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Science should be as simple as possible,
but not simpler.

— Albert Finstein
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To the Student

Welcome to biochemistry—the study of life at the molecular level. As you venture into
this exciting and dynamic discipline, you'll discover many new and wonderful things.
You'll learn how some enzymes can catalyze chemical reactions at speeds close to theo-
retical limits—reactions that would otherwise occur only at imperceptibly low rates.
You’'ll learn about the forces that maintain biomolecular structure and how even some
of the weakest of those forces make life possible. You'll also learn how biochemistry has
thousands of applications in day-to-day life—in medicine, drug design, nutrition,
forensic science, agriculture, and manufacturing. In short, you'll begin a journey of dis-
covery about how biochemistry makes life both possible and better.
Before we begin, we would like to offer a few words of advice:

Don't just memorize facts; instead, understand principles

In this book, we have tried to identify the most important principles of biochemistry.
Because the knowledge base of biochemistry is continuously expanding, we must grasp
the underlying themes of this science in order to understand it. This textbook is de-
signed to expand on the foundation you have acquired in your chemistry and biology
courses and to provide you with a biochemical framework that will allow you to under-
stand new phenomena as you meet them.

Be prepared to learn a new vocabulary

An understanding of biochemical facts requires that you learn a biochemical vocabu-
lary. This vocabulary includes the chemical structures of a number of key molecules.
These molecules are grouped into families based on their structures and functions. You
will also learn how to distinguish among members of each family and how small mole-
cules combine to form macromolecules such as proteins and nucleic acids.

Test your understanding

True mastery of biochemistry lies with learning how to apply your knowledge and how
to solve problems. Each chapter concludes with a set of carefully crafted problems that
test your understanding of core principles. Many of these problems are mini case stud-
ies that present the problem within the context of a real biochemical puzzle.

For more practice, we are pleased to refer you to The Study Guide for Principles of
Biochemistry by Scott Lefler and Allen Scism which presents a variety of supplementary
questions that you may find helpful. You will also find additional problems on
TheChemistryPlace® for Principles of Biochemistry (http://www.chemplace.com).

Learn to visualize in 3-D

Biochemicals are three-dimensional objects. Understanding what happens in a bio-
chemical reaction at the molecular level requires that you be able to “see” what happens
in three dimensions. We present the structures of simple molecules in several different
ways in order to illustrate their three-dimensional conformation. In addition to the art
in the book, you will find many animations and interactive molecular models on the
website. We strongly suggest you look at these movies and do the exercises that accom-
pany them as well as participate in the molecular visualization tutorials.

Feedback

Finally, please let us know of any errors or omissions you encounter as you use this text.
Tell us what you would like to see in the next edition. With your help we will continue to
evolve this work into an even more useful tool. Our e-mail addresses are at the end of
the Preface. Good luck, and enjoy!

xxiii
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Preface

Given the breadth of coverage and diversity of ways to present topics in biochemistry,
we have tried to make the text as modular as possible to allow for greater flexibility and
organization. Each large topic resides in its own section. Reaction mechanisms are often
separated from the main thread of the text and can be passed over by those who prefer
not to cover this level of detail. The text is extensively cross-referenced to make it easier
for you to reorganize the chapters and for students to see the interrelationships among
various topics and to drill down to deeper levels of understanding.

We built the book explicitly for the beginning student taking a first course in bio-
chemistry with the aim of encouraging students to think critically and to appreciate
scientific knowledge for its own sake. Parts One and Two lay a solid foundation of
chemical knowledge that will help students understand, rather than merely memo-
rize, the dynamics of metabolic and genetic processes. These sections assume that stu-
dents have taken prerequisite courses in general and organic chemistry and have ac-
quired a rudimentary knowledge of the organic chemistry of carboxylic acids,
amines, alcohols, and aldehydes. Even so, key functional groups and chemical proper-
ties of each type of biomolecule are carefully explained as their structures and func-
tions are presented.

We also assume that students have previously taken a course in biology where they
have learned about evolution, cell biology, genetics, and the diversity of life on this
planet. We offer brief refreshers on these topics wherever possible.

New to this Edition

We are grateful for all the input we received on the first four editions of this text. You'll
notice the following improvements in this fifth edition:

» Key Concept margin notes are provided throughout to highlight key concepts and
principles that students must know.

* Interest Boxes have been updated and expanded, with 45% new to the fifth edition.
We use interest boxes to explain some topics in more detail, to illustrate certain prin-
ciples with specific examples, to stimulate students curiosity about science, to show
applications of biochemistry, and to explain clinical relevance. We have also added a
few interests boxes that warn students about misunderstanding and misapplications
of biochemistry. Examples include Blood Plasma and Sea Water; Fossil Dating by
Amino Acid Racemization; Embryonic and Fetal Hemoglobins; Clean Clothes; The
Perfect Enzyme; Supermouse; The Evolution of a Complex Enzyme; An Egregious
Error; Mendels Seed Color Mutant; Oxygen Pollution of Earth’s Atmosphere; Extra
Virgin Olive Oil; Missing Vitamins; Pulling DNA; and much more.

* New Material has been added throughout, including an improved explanation of
early evolution (the Web of Life), more emphasis on protein protein interactions, a
new section on intrinsically disordered proteins, and a better description of the dis-
tinction between Gibbs free energy changes and reaction rates. We have removed
the final chapter on Recombinant DNA Technology and integrated much of that
material into earlier chapters. We have added descriptions of a number of new pro-
tein structures and integrated them into two major themes: structure-function and
multienzyme complexes. The best example is the fatty acid synthase complex in
Chapter 16.

In some cases new material was necessary because recent discoveries have
changed our view of some reactions and processes. We now know, for example, that
older versions of uric acid catabolism were incorrect, the correct pathway is shown in
Figure 18.23.
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We have been careful not to add extra detail unless it supports and extends the
basic concepts and principles that we have established over the past four editions.
Similarly, we do not introduce new subjects unless they illustrate new concepts that
were not covered in previous editions. The goal is to keep this textbook focused on
the fundamentals that students need to know and prevent it from bloating up into
an encyclopedia of mostly irrelevant information that detracts from the main
pedagogical goals.

* Selected Readings after each chapter reflect the most current literature and these
have been updated and extended where necessary. We have added over 120 new
references and deleted many that are no longer appropriate. Although we have al-
ways included references to the pedagogical literature, you will note that we have
added quite a few more references of this type. Students now have easy access to
these papers and they are often more informative than advanced papers in the
purely scientific literature.

 Artis an important component of a good textbook. Our art program has been ex-
tensively revised, with many new photos to illustrate concepts explained in the text;
new and updated ribbon art, and improved versions of many figures. Many of the
new photos are designed to attract and/or hold the students attention. They can be
powerful memory aids and some of them are used to lighten up the subject in a
way that is rarely seen in other textbooks (see page 204). We believe that the look
and feel of the book has been much improved, making it more appealing to stu-
dents without sacrificing any of the rigor and accuracy that has been a hallmark of
previous editions.

A focus on principles

There are, in essence, two kinds of biochemistry textbooks: those for reference and
those for teaching. It is difficult for one book to be both as it is those same thickets of
detail sought by the professional that ensnare the struggling novice on his or her first
trip through the forest. This text is unapologetically a text for teaching. It has been de-
signed to foster student understanding and is not an encyclopedia of biochemistry. This
book focuses unwaveringly on teaching basic principles and concepts, each principle
supported by carefully chosen examples. We really do try to get students to see the forest
and not the trees!

Because of this focus, the material in this book can be covered in a two-semester
course without having to tell students to skip certain chapters or certain sections. The
book is also suitable for a one-semester course that concentrates on certain aspects of
biochemistry where some subjects are not covered. Instructors can be confident that the
core principles and concepts are explained thoroughly and correctly.

A focus on chemistry

When we first wrote this text, we decided to take the time to explain in chemical terms
the principles that we want to emphasize. In fact, one of these principles is to show stu-
dents that life obeys the fundamental laws of physics and chemistry. To that end, we
offer chemical explanations of most biochemical reactions, including mechanisms that
tell students how and why things happen.

We are particularly proud of our explanations of oxidation-reduction reactions
since these are extremely important in so many contexts. We describe electron move-
ments in the early chapters, explain reduction potentials in Chapter 10 and use this un-
derstanding to teach about chemiosmotic theory and protonmotive force in Chapter 14
(Electron Transport and ATP Synthesis). The concept is reinforced in the chapter on
photosynthesis.

A focus on hiology

While we emphasize chemistry, we also stress the bio in biochemistry. We point out that
biochemical systems evolve and that the reactions that occur in some species are varia-
tions on a larger theme. In this edition, we increase our emphasis on the similarities of
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prokaryotic and eukaryotic systems while we continue to avoid making generalizations
about all organisms based on reactions that occur in a few.

The evolutionary, or comparative, approach to teaching biochemistry focuses at-
tention on fundamental concepts. The evolutionary approach differs in many ways
from other pedagogical methods such as an emphasis on fuel metabolism. The evolu-
tionary approach usually begins with a description of simple fundamental principles or
pathways or processes. These are often the pathways found in bacteria. As the lesson
proceeds, the increasing complexity seen in some other species is explained. At the end
of a chapter we are ready to describe the unique features of the process found in com-
plex multicellular species, such as humans.

Our approach entails additional changes that distinguish us from other textbooks.
When introducing a new chapter, such as lipid metabolism, amino acid metabolism,
and nucleotide metabolism, most other textbooks begin by treating the molecules as
potential food for humans. We start with the biosynthesis pathways since those are the
ones fundamental to all organisms. Then we describe the degradation pathways and end
with an explanation of how they realte to fuel metabolism. This biosynthesis first or-
ganization applies to all the major components of a cell (proteins, nucleotides, nucleic
acids, lipids, amino acids) except carbohydrates where we continue to describe glycoly-
sis ahead of gluconeogenesis. We do, however, emphasize that gluconeogenesis is the
original, primitive pathway and glycolysis evolved later.

This has always been the way DNA replication, transcription, and translation have
been taught. In this book we extend this successful strategy to all the other topics in bio-
chemistry. The chapter on photosynthe sis is an excellent example of how it works in
practice.

In some cases the emphasis on evolution can lead to a profound appreciation of
how complex systems came to exist. Take the citric acid cycle as an example. Students
are often told that such a process cannot be the product of evolution because all the
parts are needed before the cycle can function. We explain in Section 13.9 how such a
pathway can evolve in a stepwise manner.

A focus on accuracy

We are proud of the fact that this is the most scientifically accurate biochemistry text-
book.We have gone to great lengths to ensure that our facts are correct and our explana-
tions of basic concepts reflect the modern consensus among active researchers. Our suc-
cess is due, in large part, to the dedication of our many reviewers and editors.

The emphasis on accuracy means that we check our reactions and our nomencla-
ture against the IUPAC/IUBMB databases. The result is balanced reactions with correct
products and substrates and correct chemical nomenclature. For example, we are one of
the very few textbooks that show all of the citric acid cycle reactions correctly. Previous
editions of this textbook have always scored highly on the Biochemical Howlers website
[bip.cnrs-mrs.fr/bip10/howler.htm] and we feel confident that this edition will achieve a per-
fect score!

We take the time and effort to accurately describe some difficult concepts such as
Gibbs free energy change in a steady-state situation where most reactions are near-
equlibirium reactions (AG = 0). We present correct definitions of the Central Dogma of
Molecular Biology. We don’t avoid genuine areas of scientific controversy such as the
validity of the Three Domain Hypothesis or the mechanism of lysozyme.

A focus on structure-function

Biochemistry is a three-dimensional science. Our inclusion of the latest computer gen-
erated images is intended to clarify the shape and function of molecules and to leave
students with an appreciation for the relationship between the structure and function.
Many of the protein images in this edition are new; they have been skillfully prepared by
Jonathan Parrish of the University of Alberta.

We offer a number of other opportunities. For those students with access to a com-
puter, we have included Protein Data Bank (PDB) reference numbers for the coordinates
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from which all protein images were derived. This allows students to further explore the
structures on their own. In addition, we have a gallery of prepared PDB files that stu-
dents can view using Chime or any other molecular viewer; these are posted on the
text’s TheChemistryPlace® website [chemplace.com] as are animations of key dynamic
processes as well as visualization tutorials using Chime.

The emphasis on protein/enzyme structure is a key part of the theme of structure-
function that is one of the most important concepts in biochemistry. At various places
in this new edition we have added material to emphasize this relationship and to develop
it to a greater extent than we have in the past. Some of the most important reactions in
the cell, such as the Q-cycle, cannot be properly understood without understanding the
structure of the enzyme that catalyzes them. Similarly, understanding the properties of
double-stranded DNA is essential to understanding how it serves as the storehouse of
biological information.

Walkthrough of features with some visuals

Interests

Biochemistry is at the root of a number of related sciences, including medicine, forensic
science, biotechnology, and bioengineering; there are many interesting stories to tell.
Throughout the text, you will find boxes that relate biochemistry to other topics. Some
of them are intended to be humorous and help students relate to the material.

BOX 8.1 THE PROBLEM WITH CATS

One of the characteristics of sugars is that they taste sweet.
You certainly know the taste of sucrose and you probably
know that fructose and lactose also taste sweet. So do many
of the other sugars and their derivatives, although we don’t
recommend that you go into a biochemistry lab and start
tasting all the carbohydrates in those white plastic bottles on
the shelves.

Sweetness is not a physical property of molecules. It’s a
subjective interaction between a chemical and taste receptors
in your mouth. There are five different kinds of taste recep-
tors: sweet, sour, salty, bitter, and umami (umami is like the
taste of glutamate in monosodium glutamate). In order to
trigger the sweet taste, a molecule like sucrose has to bind to
the receptor and initiate a response that eventually makes it
to your brain. Sucrose elicits a moderately strong response
that serves as the standard for sweetness. The response to
fructose is almost twice as strong and the response to lactose
is only about one-fifth as strong as that of sucrose. Artificial
sweeteners such as saccharin (Sweet'N Low®), sucralose
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(Splenda®), and aspartame (NutraSweet®) bind to the sweet-
ness receptor and cause the sensation of sweetness. They are
hundreds of times more sweet than sucrose.

The sweetness receptor is encoded by two genes called
Tas1r2 and TasIr3. We don’t know how sucrose and the other
ligands bind to this receptor even though this is a very active
area of research. In the case of sucrose and the artifical sweet-
eners, how can such different molecules elicit the taste of
sweet?

Cats, including lions, tigers and cheetahs, do not have a
functional TasIr2 gene. It has been converted to a pseudo-
gene because of a 247 bp deletion in exon 3. It’s very likely
that your pet cat has never experienced the taste of sweetness.
That explains a lot about cats.

A Cats are carnivores. They probably can't

Aspartame taste sweetness.




Key Concepts

To help guide students to the information important in each concept, Key Concept
notes have been provided in the margin highlighting this information.

Complete Explanations of the Chemistry

There are thousands of metabolic reactions in a typical organism. You might try to
memorize them all but eventually you will run out of memory. What’s more, memo-
rization will not help you if you encounter something you haven’t seen before. In this
book, we show you some of the basic mechanisms of enzyme-catalyzed reactions—an
extension of what you learned in organic chemistry. If you understand the mechanism,
you’ll understand the chemistry. You'll have less to memorize, and you'll retain the in-
formation more effectively.
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Margin Notes

There is a great deal of detail in biochemistry but we want you to see both the forest and
the trees. When we need to cross-reference something discussed earlier in the book, or
something that we will come back to later, we put it in the margin. Backward references
offer a review of concepts you may have forgotten. Forward references will help you see
the big picture.

Art

Biochemistry is a three-dimensional science and we have placed a great emphasis on help-
ing you visualize abstract concepts and molecules too small to see. We have tried to make
illustrative figures both informative and beautiful.

Activity site
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KEY CONCEPT

The standard Gibbs free energy change
(AG°’) tells us the direction of a reaction
when the concentrations of all products
and reactants are at 1 M concentration.
These conditions will never occur in living
cells. Biochemists are only interested in
actual Gibbs free energy changes (AG),
which are usually close to zero. The
standard Gibbs free energy change (AG°’)
tells us the relative concentrations of
reactants and products when the reaction
reaches equilibrium.

The distinction between the normal
flow of information and the Central
Dogma of Molecular Biology is
explained in Section 1.1 and the intro-
duction to Chapter 21.
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Sample Calculations

Sample Calculations are included throughout the text to provide a problem solving
model and illustrate required calculations.

SAMPLE CALCULATION 10.2 Gibbs Free Energy Change

Q: In a rat hepatocyte, the concentrations of ATP, ADP, and the Gibbs free energy change for hydrolysis of ATP in this cell.
P; are 3.4 mM, 1.3 mM, and 4.8 mM, respectively. Calculate How does this compare to the standard free energy change?

A: The actual Gibbs free energy change is calculated according to Equation 10.10.
[ADP][Pi] [ADP][P}]
AGreaction= AG®'reaction* RTIN ____~ = AGreaction +2.303 RTlog ______~
[ATP] [ATP]

When known values and constants are substituted (with concentrations expressed as molar values), assuming pH7.0 and 25°C.
(1.3 X 1073)(4.8 X 1073)
(3.4 X 107%)

AG = —32000 ) mol™" + (8.31 JK'mol™")(298 K)| 2.303 log

AG = —32000 | mol™" + (2480 ] mol™)[2.303 log(1.8 x 1073)]
AG = —32000 | mol™' — 16000 | mol™
AG = —48000 ) mol™' = —48 k| mol™

The actual free energy change is about 11/2 times the standard free energy change.

The Organization

We adopt the metabolism-first strategy of organizing the topics in this book. This means
we begin with proteins and enzymes then describe carbohydrates and lipids. This is fol-
lowed by a description of intermediary metabolism and bioenergetics. The structure of
nucleic acids follows the chapter on nucleotide metabolism and the information flow
chapters are at the back of the book.

While we believe there are significant advantages to teaching the subjects in this
order, we recognize that some instructors prefer to teach information flow earlier in the
course. We have tried to make the last four chapters on nucleic acids, DNA replication,
transcription, and translation less dependant on the earlier chapters but they do discuss
aspects of enzymes that rely on Chapters 4, 5 and 6. Instructors may choose to intro-
duce these last four chapters after a description of enzymes if they wish.

This book has a chapter on coenzymes unlike most other biochemistry textbooks.
We believe that it is important to put more emphasis on the role of coenzymes (and
vitamins) and that’s why we have placed this chapter right after the two chapters on en-
zymes. We know that most instructors prefer to teach the individual coenzymes when
specific examples come up in other contexts. We do that as well. This organization al-
lows instructors to refer back to chapter 7 at whatever point they wish.

Student Supplements

The Study Guide for Principles of Biochemistry

by Scott Lefler
(Arizona State University) and
Allen J. Scism
(Central Missouri State University)

No student should be without this helpful resource. Contents include the following:

carefully constructed drill problems for each chapter, including short-answer, multiple-

choice, and challenge problems

comprehensive, step-by-step solutions and explanations for all problems

+ aremedial chapter that reviews the general and organic chemistry that students re-
quire for biochemistry—topics are ingeniously presented in the context of a metabolic
pathway

+ tables of essential data
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Chemistry Place for Principles of Biochemistry

An online student tool that includes 3-D modules to help visualize biochemistry and
MediaLabs to investigate important issues related to its particular chapter. Please visit
the site at http://www.chemplace.com.
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[ntroduction to Biochemistry

iochemistry is the discipline that uses the principles and language of chemistry

to explain biology. Over the past 100 years biochemists have discovered that the

same chemical compounds and the same central metabolic processes are found
in organisms as distantly related as bacteria, plants, and humans. It is now known that
the basic principles of biochemistry are common to all living organisms. Although sci-
entists usually concentrate their research efforts on particular organisms, their results
can be applied to many other species.

This book is called Principles of Biochemistry because we will focus on the most im-
portant and fundamental concepts of biochemistry—those that are common to most
species. Where appropriate, we will point out features that distinguish particular groups
of organisms.

Many students and researchers are primarily interested in the biochemistry of
humans. The causes of disease and the importance of proper nutrition, for example,
are fascinating topics in biochemistry. We share these interests and that’s why we in-
clude many references to human biochemistry in this textbook. However, we will also
try to interest you in the biochemistry of other species. As it turns out, it is often eas-
ier to understand basic principles of biochemistry by studying many different species
in order to recognize common themes and patterns but a knowledge and appreciation
of other species will do more than help you learn biochemistry. It will also help you
recognize the fundamental nature of life at the molecular level and the ways in which
species are related through evolution from a common ancestor. Perhaps future edi-
tions of this book will include chapters on the biochemistry of life on other planets.
Until then, we will have to be satisfied with learning about the diverse life on our own
planet.

We begin this introductory chapter with a few highlights of the history of biochem-
istry, followed by short descriptions of the chemical groups and molecules you will en-
counter throughout this book. The second half of the chapter is an overview of cell
structure in preparation for your study of biochemistry.

Top: Adenovirus. Viruses consist of a nucleic acid molecule surrounded by a protein coat.

Anything found to be true of E. coli
must also be true of elephants.

—Jacques Monod
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A Friedrich Wohler (1800-1882). Wohler was
one of the founders of biochemistry. By synthe-
sizing urea, Wohler showed that compounds
found in living organisms could be made in

the laboratory from inorganic substances.

A Some of the apparatus used by Louis
Pasteur in his Paris laboratory.

A Eduard Buchner (1860-1917). Buchner
was awarded the Nobel Prize in Chemistry in
1907 “for his biochemical researches and
his discovery of cell-free fermentation.”

1.1 Biochemistry Is a Modern Science

Biochemistry has emerged as an independent science only within the past 100 years but
the groundwork for the emergence of biochemistry as a modern science was prepared
in earlier centuries. The period before 1900 saw rapid advances in the understanding of
basic chemical principles such as reaction kinetics and the atomic composition of mol-
ecules. Many chemicals produced in living organisms had been identified by the end of
the 19th century. Since then, biochemistry has become an organized discipline and bio-
chemists have elucidated many of the chemical processes of life. The growth of bio-
chemistry and its influence on other disciplines will continue in the 21st century.

In 1828, Friedrich Wohler synthesized the organic compound urea by heating the
inorganic compound ammonium cyanate.

O

l 1.1
NH4(OCN) 2% H,N— C—NH, a.n

This experiment showed for the first time that compounds found exclusively in living or-
ganisms could be synthesized from common inorganic substances. Today we understand
that the synthesis and degradation of biological substances obey the same chemical and
physical laws as those that predominate outside of biology. No special or “vitalistic”
processes are required to explain life at the molecular level. Many scientists date the begin-
nings of biochemistry to Wohler’s synthesis of urea, although it would be another 75 years
before the first biochemistry departments were established at universities.

Louis Pasteur (1822-1895) is best known as the founder of microbiology and an
active promoter of germ theory. But Pasteur also made many contributions to biochem-
istry including the discovery of stereoisomers.

Two major breakthroughs in the history of biochemistry are especially notable—the
discovery of the roles of enzymes as catalysts and the role of nucleic acids as informa-
tion-carrying molecules. The very large size of proteins and nucleic acids made their ini-
tial characterization difficult using the techniques available in the early part of the 20th
century. With the development of modern technology we now know a great deal about
how the structures of proteins and nucleic acids are related to their biological functions.

The first breakthrough—identification of enzymes as the catalysts of biological re-
actions—resulted in part from the research of Eduard Buchner. In 1897 Buchner
showed that extracts of yeast cells could catalyze the fermentation of the sugar glucose
to alcohol and carbon dioxide. Previously, scientists believed that only living cells could
catalyze such complex biological reactions.

The nature of biological catalysts was explored by Buchner’s contemporary, Emil
Fischer. Fischer studied the catalytic effect of yeast enzymes on the hydrolysis (break-
down by water) of sucrose (table sugar). He proposed that during catalysis an enzyme
and its reactant, or substrate, combine to form an intermediate compound. He also pro-
posed that only a molecule with a suitable structure can serve as a substrate for a given
enzyme. Fischer described enzymes as rigid templates, or locks, and substrates as
matching keys. Researchers soon realized that almost all the reactions of life are cat-
alyzed by enzymes and a modified lock-and-key theory of enzyme action remains a
central tenet of modern biochemistry.

Another key property of enzyme catalysis is that biological reactions occur much
faster than they would without a catalyst. In addition to speeding up the rates of reac-
tions, enzyme catalysts produce very high yields with few, if any, by-products. In con-
trast, many catalyzed reactions in organic chemistry are considered acceptable with
yields of 50% to 60%. Biochemical reactions must be more efficient because by-
products can be toxic to cells and their formation would waste precious energy. The
mechanisms of catalysis are described in Chapter 5.

The last half of the 20th century saw tremendous advances in the area of structural
biology, especially the structure of proteins. The first protein structures were solved in
the 1950s and 1960s by scientists at Cambridge University (United Kingdom) led by



John C. Kendrew and Max Perutz. Since then, the three-dimensional structures of several
thousand different proteins have been determined and our understanding of the com-
plex biochemistry of proteins has increased enormously. These rapid advances were
made possible by the availability of larger and faster computers and new software that
could carry out the many calculations that used to be done by hand using simple calcu-
lators. Much of modern biochemistry relies on computers.

The second major breakthrough in the history of biochemistry—identification of
nucleic acids as information molecules—came a half-century after Buchner’s and Fis-
cher’s experiments. In 1944 Oswald Avery, Colin MacLeod, and Maclyn McCarty ex-
tracted deoxyribonucleic acid (DNA) from a pathogenic strain of the bacterium
Streptococcus pneumoniae and mixed the DNA with a nonpathogenic strain of the same
organism. The nonpathogenic strain was permanently transformed into a pathogenic
strain. This experiment provided the first conclusive evidence that DNA is the genetic
material. In 1953 James D. Watson and Francis H. C. Crick deduced the three-dimen-
sional structure of DNA. The structure of DNA immediately suggested to Watson and
Crick a method whereby DNA could reproduce itself, or replicate, and thus transmit bi-
ological information to succeeding generations. Subsequent research showed that infor-
mation encoded in DNA can be transcribed to ribonucleic acid (RNA) and then trans-
lated into protein.

The study of genetics at the level of nucleic acid molecules is part of the discipline
of molecular biology and molecular biology is part of the discipline of biochemistry. In
order to understand how nucleic acids store and transmit genetic information, you
must understand the structure of nucleic acids and their role in information flow. You
will find that much of your study of biochemistry is devoted to considering how en-
zymes and nucleic acids are central to the chemistry of life.

As Crick predicted in 1958, the normal flow of information from nucleic acid to
protein is not reversible. He referred to this unidirectional information flow from nu-
cleic acid to protein as the Central Dogma of Molecular Biology. The term “Central
Dogma” is often misunderstood. Strictly speaking, it does not refer to the overall flow of
information shown in the figure. Instead, it refers to the fact that once information in
nucleic acids is transferred to protein it cannot flow backwards from protein to nucleic
acids.

1.2 The Chemical Elements of Life

Six nonmetallic elements—carbon, hydrogen, nitrogen, oxygen, phosphorus, and sul-
fur—account for more than 97% of the weight of most organisms. All these elements
can form stable covalent bonds. The relative amounts of these six elements vary among
organisms. Water is a major component of cells and accounts for the high percentage
(by weight) of oxygen. Carbon is much more abundant in living organisms than in the
rest of the universe. On the other hand, some elements, such as silicon, aluminum, and
iron, are very common in the Earth’s crust but are present only in trace amounts in
cells. In addition to the standard six elements (CHNOPS), there are 23 other elements
commonly found in living organisms (Figure 1.1). These include five ions that are essen-
tial in all species: calcium (Ca®), potassium (K®), sodium (Na®), magnesium (Mg®),
and chloride (Cl@) Note that the additional 23 elements account for only 3% of the
weight of living organisms.

Most of the solid material of cells consists of carbon-containing compounds. The
study of such compounds falls into the domain of organic chemistry. A course in or-
ganic chemistry is helpful in understanding biochemistry because there is considerable
overlap between the two disciplines. Organic chemists are more interested in reactions
that take place in the laboratory, whereas biochemists would like to understand how re-
actions occur in living cells.

Figure 1.2a shows the basic types of organic compounds commonly encountered in
biochemistry. Make sure you are familiar with these terms because we will be using
them repeatedly in the rest of this book.

1.2 The Chemical Elements of Life

Replication
DNA

Transcription

RNA

Translation

Protein

A Information flow in molecular biology. The
flow of information is normally from DNA to
RNA. Some RNAs (messenger RNAs) are
translated. Some RNA can be reverse tran-
scribed back to DNA but according Crick’s
Central Dogma of Molecular Biology the
transfer of information from nucleic acid
(e.g., mRNA) to protein is irreversible.

A Emil Fischer (1852-1919). Fischer made
many contributions to our understanding of
the structures and functions of biological
molecules. He received the Nobel Prize in
Chemistry in 1902 “in recognition of the
extraordinary services he has rendered by
his work on sugar and purine synthesis.”

A DNA encodes most of the information
required in living cells.
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The synthesis of RNA (transcription)
and protein (translation) are described
in Chapters 21 and 22, respectively.

KEY CONCEPT

More than 97% of the weight of most
organisms is made up of only six
elements: carbon, hydrogen, nitrogen,
oxygen, phosphorus, and sulfur
(CHNOPS).

KEY CONCEPT

Living things obey the standard laws of
physics and chemistry. No “vitalistic”
force is required to explain life at the
molecular level.

Periodic Table of the Elements. The important elements found in living cells are shown in color. The
red elements (CHNOPS) are the six abundant elements. The five essential ions are purple. The
trace elements are shown in dark blue (more common) and light blue (less common).

Biochemical reactions involve specific chemical bonds or parts of molecules called
functional groups (Figure 1.2b). We will encounter several common linkages in bio-
chemistry (Figure 1.2¢). Note that all these linkages consist of several different atoms
and individual bonds between atoms. We will learn more about these compounds,
functional groups, and linkages throughout this book. Ester and ether linkages are com-
mon in fatty acids and lipids. Amide linkages are found in proteins. Phosphate ester and
phosphoanhydride linkages occur in nucleotides.

An important theme of biochemistry is that the chemical reactions occurring in-
side cells are the same kinds of reactions that take place in a chemistry laboratory. The
most important difference is that almost all reactions in living cells are catalyzed by en-
zymes and thus proceed at very high rates. One of the main goals of this textbook is to
explain how enzymes speed up reactions without violating the fundamental reaction
mechanisms of organic chemistry.

The catalytic efficiency of enzymes can be observed even when the enzymes and re-
actants are isolated in a test tube. Researchers often find it useful to distinguish between
biochemical reactions that take place in an organism (in vivo) and those that occur
under laboratory conditions (in vitro).

1.3 Many Important Macromolecules Are Polymers

In addition to numerous small molecules, much of biochemistry deals with very large
molecules that we refer to as macromolecules. Biological macromolecules are usually a
form of polymer created by joining many smaller organic molecules, or monomers, via
condensation (removal of the elements of water). In some cases, such as certain carbo-
hydrates, a single monomer is repeated many times; in other cases, such as proteins and
nucleic acids, a variety of different monomers is connected in a particular order. Each
monomer of a given polymer is added by repeating the same enzyme-catalyzed reaction.
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(a) Organic compounds

« Figure 1.2
General formulas of (a) organic compounds,
(b) functional groups, and (c) linkages com-

(o) (o) (o) mon in biochemistry. R represents an alkyl
l l l group (CH3—(CHz)p—).
R—OH R—C—H R—C—R, R—C—OH
Alcohol Aldehyde Ketone Carboxylic acid’
) )
R— SH R—NH, R—NH R—N—R,
Thiol Primary Secondary Tertiary
(Sulfhydryl)
Amines?
(b) Functional groups
I I I
—OH —C—R —C— —c—o0o®
Hydroxyl Acyl Carbonyl Carboxylate
I I
®
—SH —NH, or —NH, —o—rl’—oe _II_O@
Sulfhydryl Amino o o
(Thiol) o %
Phosphate Phosphoryl
(o) Linkages in biochemical compounds
0] 0]
I | I I |
—C—0—C— —C—0—C— —N—C—
| | | | "Under most biological conditions,
Ester Ether Amide carboxylic acids exist as carboxylate
anions: ﬁ
o o o R—C—0®°
I l l l
—C—0—pP—0° —0—P—0—P—0— 2Under most biological conditions,
| | | | amines exist as ammonium ions:
0° 0©  o° o oD
Phosphate ester Phosphoanhydride R— NHs, R—®NH2 and R—®NH—R2

Thus, all of the monomers, or residues, in a macromolecule are aligned in the same di-
rection and the ends of the macromolecule are chemically distinct.

Macromolecules have properties that are very different from those of their con-
stituent monomers. For example, starch is a polymer of the sugar glucose but it is not
soluble in water and does not taste sweet. Observations such as this have led to the gen-
eral principle of the hierarchical organization of life. Each new level of organization re-
sults in properties that cannot be predicted solely from those of the previous level. The
levels of complexity, in increasing order, are: atoms, molecules, macromolecules, or-
ganelles, cells, tissues, organs, and whole organisms. (Note that many species lack one or
more of these levels of complexity. Single-celled organisms, for example, do not have
tissues and organs.) The following sections briefly describe the principal types of
macromolecules and how their sequences of residues or three-dimensional shapes grant

them unique properties.
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The relative molecular mass (M,) of a
molecule is a dimensionless quantity
referring to the mass of a molecule rel-
ative to one-twelfth (1/12) the mass of
an atom of the carbon isotope '2C.
Molecular weight (M.W.) is another
term for relative molecular mass.

(@) coo®
® |
H3N—T—H
R
(b)
@ |
H3N—?H—C—III—C|SH—COO
R H R

A Figure 1.3

Structure of an amino acid and a dipeptide.

(a) Amino acids contain an amino group
(blue) and a carboxylate group (red). Differ-
ent amino acids contain different side chains
(designated —R). (b) A dipeptide is pro-
duced when the amino group of one amino
acid reacts with the carboxylate group of an-
other to form a peptide bond (red).

KEY CONCEPT

Biochemical molecules are
three-dimensional objects.

ry

S]

In discussing molecules and macromolecules we will often refer to the molecular
weight of a compound. A more precise term for molecular weight is relative molecular mass
(abbreviated M,). It is the mass of a molecule relative to one-twelfth (1/12) the mass of an
atom of the carbon isotope >C. (The atomic weight of this isotope has been defined as ex-
actly 12 atomic mass units. Note that the atomic weight of carbon shown in the Periodic
Table represents the average of several different isotopes, including '*C and '*C.) Because
M, is a relative quantity, it is dimensionless and has no units associated with its value. The
relative molecular mass of a typical protein, for example, is 38,000 (M, = 38,000). The
absolute molecular mass of a compound has the same magnitude as the molecular
weight except that it is expressed in units called daltons (1 dalton = 1 atomic mass unit).
The molecular mass is also called the molar mass because it represents the mass (meas-
ured in grams) of 1 mole, or 6.022 X 10?*> molecules. The molecular mass of a typical
protein is 38,000 daltons, which means that 1 mole weighs 38 kilograms. The main source
of confusion is that the term “molecular weight” has become common jargon in biochem-
istry although it refers to relative molecular mass and not to weight. It is a common error
to give a molecular weight in daltons when it should be dimensionless. In most cases, this
isn’t a very important mistake but you should know the correct terminology.

A. Proteins

Twenty common amino acids are incorporated into proteins in all cells. Each amino
acid contains an amino group and a carboxylate group, as well as a side chain (R group)
that is unique to each amino acid (Figure 1.3a). The amino group of one amino acid
and the carboxylate group of another are condensed during protein synthesis to form
an amide linkage, as shown in Figure 1.3b. The bond between the carbon atom of one
amino acid residue and the nitrogen atom of the next residue is called a peptide bond.
The end-to-end joining of many amino acids forms a linear polypeptide that may con-
tain hundreds of amino acid residues. A functional protein can be a single polypeptide
or it can consist of several distinct polypeptide chains that are tightly bound to form a
more complex structure.

Many proteins function as enzymes. Others are structural components of cells and
organisms. Linear polypeptides fold into a distinct three-dimensional shape. This shape
is determined largely by the sequence of its amino acid residues. This sequence infor-
mation is encoded in the gene for the protein. The function of a protein depends on its
three-dimensional structure, or conformation.

The structures of many proteins have been determined and several principles gov-
erning the relationship between structure and function have become clear. For example,
many enzymes contain a cleft, or groove, that binds the substrates of a reaction. This
cavity contains the active site of the enzyme—the region where the chemical reaction
takes place. Figure 1.4a shows the structure of the enzyme lysozyme that catalyzes the
hydrolysis of specific carbohydrate polymers. Figure 1.4b shows the structure of the en-
zyme with the substrate bound in the cleft. We will discuss the relationship between
protein structure and function in Chapters 4 and 6.

There are many ways of representing the three-dimensional structures of biopoly-
mers such as proteins. The lysozyme molecule in Figure 1.4 is shown as a cartoon where
the conformation of the polypeptide chain is represented as a combination of wires,
helical ribbons, and broad arrows. Other kinds of representations in the following chap-
ters include images that show the position of every atom. Computer programs that cre-
ate these images are freely available on the Internet and the structural data for proteins
can be retrieved from a number of database sites. With a little practice, any student can
view these molecules on a computer monitor.

B. Polysaccharides

Carbohydrates, or saccharides, are composed primarily of carbon, oxygen, and hydro-
gen. This group of compounds includes simple sugars (monosaccharides) as well as
their polymers (polysaccharides). All monosaccharides and all residues of polysaccha-
rides contain several hydroxyl groups and are therefore polyalcohols. The most com-
mon monosaccharides contain either five or six carbon atoms.
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Sugar structures can be represented in several ways. For example, ribose (the most
common five-carbon sugar) can be shown as a linear molecule containing four hydroxyl
groups and one aldehyde group (Figure 1.5a). This linear representation is called a Fis-
cher projection (after Emil Fischer). In its usual biochemical form, however, the struc-
ture of ribose is a ring with a covalent bond between the carbon of the aldehyde group
(C-1) and the oxygen of the C-4 hydroxyl group, as shown in Figure 1.5b. The ring form
is most commonly shown as a Haworth projection (Figure 1.5¢). This representation is a
more accurate way of depicting the actual structure of ribose. The Haworth projection is
rotated 90° with respect to the Fischer projection and portrays the carbohydrate ring as a
plane with one edge projecting out of the page (represented by the thick lines). However,
the ring is not actually planar. It can adopt numerous conformations in which certain
ring atoms are out-of-plane. In Figure 1.5d, for example, the C-2 atom of ribose lies
above the plane formed by the rest of the ring atoms.

Some conformations are more stable than others so the majority of ribose mole-
cules can be represented by one or two of the many possible conformations. Neverthe-
less, it’s important to note that most biochemical molecules exist as a collection of
structures with different conformations. The change from one conformation to another
does not require the breaking of any covalent bonds. In contrast, the two basic forms of
carbohydrate structures, linear and ring forms, do require the breaking and forming of
covalent bonds.

Glucose is the most abundant six-carbon sugar (Figure 1.6a on page 8). It is the
monomeric unit of cellulose, a structural polysaccharide, and of glycogen and starch,
which are storage polysaccharides. In these polysaccharides, each glucose residue is
joined covalently to the next by a covalent bond between C-1 of one glucose molecule
and one of the hydroxyl groups of another. This bond is called a glycosidic bond. In cel-
lulose, C-1 of each glucose residue is joined to the C-4 hydroxyl group of the next
residue (Figure 1.6b). The hydroxyl groups on adjacent chains of cellulose interact non-
covalently creating strong, insoluble fibers. Cellulose is probably the most abundant
biopolymer on Earth because it is a major component of flowering plant stems includ-
ing tree trunks. We will discuss carbohydrates further in Chapter 8.

C. Nucleic Acids

Nucleic acids are large macromolecules composed of monomers called nucleotides. The
term polynucleotide is a more accurate description of a single molecule of nucleic acid,
just as polypeptide is a more accurate term than protein for single molecules composed
of amino acid residues. The term nucleic acid refers to the fact that these polynu-
cleotides were first detected as acidic molecules in the nucleus of eukaryotic cells. We

a b ()
(a) O\ /H (b) HO\ /H
i€ ) —
H—C—OH H—C—OH
| (0]
H—C—OH H—C—OH
H—A?—OH H—=C—
;CH,OH ,CH,OH

Fischer projection
(ring form)

Fischer projection
(open-chain form)

Haworth projection

A Figure 1.5

(a)

(b)

A Figure 1.4 Chicken (Gallus gallus) eggwhite
lysozyme. (a) Free lysozyme. Note the char-
acteristic cleft that includes the active site
of the enzyme. (b) Lysozyme with bound
substrate. [PDB 1LZC].

The rules for drawing a molecule as a
Fischer projection are described in
Section 8.1.

Conformations of monosaccharides are
described in more detail in Section 8.3.

Envelope conformation

Representations of the structure of ribose. (a) In the Fischer projection, ribose is drawn as a linear molecule. (b) In its usual biochemical
form, the ribose molecule is in a ring, shown here as a Fischer projection. (¢) In a Haworth projection, the ring is depicted as lying per-
pendicular to the page (as indicated by the thick lines, which represent the bonds closest to the viewer). (d) The ring of ribose is not
actually planar but can adopt 20 possible conformations in which certain ring atoms are out-of-plane. In the conformation shown, C-2 lies
above the plane formed by the rest of the ring atoms.
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Figure 1.6 »

Glucose and cellulose. (a) Haworth projection
of glucose. (b) Cellulose, a linear polymer of
glucose residues. Each residue is joined to
the next by a glycosidic bond (red).

The structures of nucleic acids are
described in Chapter 19.

A Figure 1.7

Deoxyribose, the sugar found in deoxyribonu-
cleotides. Deoxyribose lacks a hydroxyl group
at C-2.

The role of ATP in hiochemical reac-
tions is described in Section 10.7.

Figure 1.8 »

Structure of adenosine triphosphate (ATP). The
nitrogenous base adenine (blue) is attached
to ribose (black). Three phosphoryl groups
(red) are also bound to the ribose.

(@)

(b)

now know that nucleic acids are not confined to the eukaryotic nucleus but are abun-
dant in the cytoplasm and in prokaryotes that don’t have a nucleus.

Nucleotides consist of a five-carbon sugar, a heterocyclic nitrogenous base, and at
least one phosphate group. In ribonucleotides, the sugar is ribose; in deoxyribonu-
cleotides, it is the derivative deoxyribose (Figure 1.7). The nitrogenous bases of nu-
cleotides belong to two families known as purines and pyrimidines. The major purines
are adenine (A) and guanine (G); the major pyrimidines are cytosine (C), thymine (T),
and uracil (U). In a nucleotide, the base is joined to C-1 of the sugar, and the phosphate
group is attached to one of the other sugar carbons (usually C-5).

The structure of the nucleotide adenosine triphosphate (ATP) is shown in Figure 1.8.
ATP consists of an adenine moiety linked to ribose by a glycosidic bond. There are three
phosphoryl groups (designated «, 8, and y) esterified to the C-5 hydroxyl group of the ri-
bose. The linkage between ribose and the a-phosphoryl group is a phosphoester linkage
because it includes a carbon and a phosphorus atom, whereas the 8- and y-phosphoryl
groups in ATP are connected by phosphoanhydride linkages that don’t involve carbon
atoms (see Figure 1.2). All phosphoanhydrides possess considerable chemical potential
energy and ATP is no exception. It is the central carrier of energy in living cells. The potential
energy associated with the hydrolysis of ATP can be used directly in biochemical reactions or
coupled to a reaction in a less obvious way.

In polynucleotides, the phosphate group of one nucleotide is covalently linked to
the C-3 oxygen atom of the sugar of another nucleotide creating a second phosphoester
linkage. The entire linkage between the carbons of adjacent nucleotides is called a phos-
phodiester linkage because it contains two phosphoester linkages (Figure 1.9). Nucleic
acids contain many nucleotide residues and are characterized by a backbone consisting
of alternating sugars and phosphates. In DNA, the bases of two different polynucleotide
strands interact to form a helical structure.

There are several ways of depicting nucleic acid structures depending on which fea-
tures are being described. The ball-and-stick model shown in Figure 1.10 is ideal for show-
ing the individual atoms and the ring structure of the sugars and the bases. In this case, the
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Thymine (T)

Phosphodiester
linkage

two helices can be traced by following the sugar—phosphate backbone emphasized by
the presence of the purple phosphorus atoms surrounded by four red oxygen atoms.
The individual base pairs are viewed edge-on in the interior of the molecule. We will see
several other DNA models in Chapter 19.

RNA contains ribose rather than deoxyribose and it is usually a single-stranded
polynucleotide. There are four different kinds of RNA molecules. Messenger RNA
(mRNA) is involved directly in the transfer of information from DNA to protein. Transfer
RNA (tRNA) is a smaller molecule required for protein synthesis. Ribosomal RNA
(rRNA) is the major component of ribosomes. Cells also contain a heterogeneous class of
small RNAs that carry out a variety of different functions. In Chapters 19 to 22, we will see
how these RNA molecules differ and how their structures reflect their biological roles.

D. Lipids and Membranes

The term “lipid” refers to a diverse class of molecules that are rich in carbon and hydro-
gen but contain relatively few oxygen atoms. Most lipids are not soluble in water but
they do dissolve in some organic solvents. Lipids often have a polar, hydrophilic (water-
loving) head and a nonpolar, hydrophobic (water-fearing) tail (Figure 1.11). In an aque-
ous environment, the hydrophobic tails of such lipids associate while the hydrophobic
heads are exposed to water, producing a sheet called a lipid bilayer. Lipid bilayers form the
structural basis of all biological membranes. Membranes separate cells or compartments
within cells from their environments by acting as barriers that are impermeable to most
water-soluble compounds. Membranes are flexible because lipid bilayers are stabilized by
noncovalent forces.

The simplest lipids are fatty acids—these are long-chain hydrocarbons with a car-
boxylate group at one end. Fatty acids are commonly found as part of larger molecules
called glycerophospholipids consisting of glycerol 3-phosphate and two fatty acyl groups
(Figure 1.12 on the next page). Glycerophospholipids are major components of biological
membranes.

Other kinds of lipids include steroids and waxes. Steroids are molecules like choles-
terol and many sex hormones. Waxes are common in plants and animals but perhaps
the most familiar examples are beeswax and the wax that forms in your ears.

Membranes are among the largest and most complex cellular structures. Strictly
speaking, membranes are aggregates, not polymers. However, the association of lipid
molecules with each other creates structures that exhibit properties not shown by indi-
vidual component molecules. Their insolubility in water and the flexibility of lipid ag-
gregates give biological membranes many of their characteristics.

<« Figure 1.9

Structure of a dinucleotide. One deoxyribonu-
cleotide residue contains the pyrimidine
thymine (top), and the other contains the
purine adenine (bottom). The residues are
joined by a phosphodiester linkage between
the two deoxyribose moieties. (The carbon
atoms of deoxyribose are numbered with
primes to distinguish them from the atoms
of the bases thymine and adenine.)

A Figure 1.10

Short segment of a DNA molecule. Two differ-
ent polynucleotides associate to form a
double helix. The sequence of base pairs
on the inside of the helix carries genetic
information.

Polar head
(hydrophilic)

Nonpolar
— tail
(hydrophobic)

4 Figure 1.11

Model of a membrane lipid. The molecule
consists of a polar head (blue) and a nonpo-
lar tail (yellow).

Hydrophobic interactions are discussed
in Chapter 2.
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Figure 1.12 »

Structures of glycerol 3-phosphate and a glyc-
erophospholipid. (a) The phosphate group of
glycerol 3-phosphate is polar. (h) In a glyc-
erophospholipid, two nonpolar fatty acid
chains are bound to glycerol 3-phosphate
through ester linkages. X represents a sub-
stituent of the phosphate group.

KEY CONCEPT

Most of the energy required for life is
supplied by light from the sun.
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Biological membranes also contain proteins as shown in Figure 1.13. Some of these
membrane proteins serve as channels for the entry of nutrients and the exit of wastes.
Other proteins catalyze reactions that occur specifically at the membrane surface. They
are the sites of many important biochemical reactions. We will discuss lipids and bio-
logical membranes in greater detail in Chapter 9.

1.4 The Energetics of Life

The activities of living organisms do not depend solely on the biomolecules described
in the preceding section and on the multitude of smaller molecules and ions found in
cells. Life also requires the input of energy. Living organisms are constantly transform-
ing energy into useful work to sustain themselves, to grow, and to reproduce. Almost all
this energy is ultimately supplied by the sun.

Lipid
bilayer

Proteins

A Figure 1.13

General structure of a hiological membrane. Biological membranes consist of a lipid bilayer with as-
sociated proteins. The hydrophobic tails of individual lipid molecules associate to form the core of
the membrane. The hydrophilic heads are in contact with the aqueous medium on either side of
the membrane. Most membrane proteins span the lipid bilayer; others are attached to the mem-
brane surface in various ways.



Sunlight is captured by plants, algae, and photosynthetic bacteria and used for the
synthesis of biological compounds. Photosynthetic organisms can be ingested as food
and their component molecules used by organisms such as protozoa, fungi, nonphoto-
synthetic bacteria, and animals. These organisms cannot directly convert sunlight into
useful biochemical energy. The breakdown of organic compounds in both photosyn-
thetic and nonphotosynthetic organisms releases energy that can be used to drive the
synthesis of new molecules and macromolecules.

Photosynthesis is one of the key biochemical processes that are essential for life,
even though many species, including animals, benefit only indirectly. One of the by-
products of photosynthesis is oxygen. It is likely that Earth’s atmosphere was trans-
formed by oxygen-producing photosynthetic bacteria during the first several billion
years of its history (a natural example of terraforming). In Chapter 15, we will discuss
the amazing set of reactions that capture sunlight and use it to synthesize biopolymers.

The term metabolism describes the myriad reactions in which organic compounds
are synthesized and degraded and useful energy is extracted, stored, and used. The study
of the changes in energy during metabolic reactions is called bioenergetics. Bioenergetics
is part of the field of thermodynamics, a branch of physical science that deals with en-
ergy changes. Biochemists have discovered that the basic thermodynamic principles
that apply to energy flow in nonliving systems also apply to the chemistry of life.

Thermodynamics is a complex and highly sophisticated subject but we don’t need
to master all of its complexities and subtleties in order to understand how it can con-
tribute to an understanding of biochemistry. We will avoid some of the complications
of thermodynamics in this book and concentrate instead on using it to describe some
biochemical principles (discussed in Chapter 10).

A. Reaction Rates and Equilibria

The rate, or speed, of a chemical reaction depends on the concentration of the reac-
tants. Consider a simple chemical reaction where molecule A collides with molecule B
and undergoes a reaction that produces products C and D.

A+B—C+D (1.2)

The rate of this reaction is determined by the concentrations of A and B. At high
concentrations, these reactants are more likely to collide with each other; at low concen-
trations, the reaction might take a long time. We indicate the concentration of a reacting
molecule by enclosing its symbol in square brackets. Thus, [A] means “the concentra-
tion of A’—usually expressed in moles per liter (M). The rate of the reaction is directly
proportional to the product of the concentrations of A and B. This rate can be described
by a proportionality constant, k, that is more commonly called a rate constant.

rate o< [A][B] rate = k[A][B] (1.3)

Almost all biochemical reactions are reversible. This means that C and D can col-
lide and undergo a chemical reaction to produce A and B. The rate of the reverse reac-
tion will depend on the concentrations of C and D and that rate can be described by a
different rate constant. By convention, the forward rate constant is k; and the reverse
rate constant is k_;. Reaction 1.4 is a more accurate way of depicting the reaction
shown in Reaction 1.2.

A+ B ::11 C+D (1.4)
If we begin a test tube reaction by mixing high concentrations of A and B, then the
initial concentrations of C and D will be zero and the reaction will only proceed from
left to right. The rate of the initial reaction will depend on the beginning concentrations
of A and B and the rate constant k;. As the reaction proceeds, the amount of A and B
will decrease and the amount of C and D will increase. The reverse reaction will start to
become significant as the products accumulate. The speed of the reverse reaction will
depend on the concentrations of C and D and the rate constant k_;.

1.4 The Energetics of Life 11

A Sunlight on a tropical rain forest. Plants
convert sunlight and inorganic nutrients into
organic compounds.

Inorganic nutrients
(CO,, H,0)

Light energy

Photosynthetic
organisms

Organic compounds

Energy\ All organisms

Waste Macromolecules
(CO,, H,0)

A Energy flow. Photosynthetic organisms
capture the energy of sunlight and use it to
synthesize organic compounds. The break-
down of these compounds in both photosyn-
thetic and nonphotosynthetic organisms
generates energy needed for the synthesis of
macromolecules and for other cellular re-
quirements.
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KEY CONCEPT

The rate of a chemical reaction depends
on the concentrations of the reactants.
The higher the concentration, the faster
the reaction.

KEY CONCEPT

Almost all biochemical reactions are
reversible. When the forward and reverse
reactions are equal, the reaction is at
equilibrium.

A Josiah Willard Gibbs (1839-1903). Gibbs
was one of the greatest American scientists
of the 19th century. He founded the modern
field of chemical thermodynamics.

KEY CONCEPT

The Gibbs free energy change (AG) is the
difference between the free energy of the
products of a reaction and that of the
reactants (substrates).

At some point, the rates of the forward and reverse reactions will be equal and there
will be no further change in the concentrations of A, B, C, and D. In other words, the re-
action will have reached equilibrium. At equilibrium,

ki[A][B] = k_4[C][D] (1.5)

In many cases we are interested in the final concentrations of the reactants and
products once the reaction has reached equilibrium. The ratio of product concentra-
tions to reactant concentrations defines the equilibrium constant, K. The equilibrium

constant is also equal to the ratio of the forward and reverse rate constants and since k;
and k_; are constants, so is K. Rearranging Equation 1.5 gives,
ki _[CD] _
k- [Al[B]

Keq (1.6)

In theory, the concentrations of products and reactants could be identical once the
reaction reaches equilibrium. In that case, K.q = 1 and the forward and reverse rate
constants have the same values. In most cases the value of the equilibrium constant
ranges from 102 to 10° meaning that the rate of one of the reactions is much faster
than the other. If Koq = 10° then the reaction will proceed mostly to the right and the
final concentrations of C and D will be much higher than the concentrations of A and
B. In this case, the forward rate constant (k;) will be 1000 times greater than the reverse
rate constant (k_;). This means that collisions between C and D are much less likely to

produce a chemical reaction than collisions between A and B.

B. Thermodynamics

If we know the energy changes associated with a reaction or process, we can predict the
equilibrium concentrations. We can also predict the direction of a reaction provided we
know the initial concentrations of reactants and products. The thermodynamic quan-
tity that provides this information is the Gibbs free energy (G), named after J. Willard
Gibbs who first described this quantity in 1878.

It turns out that molecules in solution have a certain energy that depends on tem-
perature, pressure, concentration, and other states. The Gibbs free energy change (AG)
for a reaction is the difference between 