interaction with the nonpolar phase within membranes, mem-
brane proteins have hydrophobic amino acid side chains oriented outward. As such,
membrane proteins are insoluble in aqueous solutions but can be solubilized in so-
lutions of detergents. Membrane proteins characteristically have fewer hydrophilic
amino acids than cytosolic proteins.

Protein Structure Is Described in Terms of Four Levels of Organization

The architecture of protein molecules is quite complex. Nevertheless, this com-
plexity can be resolved by defining various levels of structural organization.

Primary Structure The amino acid sequence is, by definition, the primary (1°)
structure of a protein, such as that for bovine pancreatic RNase in Figure 5.2, for
example.

© Jan Halaska/Photo Researchers, Inc.

Although helices sometimes appear as decorative or
utilitarian motifs in manmade structures, they are a com-
mon structural theme in biological macromolecules—
proteins, nucleic acids,and even polysaccharides.

...by small and stmple things are great things
brought to pass.

ALMA 37.6
The Book of Mormon

KEY QUESTIONS

5.1  What Architectural Arrangements
Characterize Protein Structure?

52  How Are Proteins Isolated and Purified from
Cells?

53  How Is the Amino Acid Analysis of Proteins
Performed?

54  How Is the Primary Structure of a Protein
Determined?

5.5  What Is the Nature of Amino Acid
Sequences?

5.6  Can Polypeptides Be Synthesized in the
Laboratory?

5.7 Do Proteins Have Chemical Groups Other
Than Amino Acids?

5.8  What Are the Many Biological Functions of

Proteins?
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Myoglobin, a globular protein Bacteriorhodopsin, a membrane protein

FIGURE 5.1 (a) Proteins having structural roles in cells are typically fibrous and often water insoluble. (b) Myoglo-
bin is a globular protein. (c) Membrane proteins fold so that hydrophobic amino acid side chains are exposed in

Collagen, their membrane-associated regions. Bacteriorhodopsin binds the light-absorbing pigment, cis-retinal, shown here
a fibrous protein in blue.
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FIGURE 5.2 Bovine pancreatic ribonuclease A contains 124 amino acid residues, none of which are tryptophan.
Four intrachain disulfide bridges (S—S) form crosslinks in this polypeptide between Cys® and Cys®, Cys* and
Cys®, Cys*® and Cys''% and Cys® and Cys’2
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Secondary Structure Through hydrogen-bonding interactions between adjacent
amino acid residues (discussed in detail in Chapter 6), the polypeptide chain can
arrange itself into characteristic helical or pleated segments. These segments con-
stitute structural conformities, so-called regular structures, which extend along one
dimension, like the coils of a spring. Such architectural features of a protein are
designated secondary (2°) structures (Figure 5.3). Secondary structures are just one
of the higher levels of structure that represent the three-dimensional arrangement
of the polypeptide in space.

Tertiary Structure When the polypeptide chains of protein molecules bend and
fold in order to assume a more compact three-dimensional shape, the tertiary (3°)
level of structure is generated (Figure 5.4). It is by virtue of their tertiary structure
that proteins adopt a globular shape. A globular conformation gives the lowest sur-
face-to-volume ratio, minimizing interaction of the protein with the surrounding
environment.

Quaternary Structure Many proteins consist of two or more interacting poly-
peptide chains of characteristic tertiary structure, each of which is commonly re-
ferred to as a subunit of the protein. Subunit organization constitutes another level
in the hierarchy of protein structure, defined as the protein’s quaternary (4°) struc-
ture (Figure 5.5). Questions of quaternary structure address the various kinds of
subunits within a protein molecule, the number of each, and the ways in which they
interact with one another.

a-Helix B-Strand

Only the N — C, — C backbone The N — C, — Cp backbone as well
is represented. The vertical line as the Cg of R groups are represented
is the helix axis. here. Note that the amide planes

are perpendicular to the page.

“Shorthand” a-helix “Shorthand” B-strand

INININS
4 -

FIGURE 5.3 The a-helix and the B-pleated strand are
the two principal secondary structures found in protein.
Simple representations of these structures are the flat,
helical ribbon for the a-helix and the flat, wide arrow for
[B-structures.
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a-Chains

FIGURE5.5 Hemoglobin is a tetramer consisting of two
a and two B polypeptide chains.

(a) Chymotrypsin tertiary structure

Chymotrypsin ribbon

Chymotrypsin space-filling model

FIGURE 5.4 Folding of the polypeptide chain into a compact, roughly spherical conformation creates the ter-
tiary level of protein structure. Shown here are (a) a tracing showing the position of all of the C, carbon atoms,
(b) a ribbon diagram that shows the three-dimensional track of the polypeptide chain,and (c) a space-filling
representation of the atoms as spheres.The protein is chymotrypsin.

Noncovalent Forces Drive Formation of the Higher Orders
of Protein Structure

Whereas the primary structure of a protein is determined by the covalently linked
amino acid residues in the polypeptide backbone, secondary and higher orders of
structure are determined principally by noncovalent forces such as hydrogen bonds
and ionic, van der Waals, and hydrophobic interactions. It is important to empha-
size that all the information necessary for a protein molecule to achieve ils intricate architec-
ture is contained within its 1° structure, that is, within the amino acid sequence of its
polypeptide chain(s). Chapter 6 presents a detailed discussion of the 2°, 3°, and 4°
structure of protein molecules.

A Protein’s Conformation Can Be Described as Its Overall
Three-Dimensional Structure

The overall three-dimensional architecture of a protein is generally referred to as
its conformation. This term is not to be confused with configuration, which denotes
the geometric possibilities for a particular set of atoms (Figure 5.6). In going from
one configuration to another, covalent bonds must be broken and rearranged. In
contrast, the conformational possibilities of a molecule are achieved without breaking
any covalent bonds. In proteins, rotations about each of the single bonds along the
peptide backbone have the potential to alter the course of the polypeptide chain in
three-dimensional space. These rotational possibilities create many possible orien-
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p-Glyceraldehyde L-Glyceraldehyde

(b)

cl H
\ 7
L—c—H
\
H cl

1,2-Dichloroethane

FIGURE 5.6 Configuration and conformation are not synonymous. (a) Rearrangements between
configurational alternatives of a molecule can be achieved only by breaking and remaking
bonds, as in the transformation between the p- and (-configurations of glyceraldehyde. (b) The
intrinsic free rotation around single covalent bonds creates a great variety of three-dimensional
conformations, even for relatively simple molecules, such as 1,2-dichloroethane. (c) Imagine the
conformational possibilities for a protein in which two of every three bonds along its backbone
are freely rotating single bonds. (lllustration: Irving Geis. Rights owned by Howard Hughes Medical Institute.
Not to be reproduced without permission.)

tations for the protein chain, referred to as its conformational possibilities. Of the
great number of theoretical conformations a given protein might adopt, only a very
few are favored energetically under physiological conditions. At this time, the rules
that direct the folding of protein chains into energetically favorable conformations
are still not entirely clear; accordingly, they are the subject of intensive contempo-
rary research.

5.2 How Are Proteins Isolated and Purified from Cells?

Cells contain thousands of different proteins. A major problem for protein chemists
is to purify a chosen protein so that they can study its specific properties in the ab-
sence of other proteins. Proteins can be separated and purified on the basis of their
two prominent physical properties: size and electrical charge. A more direct approach
is to use affinity purification strategies that take advantage of the biological function
or specific recognition properties of a protein (see Chapter Appendix).

A Number of Protein Separation Methods Exploit Differences
in Size and Charge

Separation methods based on size include size exclusion chromatography, ultrafil-
tration, and ultracentrifugation (see Chapter Appendix). The ionic properties of
peptides and proteins are determined principally by their complement of amino
acid side chains. Furthermore, the ionization of these groups is pH-dependent.

A variety of procedures have been designed to exploit the electrical charges
on a protein as a means to separate proteins in a mixture. These procedures in-
clude ion exchange chromatography, electrophoresis (see Chapter Appendix),
and solubility. Proteins tend to be least soluble at their isoelectric point, the pH
value at which the sum of their positive and negative electrical charges is zero. At
this pH, electrostatic repulsion between protein molecules is minimal and they

(o)
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A DEEPER LOOK

Estimation of Protein Concentrations in Solutions of Biological Origin

Biochemists are often interested in knowing the protein concen-
tration in various preparations of biological origin. Such quantita-
tive analysis is not straightforward. Cell extracts are complex mix-
tures that typically contain protein molecules of many different
molecular weights, so the results of protein estimations cannot be
expressed on a molar basis. Also, aside from the rather unreactive

color upon noncovalent binding to proteins. The binding is quan-
titative and less sensitive to variations in the protein's amino acid
composition. The color change is easily measured by a spec-
trophotometer. A similar, very sensitive method capable of quanti-
fying nanogram amounts of protein is based on the shift in color
of colloidal gold upon binding to proteins.

repeating peptide backbone, little common chemical identity is
seen among the many proteins found in cells that might be readi-
ly exploited for exact chemical analysis. Most of their chemical
properties vary with their amino acid composition, for example,
nitrogen or sulfur content or the presence of aromatic, hydroxyl,
or other functional groups.

Several methods rely on the reduction of Cu?* jons to Cu* by
readily oxidizable protein components, such as cysteine or the
phenols and indoles of tyrosine and tryptophan. For example,
bicinchoninic acid (BCA) forms a purple complex with Cu™ in alka-
line solution, and the amount of this product can be easily mea-
sured spectrophotometrically to provide an estimate of protein
concentration.

Other assays are based on dye binding by proteins. The Brad-
ford assay is a rapid and reliable technique that uses a dye called
Coomassie Brilliant Blue G-250, which undergoes a change in its

O
~00C ON\

cut + BCA ——>

O
/N O COO™

~00C QN/CH\NO COO™
O O

BCA-Cu* complex

are more likely to coalesce and precipitate out of solution. Ionic strength also
profoundly influences protein solubility. Most globular proteins tend to become
increasingly soluble as the ionic strength is raised. This phenomenon, the
salting-in of proteins, is attributed to the diminishment of electrostatic attrac-
tions between protein molecules by the presence of abundant salt ions. Such
electrostatic interactions between the protein molecules would otherwise lead to
precipitation. However, as the salt concentration reaches high levels (greater
than 1 M), the effect may reverse so that the protein is salted out of solution. In
such cases, the numerous salt ions begin to compete with the protein for waters
3 of solvation, and as they win out, the protein becomes insoluble. The solubility

5

= properties of a typical protein are shown in Figure 5.7.

E Although the side chains of nonpolar amino acids in soluble proteins are
g usually buried in the interior of the protein away from contact with the aqueous
£ 9 solvent, a portion of them may be exposed at the protein’s surface, giving it a
IS partially hydrophobic character. Hydrophobic interaction chromatography is a
Lg‘ protein purification technique that exploits this hydrophobicity (see Chapter
z Appendix).

<
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= A Typical Protein Purification Scheme Uses a Series

£ of Separation Methods

:é Most purification procedures for a particular protein are developed in an empir-
20 ical manner, the overriding principle being purification of the protein to a

4.8

5.0 5.2

pH

homogeneous state with acceptable yield. Table 5.1 presents a summary of a pu-
rification scheme for a desired enzyme. Note that the specific activity of the enzyme
in the immunoaffinity purified fraction (fraction 5) has been increased
152/0.108, or 1407 times the specific activity in the crude extract (fraction 1).
Thus, the concentration of this protein has been enriched more than 1400-fold by
the purification procedure.

FIGURE 5.7 The solubility of most globular proteins is
markedly influenced by pH and ionic strength. This figure
shows the solubility of a typical protein as a function of
pH and various salt concentrations.
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m Example of a Protein Purification Scheme: Purification of an Enzyme from a Cell Extract

Volume Total Total Specific Percent
Fraction (mL) Protein (mg) Activity* Activityt 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. Ion 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 11

*The relative enzymatic activity of each fraction is cited as arbitrarily defined units.

The specific activity is the total activity of the fraction divided by the total protein in the fraction. This value gives an indication of the increase in purity attained during the course of the

purification as the samples become enriched for the enzyme.
*The percent recovery of total activity is a measure of the yield of the desired enzyme.

SThe last step in the procedure is an affinity method in which antibodies specific for the enzyme are covalently coupled to a chromatography matrix and packed into a glass tube to make a
chromatographic column through which fraction 4 is passed. The enzyme is bound by this immunoaffinity matrix while other proteins pass freely out. The enzyme is then recovered by

passing a strong salt solution through the column, which dissociates the enzyme-antibody complex.

5.3 How Is the Amino Acid Analysis of Proteins Performed?

Acid Hydrolysis Liberates the Amino Acids of a Protein

Peptide bonds of proteins are hydrolyzed by either strong acid or strong base. Acid
hydrolysis is the method of choice for analysis of the amino acid composition of pro-
teins and polypeptides because it proceeds without racemization and with less de-
struction of certain amino acids (Ser, Thr, Arg, and Cys). Typically, samples of a pro-
tein are hydrolyzed with 6 N HCI at 110°C. Tryptophan is destroyed by acid and must
be estimated by other means to determine its contribution to the total amino acid
composition. The OH-containing amino acids serine and threonine are slowly de-
stroyed. In contrast, peptide bonds involving hydrophobic residues such as valine and
isoleucine are only slowly hydrolyzed in acid. Another complication arises because the
- and y-amide linkages in asparagine (Asn) and glutamine (Gln) are acid labile. The
amino nitrogen is released as free ammonium, and all of the Asn and Gln residues of
the protein are converted to aspartic acid (Asp) and glutamic acid (Glu), respectively.
The amount of ammonium released during acid hydrolysis gives an estimate of the to-
tal number of Asn and Gln residues in the original protein, but not the amounts of
either.

Chromatographic Methods Are Used to Separate the Amino Acids

The complex amino acid mixture in the hydrolysate obtained after digestion of a
protein in 6 NHCI can be separated into the component amino acids by using either
ion exchange chromatography or reversed-phase high-pressure liquid chromatogra-
phy (HPLC) (see Chapter Appendix). The amount of each amino acid can then be
determined. These methods of separation and analysis are fully automated in in-
struments called amino acid analyzers. Analysis of the amino acid composition of
a 30-kD protein by these methods requires less than 1 hour and only 6 ug (0.2 nmol)
of the protein.

The Amino Acid Compositions of Different Proteins Are Different

Amino acids almost never occur in equimolar ratios in proteins, indicating that pro-
teins are not composed of repeating arrays of amino acids. There are a few excep-
tions to this rule. Collagen, for example, contains large proportions of glycine and
proline, and much of its structure is composed of (Gly-»-Pro) repeating units, where
x is any amino acid. Other proteins show unusual abundances of various amino
acids. For example, histones are rich in positively charged amino acids such as argi-
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B chain

FIGURE 5.8 The hormone insulin consists of two
polypeptide chains, A and B, held together by two disul-
fide cross-bridges (S—S).The A chain has 21 amino acid
residues and an intrachain disulfide; the B polypeptide
contains 30 amino acids. The sequence shown is for
bovine insulin. (lllustration: Irving Geis. Rights owned by
Howard Hughes Medical Institute. Not to be reproduced with-
out permission.)

nine and lysine. Histones are a class of proteins found associated with the anionic
phosphate groups of eukaryotic DNA.

Amino acid analysis itself does not directly give the number of residues of each
amino acid in a polypeptide, but if the molecular weight and the exact amount of the
protein analyzed are known (or the number of amino acid residues per molecule is
known), the molar ratios of amino acids in the protein can be calculated. Amino acid
analysis provides no information on the order or sequence of amino acid residues in
the polypeptide chain.

5.4 How Is the Primary Structure of a Protein Determined?

The Sequence of Amino Acids in a Protein Is Distinctive

The unique characteristic of each protein is the distinctive sequence of amino acid
residues in its polypeptide chain(s). Indeed, it is the amino acid sequence of pro-
teins that is encoded by the nucleotide sequence of DNA. This amino acid se-
quence, then, is a form of genetic information. Because polypeptide chains are un-
branched, a polypeptide chain has only two ends, an amino-terminal, or N-terminal,
end and a carboxy-terminal, or C-terminal, end. By convention, the amino acid se-
quence is read from the N-terminal end of the polypeptide chain through to the
C-terminal end. As an example, every molecule of ribonuclease A from bovine
pancreas has the same amino acid sequence, beginning with N-terminal lysine at
position 1 and ending with C-terminal valine at position 124 (Figure 5.2). Given
the possibility of any of the 20 amino acids at each position, the number of unique
amino acid sequences is astronomically large. The astounding sequence variation
possible within polypeptide chains provides a key insight into the incredible func-
tional diversity of protein molecules in biological systems discussed later in this
chapter.

Sanger Was the First to Determine the Sequence of a Protein

In 1953, Frederick Sanger of Cambridge University in England reported the
amino acid sequences of the two polypeptide chains composing the protein in-
sulin (Figure 5.8). Not only was this a remarkable achievement in analytical chem-
istry, but it helped demystify speculation about the chemical nature of proteins.
Sanger’s results clearly established that all of the molecules of a given protein
have a fixed amino acid composition, a defined amino acid sequence, and there-
fore an invariant molecular weight. In short, proteins are well defined chemically.
Today, the amino acid sequences of hundreds of thousands of proteins are known.
Although many sequences have been determined from application of the princi-
ples first established by Sanger, most are now deduced from knowledge of the nu-
cleotide sequence of the gene that encodes the protein. In addition, in recent
years, the application of mass spectrometry to the sequence analysis of proteins
has largely superseded the protocols based on chemical and enzymatic degrada-
tion of polypeptides that Sanger pioneered.

Both Chemical and Enzymatic Methodologies Are Used
in Protein Sequencing

The chemical strategy for determining the amino acid sequence of a protein in-
volves six basic steps:

1. If the protein contains more than one polypeptide chain, the chains are sepa-
rated and purified.

2. Intrachain S—S (disulfide) cross-bridges between cysteine residues in the poly-
peptide chain are cleaved. (If these disulfides are interchain linkages, then step
2 precedes step 1.)

3. The N-terminal and C-terminal residues are identified.
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A DEEPER LOOK

The Virtually Limitless Number of Different Amino Acid Sequences

Given 20 different amino acids, a polypeptide chain of n residues
can have any one of 20" possible sequence arrangements. To por-
tray this, consider the number of tripeptides possible if there were
only three different amino acids, A, B, and C (tripeptide = 3 = n;

For a polypeptide chain of 100 residues in length, a rather modest
size, the number of possible sequences is 20!, or because 20 =
101, 10" unique possibilities. These numbers are more than as-
tronomical! Because an average protein molecule of 100 residues

3n =33 =27): would have a mass of 12,000 daltons (assuming the average molec-

ular mass of an amino acid residue = 120), 10'3° such molecules

ﬁ ggﬁ ggg would have a mass of 1.2 X 10'* daltons. The mass of the ob-
AAC BBC CCB servable universe is estimated to be 108 proton masses (about 1.080
ABA BAB CBC daltons). Thus, the universe lacks enough material to make just
ACA BCB CAC one molecu!e of e‘ach possible polypeptide sequence for a protein
ABC BAA CBA only 100 residues in length.

ACB BCC CAB

ABB BAC CBB

ACC BCA CAA

4. Each polypeptide chain is cleaved into smaller fragments, and the amino acid
composition and sequence of each fragment are determined.

5. Step 4 is repeated, using a different cleavage procedure to generate a different
and therefore overlapping set of peptide fragments.

6. The overall amino acid sequence of the protein is reconstructed from the
sequences in overlapping fragments.

Each of these steps is discussed in greater detail in the following sections.

Step 1. Separation of Polypeptide Chains

If the protein of interest is a heteromultimer (composed of more than one type of
polypeptide chain), then the protein must be dissociated into its component
polypeptide chains, which then must be separated from one another and se-
quenced individually. Because subunits in multimeric proteins typically associate
through noncovalent interactions, most multimeric proteins can be dissociated by
exposure to pH extremes, 8 M urea, 6 M guanidinium hydrochloride, or high salt
concentrations. (All of these treatments disrupt polar interactions such as hydrogen
bonds both within the protein molecule and between the protein and the aqueous
solvent.) Once dissociated, the individual polypeptides can be isolated from one an-
other on the basis of differences in size and/or charge. Occasionally, heteromulti-
mers are linked together by interchain S—S bridges. In such instances, these
crosslinks must be cleaved before dissociation and isolation of the individual chains.
The methods described under step 2 are applicable for this purpose.

Step 2. Cleavage of Disulfide Bridges

A number of methods exist for cleaving disulfides. An important consideration is to
carry out these cleavages so that the original or even new S—S links do not form. Ox-
idation of a disulfide by performic acid results in the formation of two equivalents of
cysteic acid (Figure 5.9a). Because these cysteic acid side chains are ionized SOs~
groups, electrostatic repulsion (as well as altered chemistry) prevents S—S recombi-
nation. Alternatively, sulfhydryl compounds such as 2-mercaptoethanol or dithiothre-
itol (DTT) readily reduce S—S bridges to regenerate two cysteine—SH side chains, as
in a reversal of the reaction shown in Figure 4.8b. However, these SH groups recom-
bine to re-form either the original disulfide link or, if other free Cys—SHs are
available, new disulfide links. To prevent this, S—S reduction must be followed by
treatment with alkylating agents such as iodoacetate or 3-bromopropylamine, which
modify the SH groups and block disulfide bridge formation (Figure 5.9b).
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FIGURE 5.9 Methods for cleavage of disulfide bonds in proteins. (@) Oxidative cleavage by reaction with per-
formic acid. (b) Disulfide bridges can be broken by reduction with sulfhydryl agents such as B-mercaptoethanol
or dithiothreitol. Because reaction between the newly reduced —SH groups to reestablish disulfide bonds is a
likelihood, S—S reduction must be followed by —SH modification: (1) alkylation with iodoacetate (ICH,COOH)
or (2) modification with 3-bromopropylamine (Br—(CH,);—NH,).

Step 3.

A.N-Terminal Analysis The amino acid residing at the N-terminal end of a pro-
tein can be identified in a number of ways; one method, Edman degradation, has
become the procedure of choice. This method is preferable because it allows the se-
quential identification of a series of residues beginning at the N-terminus. In weakly
basic solutions, phenylisothiocyanate, or Edman reagent (phenyl —N=C=S), com-
bines with the free amino terminus of a protein (see Figure 4.8a), which can be ex-
cised from the end of the polypeptide chain and recovered as a PTH derivative.
Chromatographic methods can be used to identify this PTH derivative. Importantly,
in this procedure, the rest of the polypeptide chain remains intact and can be sub-
jected to further rounds of Edman degradation to identify successive amino acid
residues in the chain. Often, the carboxyl terminus of the polypeptide under analy-
sis is coupled to an insoluble matrix, allowing the polypeptide to be easily recovered
by filtration or centrifugation following each round of Edman reaction. Thus, the
Edman reaction not only identifies the N-terminal residue of proteins but through
successive reaction cycles can reveal further information about sequence. Auto-
mated instruments (so-called Edman sequenators) have been designed to carry out
repeated rounds of the Edman procedure. In practical terms, as many as 50 cycles
of reaction can be accomplished on 50 pmol (about 0.1 ug) of a polypeptide 100 to
200 residues long, revealing the sequential order of the first 50 amino acid residues
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in the protein. The efficiency with larger proteins is less; a typical 2000—amino acid
protein provides only 10 to 20 cycles of reaction.

B. C-Terminal Analysis For the identification of the C-terminal residue of polypep-
tides, an enzymatic approach is commonly used. Carboxypeptidases are enzymes that
cleave amino acid residues from the C-termini of polypeptides in a successive fashion.
Four carboxypeptidases are in general use: A, B, C, and Y. Carboxypeptidase A (from
bovine pancreas) works well in hydrolyzing the C-terminal peptide bond of all residues
except proline, arginine, and lysine. The analogous enzyme from hog pancreas, car-
boxypeptidase B, is effective only when Arg or Lys are the C-terminal residues. Carboxy-
peptidase C from citrus leaves and carboxypeptidase Y from yeast act on any C-terminal
residue. Because the nature of the amino acid residue at the end often determines the
rate at which it is cleaved and because these enzymes remove residues successively, care
must be taken in interpreting results. Carboxypeptidase Y cleavage has been adapted
to an automated protocol analogous to that used in Edman sequenators.

Steps 4 and 5. Fragmentation of the Polypeptide Chain

The aim at this step is to produce fragments useful for sequence analysis. The cleav-
age methods employed are usually enzymatic, but proteins can also be fragmented by
specific or nonspecific chemical means (such as partial acid hydrolysis). Proteolytic
enzymes offer an advantage in that many hydrolyze only specific peptide bonds, and
this specificity immediately gives information about the peptide products. As a first
approximation, fragments produced upon cleavage should be small enough to yield
their sequences through end-group analysis and Edman degradation, yet not so small
that an overabundance of products must be resolved before analysis.

A.Trypsin The digestive enzyme (rypsin is the most commonly used reagent for
specific proteolysis. Trypsin will only hydrolyze peptide bonds in which the carbonyl
function is contributed by an arginine or a lysine residue. That is, trypsin cleaves on
the C-side of Arg or Lys, generating a set of peptide fragments having Arg or Lys at
their C-termini. The number of smaller peptides resulting from trypsin action is
equal to the total number of Arg and Lys residues in the protein plus one—the pro-
tein’s C-terminal peptide fragment (Figure 5.10).

B. Chymotrypsin  Chymotrypsin shows a strong preference for hydrolyzing pep-
tide bonds formed by the carboxyl groups of the aromatic amino acids, phen-
ylalanine, tyrosine, and tryptophan. However, over time, chymotrypsin also hy-
drolyzes amide bonds involving amino acids other than Phe, Tyr, or Trp. For
instance, peptide bonds having leucine-donated carboxyls are also susceptible.
Thus, the specificity of chymotrypsin is only relative. Because chymotrypsin pro-
duces a very different set of products than trypsin, treatment of separate samples
of a protein with these two enzymes generates fragments whose sequences over-
lap. Resolution of the order of amino acid residues in the fragments yields the
amino acid sequence in the original protein.

C.Other Endopeptidases A number of other endopeptidases (proteases that cleave
peptide bonds within the interior of a polypeptide chain) are also used in sequence
investigations. These include clostripain, which acts only at Arg residues; endopepti-
dase Lys-C, which cleaves only at Lys residues; and staphylococcal protease, which acts
at the acidic residues, Asp and Glu. Other, relatively nonspecific endopeptidases are
handy for digesting large tryptic or chymotryptic fragments. Pepsin, papain, subtil-
isin, thermolysin, and elastase are some examples. Papain is the active ingredient in
meat tenderizer, soft contact lens cleaner, and some laundry detergents.

D. Cyanogen Bromide Several highly specific chemical methods of proteolysis are
available, the most widely used being cyanogen bromide (CNBr) cleavage. CNBr acts
upon methionine residues (Figure 5.11). The nucleophilic sulfur atom of Met reacts
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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
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m Specificity of Representative Polypeptide Cleavage Procedures Used in Sequence Analysis

Peptide Bond on
Carboxyl (C) or Amino (N) Susceptible

Method Side of Susceptible Residue Residue(s)

Proteolytic enzymes*

Trypsin C Arg or Lys

Chymotrypsin C Phe, Trp, or Tyr; Leu

Clostripain C Arg

Staphylococcal protease C Asp or Glu

Chemical methods

Cyanogen bromide C Met

NH,OH Asn-Gly bonds

pH 2.5, 40°C Asp-Pro bonds

*Some proteolytic enzymes, including trypsin and chymotrypsin, will not cleave peptide bonds where proline is the
amino acid contributing the N-atom.

with CNBr, yielding a sulfonium ion that undergoes a rapid intramolecular re-
arrangement to form a cyclic iminolactone. Water readily hydrolyzes this iminolac-
tone, cleaving the polypeptide and generating peptide fragments having C-terminal
homoserine lactone residues at the former Met positions.

E. Other Chemical Methods of Fragmentation A number of other chemical
methods give specific fragmentation of polypeptides, including cleavage at
asparagine—glycine bonds by hydroxylamine (NHyOH) at pH 9 and selective hy-
drolysis at aspartyl-prolyl bonds under mildly acidic conditions. Table 5.2 summa-
rizes the various procedures described here for polypeptide cleavage. These meth-
ods are only a partial list of the arsenal of reactions available to protein chemists.
Cleavage products generated by these procedures must be isolated and individually
sequenced to accumulate the information necessary to reconstruct the protein’s
complete amino acid sequence. Peptide sequencing today is most commonly done
by Edman degradation of relatively large peptides or by mass spectrometry (see fol-
lowing discussion).

Step 6. Reconstruction of the Overall Amino Acid Sequence

The sequences obtained for the sets of fragments derived from two or more cleav-
age procedures are now compared, with the objective being to find overlaps that es-
tablish continuity of the overall amino acid sequence of the polypeptide chain. The
strategy is illustrated by the example shown in Figure 5.12. Peptides generated from
specific fragmentation of the polypeptide can be aligned to reveal the overall amino
acid sequence. Such comparisons are also useful in eliminating errors and validat-
ing the accuracy of the sequences determined for the individual fragments.

The Amino Acid Sequence of a Protein Can Be Determined
by Mass Spectrometry

Mass spectrometers exploit the difference in the mass-to-charge (m/z) ratio of ion-
ized atoms or molecules to separate them from each other. The m/z ratio of a mol-
ecule is also a highly characteristic property that can be used to acquire chemical
and structural information. Furthermore, molecules can be fragmented in distinc-
tive ways in mass spectrometers, and the fragments that arise also provide quite spe-
cific structural information about the molecule. The basic operation of a mass spec-
trometer is to (1) evaporate and ionize molecules in a vacuum, creating gas-phase
ions; (2) separate the ions in space and/or time based on their m/z ratios; and
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CENGAGENOW" ANIMATED FIGURE 5.12 Summary of
the sequence analysis of catrocollastatin-C, a 23.6-kD
protein found in the venom of the western diamond-
back rattlesnake Crotalus atrox. Sequences shown are
given in the one-letter amino acid code. The overall
amino acid sequence (216 amino acid residues long) for
catrocollastatin-C as deduced from the overlapping
sequences of peptide fragments is shown on the lines
headed CAT-C. The other lines report the various
sequences used to obtain the overlaps.These sequences
were obtained from (a) N-term: Edman degradation of
the intact protein in an automated Edman sequenator;
(b) M: proteolytic fragments generated by CNBr cleav-
age, followed by Edman sequencing of the individual
fragments (numbers denote fragments M1 through M5);
(o) K: proteolytic fragments from endopeptidase Lys-C
cleavage, followed by Edman sequencing (only frag-
ments K3 through K6 are shown); (d) E: proteolytic frag-
ments from Staphylococcus protease digestion of catrocol-
lastatin sequenced in the Edman sequenator (only E13
through E15 are shown). (Adapted from Shimokawa, K, et al,,
1997.Sequence and biological activity of catrocollastatin-C: A disin-
tegrin-like/cysteine-rich two-domain protein from Crotalus atrox
venom. Archives of Biochemistry and Biophysics 343:35-43) See
this figure animated at www.cengage.com/

login

1 10 20 30 40 50 60
CAT-C LGTDIISPPVCGNELLEVGEECDCGTPENCQNECCDAATCKLKSGSQCGHGDCCEQCKFS
N-Term LGTDIISPPVCGNELLEVGEECDCGTPENCQNECCDAAT
M1 LGTDIISPPVCGNELLEVGEECDCGTPENCQNECCDAATCKLKSGSQCGHGDCCEQCK

K3 SGSQCGHGDCCEQCK

K4 FS
70 80 90 100 110 120

CAT-C KSGTECRASMSECDPAEHCTGQSSECPADVFHRKNGQPCLDNYGYCYNGNCPIMYHQCYDL

M2 SECDPAEHCTGQSSECPADVFHRNGQPCLDNYGYCY

M3 YHQCYDL

K4 K

K5 SGTECRASMSECDPAEHCTGQSSECPADVF

K6 NGQPCLDNYGYCYNGNCPIMYHQCYDL
130 140 150 160 170 180

CAT-C FGADVYEAEDSCFERNQKGNYYGYCRKENGNKIPCCAPEDVKCGRLYCKDNSPGQNNPCKM
M3 FGADVYEAEDSCF-RNQKGNYYGYCRKENGNKIPCCAPEDVKCGRLYCKDN-PGQN- PCK
K6 FGA

E13 —-SCFERNQKGN

E15 DVKCGRLYCKDNSPGQNNPCKM

190 200 210
CAT-C  FYSNEDEHKGMVLPGTKCADGKVCSNGHCVDVATAY
M4 FYSNEDEHKGM
M5 VLPGTKCADGKVCSNGHCVDVATAY
E15 FYSNEDEHKGMVLPGTKCADGKVC

(3) measure the amount of ions with specific m/z ratios. Because proteins (as well
as nucleic acids and carbohydrates) decompose upon heating, rather than evapo-
rating, methods to ionize such molecules for mass spectrometry (MS) analysis re-
quire innovative approaches. The two most prominent MS modes for protein analy-
sis are summarized in Table 5.3.

Figure 5.13 illustrates the basic features of electrospray mass spectrometry (ESI
MS). In this technique, the high voltage at the electrode causes proteins to pick up

m The Two Most Common Methods of Mass Spectrometry for Protein Analysis
Electrospray lonization (ESI-MS)

A solution of macromolecules is sprayed in the form of fine droplets from a glass
capillary under the influence of a strong electrical field. The droplets pick up positive
charges as they exit the capillary; evaporation of the solvent leaves multiply charged
molecules. The typical 20-kD protein molecule will pick up 10 to 30 positive charges.
The MS spectrum of this protein reveals all of the differently charged species as a
series of sharp peaks whose consecutive m/z values differ by the charge and mass of a
single proton (see Figure 5.14). Note that decreasing m/z values signify increasing
number of charges per molecule, z. Tandem mass spectrometers downstream from the
ESI source (ESI-MS/MS) can analyze complex protein mixtures (such as tryptic
digests of proteins or chromatographically separated proteins emerging from a liquid
chromatography column), selecting a single m/z species for collision-induced
dissociation and acquisition of amino acid sequence information.

Matrix-Assisted Laser Desorption lonization-Time of Flight (MALDI-TOF MS)

The protein sample is mixed with a chemical matrix that includes a light-absorbing
substance excitable by a laser. A laser pulse is used to excite the chemical matrix, creating
a microplasma that transfers the energy to protein molecules in the sample, ionizing
them and ejecting them into the gas phase. Among the products are protein molecules
that have picked up a single proton. These positively charged species can be selected by
the MS for mass analysis. MALDI-TOF MS is very sensitive and very accurate; as little as
attomole (107® moles) quantities of a particular molecule can be detected at accuracies
better than 0.001 atomic mass units (0.001 daltons). MALDI-TOF MS is best suited for
very accurate mass measurements.
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FIGURE 5.13 The three principal steps in electrospray ionization mass spectrometry (ESI-MS). (@) Small, highly
charged droplets are formed by electrostatic dispersion of a protein solution through a glass capillary sub-
jected to a high electric field; (b) protein ions are desorbed from the droplets into the gas phase (assisted by
evaporation of the droplets in a stream of hot N, gas); and (c) the protein ions are separated in a mass spec-
trometer and identified according to their m/z ratios. (Adapted from Figure 1 in Mann, M., and Wilm, M., 1995. Electro-
spray mass spectrometry for protein characterization. Trends in Biochemical Sciences 20:219-224.)

protons from the solvent, such that, on average, individual protein molecules ac-
quire about one positive charge (proton) per kilodalton, leading to the spectrum of
m/z ratios for a single protein species (Figure 5.14). Computer analysis can convert
these data into a single spectrum that has a peak at the correct protein mass (Figure
5.14, inset).

Sequencing by Tandem Mass Spectrometry 7andem MS (or MS/MS) allows se-
quencing of proteins by hooking two mass spectrometers in tandem. The first mass
spectrometer is used as a filter to sort the oligopeptide fragments in a protein digest
based on differences in their m/z ratios. Each of these oligopeptides can then be se-
lected by the mass spectrometer for further analysis. A selected ionized oligopeptide
is directed toward the second mass spectrometer; on the way, this oligopeptide is frag-
mented by collision with helium or argon gas molecules (a process called collision-
induced dissociation, or c.i.d.), and the fragments are analyzed by the second mass
spectrometer (Figure 5.15). Fragmentation occurs primarily at the peptide bonds
linking successive amino acids in the oligopeptide. Thus, the products include a se-
ries of fragments that represent a nested set of peptides differing in size by one
amino acid residue. The various members of this set of fragments differ in mass by
56 atomic mass units [the mass of the peptide backbone atoms (NH—CH—CO)]
plus the mass of the R group at each position, which ranges from 1 atomic mass unit
(Gly) to 130 (Trp). MS sequencing has the advantages of very high sensitivity, fast
sample processing, and the ability to work with mixtures of proteins. Subpicomoles
(less than 1072 moles) of peptide can be analyzed with these spectrometers. In prac-
tice, tandem MS is limited to rather short sequences (no longer than 15 or so amino
acid residues). Nevertheless, capillary HPLC-separated peptide mixtures from
trypsin digests of proteins can be directly loaded into the tandem MS spectrometer.
Furthermore, separation of a complex mixture of proteins from a whole-cell extract
by two-dimensional gel electrophoresis (see Chapter Appendix), followed by trypsin
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FIGURE 5.14 Electrospray ionization mass spectrum of the protein aerolysin K. The attachment of many pro-
tons per protein molecule (from less than 30 to more than 50 here) leads to a series of m/z peaks for this sin-
gle protein.The equation describing each m/z peak is:m/z = [M + n(mass of proton)]/n(charge on proton),
where M = mass of the protein and n = number of positive charges per protein molecule. Thus, if the number
of charges per protein molecule is known and m/z is known, M can be calculated. The inset shows a computer
analysis of the data from this series of peaks that generates a single peak at the correct molecular mass of the
protein. (Adapted from Figure 2 in Mann, M., and Wilm, M., 1995. Electrospray mass spectrometry for protein characterization.
Trends in Biochemical Sciences 20:219-224.)

digestion of a specific protein spot on the gel and injection of the digest into the
HPLC/tandem MS, gives sequence information that can be used to identify specific
proteins. Often, by comparing the mass of tryptic peptides from a protein digest
with a database of all possible masses for tryptic peptides (based on all known pro-
tein and DNA sequences), one can identify a protein of interest without actually
sequencing it.

Peptide Mass Fingerprinting  Peplide mass fingerprintingis used to uniquely identify
a protein based on the masses of its proteolytic fragments, usually produced by
trypsin digestion. MALDI-TOF MS instruments are ideal for this purpose because
they yield highly accurate mass data. The measured masses of the proteolytic frag-
ments can be compared to databases (see following discussion) of peptide masses
of known sequence. Such information is easily generated from genomic databases:
Nucleotide sequence information can be translated into amino acid sequence in-
formation, from which very accurate peptide mass compilations are readily calcu-
lated. For example, the SWISS-PROT database lists 1197 proteins with a tryptic
fragment of m/z = 1335.63 (+0.2 D), 16 proteins with tryptic fragments of m/z =
1335.63 and m/z = 1405.60, but only a single protein (human tissue plasminogen
activator [tPA]) with tryptic fragments of m/z = 1335.63, m/z = 1405.60, and m/z =
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FIGURE 5.15 Tandem mass spectrometry. (@) Configuration used in tandem MS. (b) Schematic description of
tandem MS:Tandem MS involves electrospray ionization of a protein digest (IS in this figure), followed by selec-
tion of a single peptide ion mass for collision with inert gas molecules (He) and mass analysis of the fragment
ions resulting from the collisions. (c) Fragmentation usually occurs at peptide bonds, as indicated. (Adapted from
Yates, J.R., 1996. Protein structure analysis by mass spectrometry. Methods in Enzymology 271:351-376;and Gillece-Castro, B. L.,
and Stults, J. T, 1996. Peptide characterization by mass spectrometry. Methods in Enzymology 271:427-447.)

1272.60.! Although the identities of many proteins revealed by genomic analysis re-
main unknown, peptide mass fingerprinting can assign a particular protein exclu-
sively to a specific gene in a genomic database.

Sequence Databases Contain the Amino Acid Sequences
of Millions of Different Proteins

The first protein sequence databases were compiled by protein chemists using chem-
ical sequencing methods. Today, the vast preponderance of protein sequence infor-
mation has been derived from translating the nucleotide sequences of genes into
codons and, thus, amino acid sequences (see Chapter 12). Sequencing the order of
nucleotides in cloned genes is a more rapid, efficient, and informative process than
determining the amino acid sequences of proteins by chemical methods. Several
electronic databases containing continuously updated sequence information are ac-
cessible by personal computer. Prominent among these is the SWISS-PROT protein

IThe tPA amino acid sequences corresponding to these masses are m/z = 1335.63: HEALSPFYSER;
m/z = 1405.60: ATCYEDQGISYR; and m/z = 1272.60: DSKPWCYVFK.
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sequence database on the ExPASy (Expert Protein Analysis System) Molecular Biology
server at hilp://us.expasy.org and the PIR (Protein Identification Resource Protein
Sequence Database) at hitp://pirgeorgetown.edu, as well as protein information from
genomic sequences available in databases such as GenBank, accessible via the National
Center for Biotechnology Information (NCBI) Web site located at http://www.ncbi.nim
.nth.gov. The protein sequence databases contain several hundred thousand entries,
whereas the genomic databases list nearly 100 million nucleotide sequences cover-
ing over 100 gigabases (100 billion bases) from over 165,000 organisms. The Protein
Data Bank (PDB; http://www.rcsb.org/pdb) is a protein database that provides three-
dimensional structure information on more than 50,000 proteins and nucleic acids.

5.5 What Is the Nature of Amino Acid Sequences?

Figure 5.16 illustrates the relative frequencies of the amino acids in proteins. It is
very unusual for a globular protein to have an amino acid composition that deviates
substantially from these values. Apparently, these abundances reflect a distribution
of amino acid polarities that is optimal for protein stability in an aqueous milieu.
Membrane proteins tend to have relatively more hydrophobic and fewer ionic
amino acids, a condition consistent with their location. Fibrous proteins may show
compositions that are atypical with respect to these norms, indicating an underly-
ing relationship between the composition and the structure of these proteins.
Proteins have unique amino acid sequences, and it is this uniqueness of sequence
that ultimately gives each protein its own particular personality. Because the number
of possible amino acid sequences in a protein is astronomically large, the probability
that two proteins will, by chance, have similar amino acid sequences is negligible.
Consequently, sequence similarities between proteins imply evolutionary relatedness.

Amino acid composition
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FIGURE 5.16 Amino acid composition: frequencies of the various amino acids in proteins for all the proteins in
the SWISS-PROT protein knowedgebase. These data are derived from the amino acid composition of more
than 100,000 different proteins (representing more than 40,000,000 amino acid residues). The range is from
leucine at 9.55% to tryptophan at 1.18% of all residues.
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5.5 What Is the Nature of Amino Acid Sequences?

Homologous Proteins from Different Organisms Have Homologous
Amino Acid Sequences

Proteins sharing a significant degree of sequence similarity and structural resem-
blance are said to be homologous. Proteins that perform the same function in differ-
ent organisms are also referred to as homologous. For example, the oxygen transport
protein hemoglobin serves a similar role and has a similar structure in all vertebrates.
The study of the amino acid sequences of homologous proteins from different or-
ganisms provides very strong evidence for their evolutionary origin within a common
ancestor. Homologous proteins characteristically have polypeptide chains that are
nearly identical in length, and their sequences share identity in direct correlation to
the relatedness of the species from which they are derived.

Homologous proteins can be further subdivided into orthologous and paralo-
gous proteins. Orthologous proteins are proteins from different species that have
homologous amino acid sequences (and often a similar function). Orthologous
proteins arose from a common ancestral gene during evolution. Paralogous pro-
teins are proteins found within a single species that have homologous amino acid
sequences; paralogous proteins arose through gene duplication. For example, the
a- and B-globin chains of hemoglobin are paralogs. How is homology revealed?

Computer Programs Can Align Sequences and Discover Homology
between Proteins

Protein and nucleic acid sequence databases (see page 110) provide enormous re-
sources for sequence comparisons. If two proteins share homology, it can be re-
vealed through alignment of their sequences using powerful computer programs.
In such studies, a given amino acid sequence is used to query the databases for pro-
teins with similar sequences. BLAST (Basic Local Alignment Search Tool) is one
commonly used program for rapid searching of sequence databases. The BLAST
program detects local as well as global alignments where sequences are in close
agreement. Even regions of similarity shared between otherwise unrelated proteins
can be detected. Discovery of sequence similarities between proteins can be an im-
portant clue to the function of uncharacterized proteins. Similarities are also useful
in assigning related proteins to protein families.

The process of sequence alignment is an operation akin to sliding one sequence
along another in a search for regions where the two sequences show a good match.
Positive scores are assigned everywhere the amino acid in one sequence is similar to
or identical with the amino acid in the other; the greater the overall score, the bet-
ter the match between the two protein sequences. Sometimes two sequences match
well at several places along their lengths, but, in one of the proteins, the matching
segments are interrupted by a sequence that is dissimilar. When such an interrup-
tion is found by the computer program, it inserts a gap in the uninterrupted se-
quence to bring the matching segments of the two sequences into better alignment
(Figure 5.17). Because any two sequences would show similarity if a sufficient num-
ber of gaps were introduced, a gap penalty is imposed for each gap. Gap penalties
are negative numbers that lower the overall similarity score. Gaps arise naturally
during evolution through insertion and deletion mutations socalled indels, which

S. acidocaldarius FPTAKGGTAAIPGPFGSGKTVTLQSLAKWSAAK-—-VVIYVGCGERGNEMTD
E. coli CPFAKGGKVGLFGGAGVGKTVNMMELIRNIAIEHSGYSVFAGVGERTREGND

FIGURE 5.17 Alignment of the amino acid sequences of two protein homologs using gaps. Shown are parts of
the amino acid sequences of the catalytic subunits from the major ATP-synthesizing enzyme (ATP synthase) in
a representative archaea (Sulfolobus acidocaldarius) and a bacterium (Escherichia coli). These protein segments
encompass the nucleotide-binding site of these enzymes. Identical residues in the two sequences are shown
in red. Introduction of a three-residue-long gap in the archaeal sequence optimizes alignment of the two
sequences.
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add or remove residues in the gene and, consequently, the protein. The optimal se-
quence alignment between two proteins is one that maximizes sequence alignments
while minimizing gaps.

Methods for alignment and comparison of protein sequences depend upon
some quantitative measure of how similar any two sequences are. One way to mea-
sure similarity is to use a matrix that assigns scores for all possible substitutions of
one amino acid for another. BLOSUMG62 is the substitution matrix most often
used with BLAST. This matrix assigns a probability score for each position in an
alignment based on the frequency with which that substitution occurs in the con-
sensus sequences of related proteins. BLOSUM is an acronym for Blocks Substi-
tution Matrix, a matrix that scores each position on the basis of observed fre-
quencies of different amino acid substitutions within blocks of local alignments in
related proteins. In the BLOSUM62 matrix, the most commonly used matrix, the
scores are derived using sequences sharing no more than 62% identity (Figure
5.18). BLOSUM substitution scores range from —4 (lowest probability of substi-
tution) to 11 (highest probability of substitution). For example, to look up the
value corresponding to the substitution of an asparagine (N) by a tryptophan
(W), or vice versa, find the intersection of the “N” column with the “W” row in Fig-
ure 5.18. The value —4 means that the substitution of N for W, or vice versa, is not
very likely. On the other hand, the substitution of V for I, (BLOSUM score: 3) or
vice versa, is very likely. Amino acids whose side chains have unique qualities (such
as C, H, P, or W) have high BLOSUMG62 scores, because replacing them with any
other amino acid may change the protein significantly. Amino acids that are sim-
ilar (such as Rand K, or D and E, or A, V, L, and I) have low scores, since one can
replace the other with less likelihood of serious change to the protein structure.

Cytochrome ¢ The electron transport protein cytochrome ¢, found in the mi-
tochondria of all eukaryotic organisms, provides a well-studied example of or-
thology. Amino acid sequencing of cytochrome ¢ from more than 40 different
species has revealed that there are 28 positions in the polypeptide chain where
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the same amino acid residues are always found (Figure 5.19). These invariant
residues serve roles crucial to the biological function of this protein, and thus
substitutions of other amino acids at these positions cannot be tolerated. The
number of amino acid differences between two cytochrome ¢ sequences is propor-
tional to the phylogenetic difference between the species from which they are de-
rived. Cytochrome ¢ in humans and in chimpanzees is identical; human and
another mammalian (sheep) cytochrome ¢ differ at 10 residues. The human cyto-
chrome ¢ sequence has 14 variant residues from a reptile sequence (rattlesnake),
18 from a fish (carp), 29 from a mollusc (snail), 31 from an insect (moth), and
more than 40 from yeast or higher plants (cauliflower).

The Phylogenetic Tree for Cytochrome ¢  Figure 5.20 displays a phylogenetic tree
(a diagram illustrating the evolutionary relationships among a group of organisms)
constructed from the sequences of cytochrome ¢. The tips of the branches are occu-
pied by contemporary species whose sequences have been determined. The tree has
been deduced by computer analysis of these sequences to find the minimum num-
ber of mutational changes connecting the branches. Other computer methods can
be used to infer potential ancestral sequences represented by nodes, or branch
points, in the tree. Such analysis ultimately suggests a primordial cytochrome ¢ se-
quence lying at the base of the tree. Evolutionary trees constructed in this manner,
that is, solely on the basis of amino acid differences occurring in the primary se-
quence of one selected protein, show remarkable agreement with phylogenetic re-
lationships derived from more classic approaches and have given rise to the field of
molecular evolution.

Related Proteins Share a Common Evolutionary Origin

Amino acid sequence analysis reveals that proteins with related functions often
show a high degree of sequence similarity. Such findings suggest a common
ancestry for these proteins.

Oxygen-Binding Heme Proteins Myoglobin and the a- and B-globin chains of
hemoglobin constitute a set of paralogous proteins. Myoglobin, the oxygen-binding
heme protein of muscle, consists of a single polypeptide chain of 153 residues.
Hemoglobin, the oxygen transport protein of erythrocytes, is a tetramer composed
of two a-chains (141 residues each) and two B-chains (146 residues each). These glo-
bin paralogs—myoglobin, a-globin, and pB-globin—share a strong degree of
sequence homology (Figure 5.21). Human myoglobin and the human a-globin
chain show 38 amino acid identities, whereas human a-globin and human S-globin
have 64 residues in common. The relatedness suggests an evolutionary sequence of
events in which chance mutations led to amino acid substitutions and divergence in
primary structure. The ancestral myoglobin gene diverged first, after duplication of
a primordial globin gene had given rise to its progenitor and an ancestral hemo-
globin gene (Figure 5.22). Subsequently, the ancestral hemoglobin gene duplicated
to generate the progenitors of the present-day a-globin and B-globin genes. The
ability to bind Oy via a heme prosthetic group is retained by all three of these
polypeptides.

Serine Proteases Whereas the globins provide an example of gene duplication
giving rise to a set of proteins in which the biological function has been highly con-
served, other sets of proteins united by strong sequence homology show more di-
vergent biological functions. Trypsin, chymotrypsin (see Chapter 14), and elastase
are members of a class of proteolytic enzymes called serine proteases because of the
central role played by specific serine residues in their catalytic activity. Thrombin,
an essential enzyme in blood clotting, is also a serine protease. These enzymes show
sufficient sequence homology to conclude that they arose via duplication of a prog-
enitor serine protease gene, even though their substrate preferences are now quite
different.
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FIGURE 5.21 The amino acid sequences of the globin chains of human hemoglobin and myoglobin show a
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FIGURE 5.23 The tertiary structures of hen egg white
lysozyme and human a-lactalbumin are very similar.

(@)

129

Human milk a-lactalbumin Hen egg white lysozyme

Apparently Different Proteins May Share a Common Ancestry

A more remarkable example of evolutionary relatedness is inferred from sequence
homology between hen egg white lysozyme and human milk a-lactalbumin, pro-
teins of different biological activity and origin. Lysozyme (129 residues) and
a-lactalbumin (123 residues) are identical at 48 positions. Lysozyme hydrolyzes the
polysaccharide wall of bacterial cells, whereas a-lactalbumin regulates milk sugar
(lactose) synthesis in the mammary gland. Although both proteins act in reactions
involving carbohydrates, their functions show little similarity otherwise. Neverthe-
less, their tertiary structures are strikingly similar (Figure 5.23). It is conceivable
that many proteins are related in this way, but time and the course of evolutionary
change erased most evidence of their common ancestry. In contrast to this case, the
proteins G-actin and hexokinase (Figure 5.24) share essentially no sequence homol-

()

(b)

FIGURE 5.24 The tertiary structures of (a) hexokinase and (b) actin; ADP is bound to both proteins (purple).
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Can Polypeptides Be Synthesized in the Laboratory?

Some Pathological Sequence Variants of Human Hemoglobin
Abnormal Hemoglobin* Normal Residue and Position Substitution
a-chain
Torino Phenylalanine 43 Valine
Mgoston Histidine 58 Tyrosine
Chesapeake Arginine 92 Leucine
Geeorgia Proline 95 Leucine
Tarrant Aspartate 126 Asparagine
Suresnes Arginine 141 Histidine
B-chain
S Glutamate 6 Valine
Riverdale-Bronx Glycine 24 Arginine
Genova Leucine 28 Proline
Zurich Histidine 63 Arginine
Mytitwaukee Valine 67 Glutamate
Miyde park Histidine 92 Tyrosine
Yoshizuka Asparagine 108 Aspartate
Hiroshima Histidine 146 Aspartate

*Hemoglobin variants are often given the geographical name of their origin.
Adapted from Dickerson, R. E., and Geis, I, 1983. Hemoglobin: Structure, Function, Evolution and Pathology. Menlo Park, CA:
Benjamin/Cummings.

ogy, yet they have strikingly similar three-dimensional structures, even though their
biological roles and physical properties are very different. Actin forms a filamentous
polymer that is a principal component of the contractile apparatus in muscle; hex-
okinase is a cytosolic enzyme that catalyzes the first reaction in glucose catabolism.

A Mutant Protein Is a Protein with a Slightly Different
Amino Acid Sequence

Given a large population of individuals, a considerable number of sequence variants
can be found for a protein. These variants are a consequence of mutations in a gene
(base substitutions in DNA) that have arisen naturally within the population. Gene mu-
tations lead to mutant forms of the protein in which the amino acid sequence is altered
at one or more positions. Many of these mutant forms are “neutral” in that the func-
tional properties of the protein are unaffected by the amino acid substitution. Others
may be nonfunctional (if loss of function is not lethal to the individual), and still oth-
ers may display a range of aberrations between these two extremes. The severity of the
effects on function depends on the nature of the amino acid substitution and its role
in the protein. These conclusions are exemplified by the hundreds of human hemo-
globin variants that have been discovered to date. Some of these are listed in Table 5.4.

A variety of effects on the hemoglobin molecule are seen in these mutants, in-
cluding alterations in oxygen affinity, heme affinity, stability, solubility, and subunit
interactions between the a-globin and B-globin polypeptide chains. Some variants
show no apparent changes, whereas others, such as HbS, sickle-cell hemoglobin
(see Chapter 15), result in serious illness. This diversity of response indicates that
some amino acid changes are relatively unimportant, whereas others drastically al-
ter one or more functions of a protein.

5.6 Can Polypeptides Be Synthesized in the Laboratory?

Chemical synthesis of peptides and polypeptides of defined sequence can be car-
ried out in the laboratory. Formation of peptide bonds linking amino acids together
is not a chemically complex process, but making a specific peptide can be chal-
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figure animated at www.cengage.com/login
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5.7 Do Proteins Have Chemical Groups Other Than Amino Acids?

lenging because various functional groups present on side chains of amino acids
may also react under the conditions used to form peptide bonds. Furthermore, if
correct sequences are to be synthesized, the a-COOH group of residue x must be
linked to the a-NH, group of neighboring residue y in a way that prevents reaction
of the amino group of x with the carboxyl group of y. In essence, any functional
groups to be protected from reaction must be blocked while the desired coupling
reactions proceed. Also, the blocking groups must be removable later under condi-
tions in which the newly formed peptide bonds are stable. An ingenious synthetic
strategy to circumvent these technical problems is orthogonal synthesis. An orthogo-
nal system is defined as a set of distinctly different blocking groups—one for side-
chain protection, another for a-amino protection, and a third for a-carboxyl pro-
tection or anchoring to a solid support (see following discussion). Ideally, any of the
three classes of protecting groups can be removed in any order and in the presence
of the other two, because the reaction chemistries of the three classes are suffi-
ciently different from one another. In peptide synthesis, all reactions must proceed
with high yield if peptide recoveries are to be acceptable. Peptide formation be-
tween amino and carboxyl groups is not spontaneous under normal conditions (see
Chapter 4), so one or the other of these groups must be activated to facilitate the
reaction. Despite these difficulties, biologically active peptides and polypeptides
have been recreated by synthetic organic chemistry. Milestones include the pio-
neering synthesis of the nonapeptide posterior pituitary hormones oxytocin and va-
sopressin by Vincent du Vigneaud in 1953 and, in later years, larger proteins such
as insulin (21 A-chain and 30 B-chain residues), ribonuclease A (124 residues), and
HIV protease (99 residues).

Solid-Phase Methods Are Very Useful in Peptide Synthesis

Bruce Merrifield and his collaborators pioneered a clever solution to the problem
of recovering intermediate products in the course of a synthesis. The carboxyl-
terminal residues of synthesized peptide chains are covalently anchored to an in-
soluble resin (polystyrene particles) that can be removed from reaction mixtures
simply by filtration. After each new residue is added successively at the free amino-
terminus, the elongated product is recovered by filtration and readied for the
next synthetic step. Because the growing peptide chain is coupled to an insoluble
resin bead, the method is called solid-phase synthesis. The procedure is detailed
in Figure 5.25. This cyclic process is automated and computer controlled so that
the reactions take place in a small cup with reagents being pumped in and re-
moved as programmed.

5.7 Do Proteins Have Chemical Groups Other
Than Amino Acids?

Many proteins consist of only amino acids and contain no other chemical groups.
The enzyme ribonuclease and the contractile protein actin are two such examples.
Such proteins are called simple proteins. However, many other proteins contain var-
ious chemical constituents as an integral part of their structure. Some of these con-
stituents arise through covalent modification of amino acid side chains in proteins
after the protein has been synthesized. Such alterations are called post-translational
modifications. For example, the reaction of two cysteine residues in a protein to
form a disulfide linkage (Figure 4.8b) is a post-translational modification. Many of
the prominent post-translational modifications, such as those listed in Table 5.5, can
act as “on—off switches” that regulate the function or cellular location of the pro-
tein. Approximately 500 post-translational modifications are listed in the RESID
database accessible through the National Cancer Institute Frederick Advanced Bio-
medical Computing Center at http://www.nciferf.gov/RESID.

A common form of post-translational modification not to be found in such a
database or in Table 5.5 is the removal of amino acids from the protein by prote-
olytic cleavage. Many proteins localized in specific subcellular compartments have
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Proteome is the complete catalog of proteins
encoded by a genome;in cell-specific terms, a
proteome is the complete set of proteins found
in a particular cell type at a particular time.

m Some Prominent Post-Translational Modifications Found in Proteins
Amino Acid Side

Name Nonprotein Part Chain Modified Examples

Phosphorylation —POs*~ S, T,Y Hormone receptors,
regulatory enzymes

Acetylation —CH,COO~ K Histones

Methylation —CH; K, R Histones

Acylation Palmitic acid C G-protein-coupled
receptors

Prenylation Prenyl group G Ras p21

ADP-ribosylation ADP-ribose H, R G proteins, eukaryotic

elongation factors

Adenylylation AMP Y Glutamine synthetase

N-terminal signal sequences that stipulate their proper destination. Such signal se-
quences typically are clipped off during their journey. Other proteins, such as some
hormones or potentially destructive proteases, are synthesized in an inactive form
and converted into an active form through proteolytic removal of some of their
amino acids.

The general term for proteins containing nonprotein constituents is conjugated
proteins (Table 5.6). Because association of the protein with the conjugated group
does not occur until the protein has been synthesized, these associations are post-
translational as well, although such terminology is usually not applied to these pro-
teins (with the possible exception of glycoproteins). As Table 5.6 indicates, conju-
gated proteins are typically classified according to the chemistry of the nonprotein
part. If the nonprotein part participates in the protein’s function, it is referred to as
a prosthetic group. Conjugation of proteins with these different nonprotein con-
stituents dramatically enhances the repertoire of functionalities available to proteins.

5.8 What Are the Many Biological Functions of Proteins?

Proteins are the agents of biological function. Virtually every cellular activity is dependent
on one or more particular proteins. Thus, a convenient way to classify the enormous
number of proteins is to group them according to the biological roles they serve.
Figure 5.26 summarizes the classification of proteins found in the human proteome
according to their function.

Proteins fill essentially every biological role, with the exception of information
storage. The ability to bind other molecules (ligands) is common to many proteins.
Binding proteins typically interact noncovalently with their specific ligands. Trans-
port proteins are one class of binding proteins. Transport proteins include mem-

/I NN Some Common Conjugated Proteins

Metalloproteins and
metal-activated proteins

Hemoproteins

Flavoproteins

Ca2+’ K+, Fe?+, Zn2+’
Co?", others

Heme group

FMN, FAD

Covalent to noncovalent

Covalent or noncovalent

Covalent or noncovalent

Name Nonprotein Part Association Examples

Lipoproteins Lipids Noncovalent Blood lipoprotein complexes (HDL, LDL)
Nucleoproteins RNA, DNA Noncovalent Ribosomes, chromosomes

Glycoproteins Carbohydrate groups Covalent Immunoglobulins, LDL receptor

Metabolic enzymes, kinases, phosphatases,
among others

Hemoglobin, cytochromes

Electron transfer enzymes




5.8 What Are the Many Biological Functions of Proteins?

brane proteins that transport substances across membranes, as well as soluble pro-
teins that deliver specific nutrients or waste products throughout the body. Scaffold
proteins are a class of binding proteins that uses protein—protein interactions to re-
cruit other proteins into multimeric assemblies whose purpose is to mediate and co-
ordinate the flow of information in cells. Catalytic proteins (enzymes) mediate al-
most every metabolic reaction. Regulatory proteins that bind to specific nucleotide
sequences within DNA control gene expression. Hormones are another kind of reg-
ulatory protein in that they convey information about the environment and deliver
this information to cells when they bind to specific receptors. Switch proteins such
as G-proteins can switch between two conformational states—an “on” state and an
“off” state—and act via this conformational switching, as regulatory proteins. Struc-
tural proteins give form to cells and subcellular structures. The great diversity in
function that characterizes biological systems is based on attributes that proteins
possess.

All Proteins Function through Specific Recognition and Binding of Some Target
Molecule Although the classification of proteins according to function has ad-
vantages, many proteins are not assigned readily to one of the traditional groupings.
Further, classification can be somewhat arbitrary, because many proteins fit more
than one category. However, for all categories, the protein always functions through

Cell adhesion (577, 1.9%)
Miscellaneous (1318, 4.3%)

Chaperone (159, 0.5%)
Viral protein (100, 0.3%)
Transfer/carrier protein (203, 0.7%)

Transcription factor (1850, 6.0%)

Nucleic acid enzyme (2308, 7.5%)

Signaling molecule (376, 1.2%)

Receptor (1543, 5.0%)

Kinase (868, 2.8%)

uondnpsuer) [Fusig

Select regulatory
molecule (988, 3.2%)

Transferase (610, 2.0%)
Synthase and synthetase
(313,1.0%)
Oxidoreductase (656, 2.1%)
Lyase (117, 0.4%)

Ligase (56, 0.2%)

Isomerase (163, 0.5%)

Hydrolase (1227, 4.0%)

FIGURE 5.26 Proteins of the human genome grouped according to their molecular function. The numbers and
percentages within each functional category are enclosed in parentheses. Note that the function of more than
40% of the proteins encoded by the human genome remains unknown. Considering those of known function,
enzymes (including kinases and nucleic acid enzymes) account for about 20% of the total number of proteins;
nucleic acid-binding proteins of various kinds, about 14%,among which almost half are gene-regulatory proteins
(transcription factors). Transport proteins collectively constitute about 5% of the total; and structural proteins,
another 5%. (Adapted from Figure 15 in Venter, J.C, et al, 2001.The sequence of the human genome. Science 291:1304-1351))

Cytoskeletal structural protein (876, 2.8%)
Extracellular matrix (437, 1.4%)
Immunoglobulin (264, 0.9%)
Ton channel (406, 1.3%)

Motor (376, 1.2%)
Structural protein of muscle (296, 1.0%)

Protooncogene (902, 2.9%)
Select calcium-binding protein (34, 0.1%)
Intracellular transporter (350, 1.1%)

Transporter (533, 1.7%)

Molecular function unknown (12809, 41.7%)
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FIGURE 5.27 Saturation curve or binding isotherm.

specific recognition and binding of some other molecule, although for structural
proteins, it is usually self-recognition and assembly into stable multimeric arrays.
Protein behavior provides the cardinal example of molecular recognition through struc-
tural complementarity, a fundamental principle of biochemistry that was presented in
Chapter 1.

Protein Binding The interaction of a protein with its target usually can be de-
scribed in simple quantitative terms. Let’s explore the simplest situation in which a
protein has a single binding site for the molecule it binds (its ligand; Chapter 1). If
we treat the interaction between the protein (P) and the ligand (L) as a dissociation
reaction:

PL P+ L.

The equilibrium constant for the reaction as written,
K., = [P][L]/[PL],

is a dissociation constant, because it describes the dissociation of the ligand from
the protein. Biochemists typically use dissociation constants (Kp) to describe bind-
ing phenomena. Because brackets ([ ]) denote molar concentrations, dissociation
constants have the units of M.

Typically, the ligand concentration is much greater than the protein concentra-
tion. Under such conditions, a plot of the moles of ligand bound per mole of pro-
tein (defined as [PL]/([P] + [PL])) versus [L] yields a hyperbolic curve known as
a saturation curve or binding isotherm (Figure 5.27).

If we define the fractional saturation of P with L, [PL]/([P] + [PL]), as v, a lit-
tle algebra yields

v = [L]/(Kp + [L]).
Thus, when v = 0.5,
[L] = Kp

That is, the concentration of L. where half the protein has L. bound is equal to the
value of Kp. The smaller this number is, the better the ligand binds to the protein;
that is, a small Kp means that the protein is half-saturated with L at a low con-
centration of L. In other words, if Kp is small, the protein binds the ligand avidly.
Typical Kp values fall in a range from 1073 M to 10712 M.

The Ligand-Binding Site Ligand binding occurs through noncovalent interac-
tions between the protein and ligand. The lack of covalent interactions means that
binding is readily reversible. Proteins display specificity in ligand binding because
they possess a specific site, the binding site, within their structure that is comple-

1.0'

[PL]
[P]+[PL]

e
ot

(L] = Kp

|

o

Ligand concentration ([L])



mentary to the structure of the ligand, its charge distribution, and any H-bond
donors or acceptors it might have. Structural complementarity within the binding
site is achieved because part of the three-dimensional structure of the protein pro-
vides an ensemble of amino acid side chains (and polypeptide backbone atoms)
that establish an interactive cavity complementary to the ligand molecule. When a
ligand binds to the protein, the protein usually undergoes a conformational
change. This new protein conformation provides an even better fit with the ligand
than before. Such changes are called ligand-induced conformational changes, and
the result is an even more stable interaction between the protein and its ligand.
Thus, in a general sense, most proteins are binding proteins because ligand
binding is a hallmark of protein function. Catalytic proteins (enzymes) bind sub-
strates; regulatory proteins bind hormones or other proteins or regulatory se-
quences in genes; structural proteins bind to and interact with each other; and the
many types of transport proteins bind ligands, facilitating their movement from one
place to another. Many proteins accomplish their function through the binding of
other protein molecules, a phenomenon called protein—protein interaction. Some
proteins engage in protein—protein interactions with proteins that are similar or
identical to themselves so that an oligomeric structure is formed, as in hemoglobin.
Other proteins engage in protein—protein interactions with proteins that are very
different from themselves, as in the anchoring proteins or the scaffolding proteins
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of signaling pathways.

SUMMARY

The primary structure (the amino acid sequence) of a protein is en-
coded in DNA in the form of a nucleotide sequence. Expression of this
genetic information is realized when the polypeptide chain is synthe-
sized and assumes its functional, three-dimensional architecture. Pro-
teins are the agents of biological function.

5.1 What Architectural Arrangements Characterize Protein Structure?
Proteins are generally grouped into three fundamental structural
classes—soluble, fibrous, and membrane—based on their shape and sol-
ubility. In more detail, protein structure is described in terms of a hier-
archy of organization:

Primary (1°) structure—the protein’s amino acid sequence

Secondary (2°) structure—regular elements of structure (helices,
sheets) within the protein created by hydrogen bonds

Tertiary (3°) structure—the folding of the polypeptide chain in
three-dimensional space

Quaternary (4°) structure—the subunit organization of multimeric
proteins

The three higher levels of protein structure form and are maintained
exclusively through noncovalent interactions.

5.2 How Are Proteins Isolated and Purified from Cells? Cells contain
thousands of different proteins. A protein of choice can be isolated and
purified from such complex mixtures by exploiting two prominent phys-
ical properties: size and electrical charge. A more direct approach is to
employ affinity purification strategies that take advantage of the biolog-
ical function or specific recognition properties of a protein. A typical
protein purification strategy will use a series of separation methods to
obtain a pure preparation of the desired protein.

5.3 How Is the Amino Acid Analysis of Proteins Performed? Acid
treatment of a protein hydrolyzes all of the peptide bonds, yielding a
mixture of amino acids. Chromatographic analysis of this hydrolysate
reveals the amino acid composition of the protein. Proteins vary in their
amino acid composition, but most proteins contain at least one of each
of the 20 common amino acids. To a very rough approximation, pro-
teins contain about 30% charged amino acids and about 30% hydro-

phobic amino acids (when aromatic amino acids are included in this
number), the remaining being polar, uncharged amino acids.

5.4 How Is the Primary Structure of a Protein Determined? The pri-
mary structure (amino acid sequence) of a protein can be determined
by a variety of chemical and enzymatic methods. Alternatively, mass
spectroscopic methods can also be used. In the chemical and enzymatic
protocols, a pure polypeptide chain whose disulfide linkages have been
broken is the starting material. Methods that identify the N-terminal
and C-terminal residues of the chain are used to determine which
amino acids are at the ends, and then the protein is cleaved into defined
sets of smaller fragments using enzymes such as trypsin or chymotrypsin
or chemical cleavage by agents such as cyanogen bromide. The se-
quences of these products can be obtained by Edman degradation. Ed-
man degradation is a powerful method for stepwise release and se-
quential identification of amino acids from the N-terminus of the
polypeptide. The amino acid sequence of the entire protein can be re-
constructed once the sequences of overlapping sets of peptide frag-
ments are known. In mass spectrometry, an ionized protein chain is bro-
ken into an array of overlapping fragments. Small differences in the
masses of the individual amino acids lead to small differences in the
masses of the fragments, and the ability of mass spectrometry to mea-
sure mass-to-charge ratios very accurately allows computer devolution of
the data into an amino acid sequence. The amino acid sequences of
about a million different proteins are known. The vast majority of these
amino acid sequences were deduced from nucleotide sequences avail-
able in genomic databases.

5.5 What Is the Nature of Amino Acid Sequences? Proteins have
unique amino acid sequences, and similarity in sequence between pro-
teins implies evolutionary relatedness. Homologous proteins share se-
quence similarity and show structural resemblance. These relationships
can be used to trace evolutionary histories of proteins and the organisms
that contain them, and the study of such relationships has given rise to
the field of molecular evolution. Related proteins, such as the oxygen-
binding proteins of myoglobin and hemoglobin or the serine proteases,
share a common evolutionary origin. Sequence variation within a protein
arises from mutations that result in amino acid substitution, and the op-
eration of natural selection on these sequence variants is the basis of evo-
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lutionary change. Occasionally, a sequence variant with a novel biological
function may appear, upon which selection can operate.

5.6 Can Polypeptides Be Synthesized in the Laboratory? It is possi-
ble, although difficult, to synthesize proteins in the laboratory. The ma-
jor obstacles involve joining desired amino acids to a growing chain us-
ing chemical methods that avoid side reactions and the creation of
undesired products, such as the modification of side chains or the ad-
dition of more than one residue at a time. Solid-state techniques along
with orthogonal protection methods circumvent many of these prob-
lems, and polypeptide chains having more than 100 amino acid residues
have been artificially created.

5.7 Do Proteins Have Chemical Groups Other Than Amino Acids? Al-
though many proteins are composed of just amino acids, other proteins
undergo post-translational modifications to certain amino acid side
chains. These modifications often regulate the function of the proteins.
In addition, many proteins are conjugated with various other chemical
components, including carbohydrates, lipids, nucleic acids, metal and
other inorganic ions, and a host of novel structures such as heme or
flavin. Association with these nonprotein substances dramatically ex-

tends the physical and chemical properties that proteins possess, in turn
creating a much greater repertoire of functional possibilities.

5.8 What Are the Many Biological Functions of Proteins? Proteins are
the agents of biological function. Their ability to bind various ligands is
intimately related to their function and thus forms the basis of most clas-
sification schemes. Transport proteins bind molecules destined for
transport across membranes or around the body. Enzymes bind the re-
actants unique to the reactions they catalyze. Regulatory proteins are of
two general sorts: those that bind small molecules that are physiological
or environmental cues, such as hormone receptors, or those that bind
to DNA and regulate gene expression, such as transcription activators.
These are just a few prominent examples. Indeed, the great diversity in
function that characterizes biological systems is based on the attributes
that proteins possess. Proteins usually interact noncovalently with their
ligands, and often the interaction can be defined in simple quantitative
terms by a protein-ligand dissociation constant. Proteins display speci-
ficity in ligand binding because the structure of the protein’s ligand-
binding site is complementary to the structure of the ligand. Some pro-
teins act through binding other proteins. Such protein-protein
interactions lie at the heart of many biological functions.

PROBLEMS
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1. The element molybdenum (atomic weight 95.95) constitutes 0.08%
of the weight of nitrate reductase. If the molecular weight of nitrate
reductase is 240,000, what is its likely quaternary structure?

2. Amino acid analysis of an oligopeptide 7 residues long gave
Asp Leu Lys Met Phe Tyr

The following facts were observed:
a. Trypsin treatment had no apparent effect.
b. The phenylthiohydantoin released by Edman degradation was

O,
\ H
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N

c. Brief chymotrypsin treatment yielded several products, including
a dipeptide and a tetrapeptide. The amino acid composition of
the tetrapeptide was Leu, Lys, and Met.

d. Cyanogen bromide treatment yielded a dipeptide, a tetrapeptide,
and free Lys.

What is the amino acid sequence of this heptapeptide?

3. Amino acid analysis of another heptapeptide gave

Asp Glu Leu Lys
Met Tyr Trp NH,"
(NH," is released by acid hydrolysis of N and/or Q amides.)

The following facts were observed:
a. Trypsin had no effect.
b. The phenylthiohydantoin released by Edman degradation was
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c. Brief chymotrypsin treatment yielded several products, including
a dipeptide and a tetrapeptide. The amino acid composition of
the tetrapeptide was Glx, Leu, Lys, and Met.

d. Cyanogen bromide treatment yielded a tetrapeptide that had a
net positive charge at pH 7 and a tripeptide that had a zero net
charge at pH 7.

What is the amino acid sequence of this heptapeptide?

4. Amino acid analysis of a decapeptide revealed the presence of the
following products:

NH," Asp Glu Tyr Arg
Met Pro Lys Ser Phe

The following facts were observed:

a. Neither carboxypeptidase A or B treatment of the decapeptide
had any effect.

b. Trypsin treatment yielded two tetrapeptides and free Lys.

c. Clostripain treatment yielded a tetrapeptide and a hexapeptide.

d. Cyanogen bromide treatment yielded an octapeptide and a dipep-
tide of sequence NP (using the one-letter codes).

e. Chymotrypsin treatment yielded two tripeptides and a tetrapep-
tide. The N-terminal chymotryptic peptide had a net charge of —1
at neutral pH and a net charge of —3 at pH 12.

f. One cycle of Edman degradation gave the PTH derivative

Q X
/S~C—cH,0H
()X
PN
J H

What is the amino acid sequence of this decapeptide?

5. Analysis of the blood of a catatonic football fan revealed large con-
centrations of a psychotoxic octapeptide. Amino acid analysis of this
octapeptide gave the following results:

2Ala 1Arg 1Asp 1Met 2Tyr 1Val 1NH,*

The following facts were observed:
a. Partial acid hydrolysis of the octapeptide yielded a dipeptide of
the structure
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b. Chymotrypsin treatment of the octapeptide yielded two tetra-
peptides, each containing an alanine residue.

c. Trypsin treatment of one of the tetrapeptides yielded two dipep-
tides.

d. Cyanogen bromide treatment of another sample of the same
tetrapeptide yielded a tripeptide and free Tyr.

e. End-group analysis of the other tetrapeptide gave Asp.

What is the amino acid sequence of this octapeptide?

. Amino acid analysis of an octapeptide revealed the following
composition:

2Arg 1Gly 1Met 1Trp 1Tyr 1Phe 1 Lys

The following facts were observed:
a. Edman degradation gave

A
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b. CNBr treatment yielded a pentapeptide and a tripeptide contain-
ing phenylalanine.

c. Chymotrypsin treatment yielded a tetrapeptide containing a
C-terminal indole amino acid and two dipeptides.

d. Trypsin treatmentyielded a tetrapeptide, a dipeptide, and free Lys
and Phe.

e. Clostripain yielded a pentapeptide, a dipeptide, and free Phe.

What is the amino acid sequence of this octapeptide?
. Amino acid analysis of an octapeptide gave the following results:

1Ala 1Arg 1Asp 1Gly 3Ile 1Val 1NH,"

The following facts were observed:

a. Trypsin treatment yielded a pentapeptide and a tripeptide.

b. Chemical reduction of the free a-COOH and subsequent acid hy-
drolysis yielded 2-aminopropanol.

c. Partial acid hydrolysis of the tryptic pentapeptide yielded,
among other products, two dipeptides, each of which contained
C-terminal isoleucine. One of these dipeptides migrated as an
anionic species upon electrophoresis at neutral pH.

d. The tryptic tripeptide was degraded in an Edman sequenator,
yielding first A, then B:

A
/C\C—C—CH
A. N |
\C/N\ CH,
J H
AN
/C\C—(]—CHQ—CH?,
B. N |
\C/N\ CH,
J m

What is an amino acid sequence of the octapeptide? Four sequences
are possible, but only one suits the authors. Why?

. An octapeptide consisting of 2 Gly, 1 Lys, 1 Met, 1 Pro, 1 Arg, 1 Trp,
and 1 Tyr was subjected to sequence studies. The following was found:
a. Edman degradation yielded

0
\
N\ |
C/N\
7 H

10.

11.

12.

13.
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b. Upon treatment with carboxypeptidases A, B, and C, only car-
boxypeptidase C had any effect.

c. Trypsin treatment gave two tripeptides and a dipeptide.

d. Chymotrypsin treatment gave two tripeptides and a dipeptide.
Acid hydrolysis of the dipeptide yielded only Gly.

e. Cyanogen bromide treatment yielded two tetrapeptides.

f. Clostripain treatment gave a pentapeptide and a tripeptide.

What is the amino acid sequence of this octapeptide?

. Amino acid analysis of an oligopeptide containing nine residues

revealed the presence of the following amino acids:

Arg Cys Gly Leu Met Pro Tyr Val

The following was found:
a. Carboxypeptidase A treatment yielded no free amino acid.
b. Edman analysis of the intact oligopeptide released

N
O
N,
\
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c. Neither trypsin nor chymotrypsin treatment of the nonapeptide
released smaller fragments. However, combined trypsin and chy-
motrypsin treatment liberated free Arg.

d. CNBr treatment of the 8residue fragment left after combined
trypsin and chymotrypsin action yielded a 6-residue fragment con-
taining Cys, Gly, Pro, Tyr, and Val; and a dipeptide.

e. Treatment of the 6-residue fragment with B-mercaptoethanol
yielded two tripeptides. Brief Edman analysis of the tripeptide
mixture yielded only PTH-Cys. (The sequence of each tripeptide,
as read from the N-terminal end, is alphabetical if the one-letter
designation for amino acids is used.)

What is the amino acid sequence of this nonapeptide?

Describe the synthesis of the dipeptide Lys-Ala by Merrifield’s solid-

phase chemical method of peptide synthesis. What pitfalls might be

encountered if you attempted to add a leucine residue to Lys-Ala to
make a tripeptide?

Electrospray ionization mass spectrometry (ESI-MS) of the polypep-

tide chain of myoglobin yielded a series of m/z peaks (similar to

those shown in Figure 5.14 for aerolysin K). Two successive peaks
had m/z values of 1304.7 and 1413.2, respectively. Calculate the
mass of the myoglobin polypeptide chain from these data.

Phosphoproteins are formed when a phosphate group is esterified

to an —OH group of a Ser, Thr, or Tyr side chain. At typical cel-

lular pH values, this phosphate group bears two negative charges

—OPO;*". Compare this side-chain modification to the 20 side

chains of the common amino acids found in proteins and com-

ment on the novel properties that it introduces into side-chain
possibilities.

A quantitative study of the interaction of a protein with its ligand

yielded the following results:

Ligand concentration 1 2 3 4 5 6 9 12
(mM)

v (moles of ligand
bound per mole
of protein)

0.28 0.45 0.56 0.60 0.71 0.75 0.79 0.83

Plot a graph of [L] versus ». Determine K, the dissociation constant
for th