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Each chapter begins with an outline. These will allow students to
tell at a glance how the chapter is organized and what major topics

CHAPTER OUTLINES

have been included in the chapter.

Thermodynamics in Biochemistry

Thermodynamic Quantities
The First Law of Thermodynamics: Any Change in the Energy
of a System Requires an Equal and Opposite Change in the
Surroundings
The Second Law of Thermodynamics: In Any Spontaneous
Process the Total Entropy of the System and the
Surroundings Increases

We say that thermodynamics determines whether a
process “could” occur, because thermodynamics tells us only
whether the process is possible, not whether it actually will occur
in a finite period of time. The rate at which a thermodynami-
cally possible reaction occurs depends on the detailed mecha-
nism of the process. For a biochemical process to accur rapidly,
appmpnalc enzymes must be available. Th: distinction be-
tw than

Free Energy Provides the Most Usejul Criterion for
Applications of the Free Energy Function
Values of Free Energy Are Known for Many Compounds
The Standard Free Energy Change in a Reaction Is Related
Logarithmically to the Equilibrium Constant
Free Energy Is the Maximum Energy Available fur Useful Work
Biological Systems Perform Various Kinds of Work
Favorable Reactions Can Drive Unfavorable Reactions
ATP as the Main Carrier of Free Energy in Biochemical Systems
The Hydrolysis of ATP Yields a Large Amount of Free Energy

and speed is
itis IDr chemists, because if a chemical n:aclmn does not pro-
ceed rapidly a chemist can change the pressure or temperature
or increase the concentration of the reactants. A living organism
1s under more rigid constraints: It must function at a fixed tem-
perature and pressure and within a limited range of concentra-
tions of reactants.

In this chapter we will elaborate on the thermodynamic
quantities that we introduced in chapter 1. We will then expand
the discussion to show how the concept of free energy is used in

he primary usefulness of thermodynamics to

biochemists lies in predicting whether partic-

ular chemical reactions could occur sponta-

neously. A simple illustration is to predict what

compounds could possibly serve as energy

sources for an organism. You are aware from
everyday experience that oxidation of organic molecules by mo-
lecular oxygen relcases energy. For cxample, wood or coal burns
with a large output of heat. Similarly, organisms can obtain
energy by oxidizing carbohydrates, fats, or proteins, Some or-
ganisms oxidize hydrocarbons, some oxidize reduced forms of
sulfur, and others oxidize iron, But no organisms live by ox
dizing molecular nitrogen, and the explanation lies in thermo-
dynamics. The reaction cannot occur spontancously. This
example illustrates the importance of thermodynamics in con-
trolling all life. Because organisms live by extracting chemical
energy from their surroundings, thermodynamics is not an es-
oteric subject. It is a matter of life or death.

predicting pathways, and we will explore the cen-
tral role of ATP in providing energy for biochemical reactions.

Thermodynamic Quantities
The properties of a substance can be classified us ither inten-
sive or extensive. Intensive properties, which include den:
pressure, temperature, and concentration, do not depend on the
amount of the material. Extensive properties, such as volume
and weight, do depend on the amount. Most of the thermody-
namic properties we will be discussing arc extensive properties
Thesc include energy (£), enthalpy (H), entropy (S). and free
energy (G).
Energy, enthalpy, entropy, and free energy are all prop-
erties of the state of a substance. This means that they do not
depend on how the substance was made or how it reached a
particular state. In a chemical reaction, it is the difference be-
tween the initial and final states that is important; the pathway
that is taken to get from the initial state 1o the final state has
no bearing on whether the overall reaction releases or consumes
energy (fig. 2.1)

Figure .16

Energetically favored conformations of B(1 4)-linked b-glucose (a) and
a).4) linked v glucosc (b). Notc that in the B 1.4) configuration in (a),
Memmatig reidies are ipped 180° el (o one zncbir 6 hat o
ains rexlt. In the (1.4) configuration (), the chain has a natural

8(1,4)-linked o-glucose units

Gz, o

a(1,4)-linked o-glucose units

10 be discovered (1943) was the lefi-handed helix of amylose
wound around molecules af iodine (fig. 6.17). This s(mcmm is

for the blue color of the a

Correlated with this functional difference is the omnipresence
n{dcgmdmg enzymes for glycogen and starch and the very lim-

complex

The extended-chain form of polyglucose has been ex-
ploited in nature for structural purposes, leaving by default the
coiled form for use as an cnergy-storage macromolecule.

148

of enzymes for cel-
Wulos. Ceblose s degraded in the gastrointestinal tract of
herbivores, such as the cow, or in insects, such as termites, by
a protozoan that synthesizes the enzyme cellulase. Humans do
not possess this enzyme and hence cannot degrade cellulose.

Structure and Function of Major Companents of the Cell

B.

DRAMATIC VISUALS PROGRAM

Colorful and informative photographs, illustrations, and tables

enhance the learning program.
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Measurement of Ultraviolet Absorption in Solution

he general quanttanve relanonship that governs all ab,

I sorption processes s Galled the Beer Limbert law
IR

where Iy is the intensity of the inadent radiation, 1s the intensity
of the radition transmined through a cell of thickness o Gn cen-
timer ation ¢ (expressed
either in moles per litee of 16 grams per 100 mi), and « is the ex
pction coefficient
g § (see g 3

Light absorption is measured by a spectrophotometer as
<hown in the illustration. The spectruphotometer usually is ca
pable of directly recording the absorhance A, which is related to
7and f by the equation

o5} that contins a solution of concent

haractenisuc of the substance being inves

Hence A = ved o concentration. We

at the ¢ salues are largest for typlophan

I A is a direct measy
can see from figure 37 ¢
and smallest for phenylalanime

Since protein absorprion maxin in the nesrultaviotet (240
300w ) are determined by the content of the aromatic amino
acrds and thei respective valies, most proteins have absorption

Figure 1

Schematic diagram of a spectrophotometer for measuring light absorption
Laboratory instruments for making measurements are much more complex
than this. but they all contain the same basic components: 4 light source, &
monochromator. a sample, and a detector X is the wavelength of the light, /,
and 1 are the incident Hight intensity and the transmitted ight intensity,
respectively. and d is the thickness of the absorbing solution

<A 7

Source Monochromator Sample

—t

Detector

maxima 1n the 280 nm region. By contrast, absorption in the tar
ultraviolet (around 190 am) is shown by all polypeptides regard
Tess of their aromatic no acid content The reason is that al
sorption in this region s due primarily to the peptide linkage

Another convention for referring 1o s

called the R, S convention. As the K, S convention is not as
popular for amino acids or sugars as it is for other types of bio-
molecules. such as lipids. we will not discuss this notation until
chapter 11 (see box 11A)

Peprides and Polypeptides

Amino acids can link together by a covalent peptide bond be-
tween the a-carboxyl end of one amino acid and the a-amino
end of another. Formally, this bond is formed by the loss of &
water molecule, us shown in figure 3.9, The peptide bond has
partial double-bond character owing to resonance effects; as 1
result, the C N peptide linkage and all of the atoms directly
connected to C and N lie in « planar configuration called the
amide plane. In the following chapter we will sce that this amide
plane, by limiting the number of orientations available to the
polypeptide chain, plays # major role in determining the three-
dimensional structures of proteins.

Any number of amino acids can be joined by successive
peptide linkages. forming a polypeptide chain. The polypeptide
chain, like the dipeptide. has a directional sense. One end, called

the N: inal or | end, has a free a-amino group,
whereas the other end, the C-terminal or carboxyl-terminal end,
has a free a-carboxyl group. The sequence of main-chain atoms
from the N-terminal end to the C-terminal end is C, —C~
N~ C,.etc., and in the opposite direction itis C, ~N —C —
C.. etc. Short polypeptide chains, up to a length of about 20
amino acids, arc called peptides or oligopeptides if they are
fragments of whole polypeptide chains. A small protein mole
cule may contain a polypeptide chain of only 50 amino acids; a
large protein may contain chains of 3,000 amino acids or more
One of the larger single polypeptide chains is that of the muscle
protein myosin, which consists of approximately 1,750 amino
acid residues. Figure 3.10 shows a section of a polypeptide chain
as a linear array with a carbons and planar amides alternating
as repeating units of the main chain. Different side chains are
attached to each « carbon

In addition to the covalent peptide bonds formed be-
(ween adjacent amino acids within a polypeptide chain, cova-
lent disulfide bonds can be formed within the same polypeptide
chain or between different polypeptide chains (fig. 3.11). Such
disulfide linkages have an important stabilizing influence on the
structures formed by many proteins (see chapter 4)

Structure and Function of Major Components of the Cell

E.

END-OF-CHAPTER SUMMARIES

Each summary offers a concise review of the material covered in
the chapter. Students can use the summary to review the chapter or
to preview the important topics.

E.
SELECTED READINGS

Each chapter concludes with carefully selected references that
contain further information on the topics covered in that chapter.

G.
END-OF-CHAPTER PROBLEMS
These problems will challenge students’ mastery of the chapter’s

basic concepts. Odd-numbered problems are answered briefly in
the back of the text.

XXVi

C.

SUPPLEMENTARY BOX MATERIAL

Throughout the text, supplemental information on experimental
procedures, mechanisms, and methods of evaluation are presented
in boxes

D.

UNDERLINED KEY CONCEPTS

Important terms and concepts are highlighted by underlining.

Summary

10 1his <hapier we have dealt with some of the fundamental prop
eres of amune acids and polvpeptide chains. The following pomnis
are especialls important

[ he twents amino acids commonly found 1
poterns have a carboxs g
atached (o an acarbon atom. they difier in the side chan
attached w the same a carbon

2 Al amune acids have acidic and hasic propertics The
O base o form atany given pH can be caleulated from
the pA with the help of the Henderson Hasselbach
cquation

3 ALLamino acidy except RIVCine are asymmernic and
therefore can exist it least 1o different stercomomenc
forms

4 Pepndes are formed from amino scids by the reaction of
the a aminu group from one amino acid with the a
carhoxyt geonup of another amine e

5 Polypepude tormation involves a repeti
nvilied in pepude synthesis

Of the process

6 The amino acid composition of proteins <an e discovered
by first hreaking down the protein into its component
amina acids and then separating the amino acids in the
miture for quantitatve estmaton

The amino acid sequences of proteins can be discovered by
breaking down the protein i polypeptide chams and
then partially degrading ihe polvpeptide chains. For each
polypeptide chain fragment, the sequence 1s determined by
stepwise remosal of amino acids from the amino termanal
end of the polypepude chain. Two diflerent methods ot
forming polypeptide chain fragments are used s as 1o
produce s map of overlapping fragments. from which the
sequence of undegraded polypeptide chains in the
proteins can be deduced

Polvpepnde chams with 4 predetermined amino acid
sequence can be synthesized by chemical methods
involving carhoxvl group activation

=

Selected Readings

GOt | Chemistry wnid B bemistry of Aminn Actds New
Vork Chapman and il 1955 A recent and authontaine solume

ot this Clasical subjeet

Gra W K Fad group analvss using dansd chlonde Merhods o

Fnsymuligy 23 120 14K 19

mulogy <ot several Chapiees on end goup analvais

2 s volume of Vetheds i

Hankapiller M X1 E Sinckler amd K | Wilson Contemy
mehodology b protein struc ture determinaton. Se
3111944

Kent S B 11 Chemical ssnthesss of pe
Hivchem 57 0%

Sanger B Sequences, sequences and sequences Ann Ree Biochem

57126 10NN

Problems

1 (3) A 10:mw solution of a weak monocarboxyhic acid has a
pH of 300 Caleulate & and pK, for this carboxylic
aud

(b) You add 606 g NaOM (3, = 401 1o 1.000 mi of the
aaid solution i part (a) Calculate the fnal pH,
assuming no volume change

Given the p&, values in the text. predict how the tiraton

curves for glutamic acid and glutamine would differ

You have 50 ml of 10-mw fully protnated histidine How

many mitlimoles of hase must be added 10 brng the

histidine solution 10 3 pil that is equivalent 1o the pl-

Caleulate the isoclectre point for histidine. aspartic acd

and arginine. Calculate the fractional charge for each

1onizable group on aspartate at pH equal to pl Do the
results venfy the isoelectec point of

Which of the natrally oucurning

charged at pH 22 pH > pH 127 (Consider only those amino,

acids whose side chains have > 10% charge at the phi
indicated )

>

Amino acids are sometnmes used as buffers Indicate the
appropniate pii value(s) of « buffer containing aspartic
acd hisudine, and serine

The Building Blocks of Proteins Amino Acids. Peptides. and Polypeptides

Ten ml of 3 10 ma solution of lysine was adjusted 1o pi
1120 Draw the steuctures of the prnaipal ionized forms
present in solution Use the pk, values shown in able 3 3
and calculate the concentration of cach principal form
For the tripeptide shown below. the aumbers in
parentheses are the p, values of the wonizable groups

@

(1001 o ] (301
" "
NH,—~ CH —C—NH ~ CH—C—NH ~ CH—CO00®
| | ]
CH, (cHy), cH,
[ | 1
OO0 NH, (100) SH
+0) o] [CX}

(a) Estimate the net charge at pH 1 and pH 14

(h) Estumate the isoelectric pH

Polyhistidine is insoluble 1n water at pH = 8 but s soluble
aupH 55 Explain the observation Would you expect the
polymer o he soluble ar pH 107

©
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Preface

hat makes biochemistry exciting? What makes
biochemistry unique? What makes biochem-
istry so important? The answer to all three of
these questions is virtually the same. Each and
every reaction in biochemistry serves a func-
tion; that function is the maintenance and
propagation of the living system. To understand biochemistry is
to appreciate the place that each reaction occupies in the system.

Students of the previous generation discovered the
principles that govern biochemistry, the basic reactions, and an
immense body of facts consistent with these principles. Future
biochemists to emerge from this generation of students will un-
cover the mysteries of developmental biology and physiology.
They will find cures for cancers, cystic fibrosis, sickle cell anemia
and many other diseases. My goal in putting this text together
has been to convey my enthusiasm for this subject to this gen-
eration of students, to acquaint them with what is known and
to prepare them for the discoveries of the future.

While the main principles of biochemistry are under-
stood, the number of new facts that keep adding to the subject
is immense. The field is becoming more and more subdivided as
the volume of knowledge increases. No single person could di-
rectly cope with all the new information that is continuously
appearing in the scientific literature. For the purpose of writing
an authoritative up-to-date textbook on biochemistry, it would
be ideal to involve a team of experts with hands-on experience.
The contributing authors of this text are all research specialists
who have made their mark in a specific area of biochemistry;
they are teachers as well. Each contributing author could write
an entire book on the chapter he/she has contributed to in this
text. Recognizing that the primary goal of this text is to meet
the needs of students facing the subject for the first time, each
contributing author has had to pare down what he/she knows
emphasizing principles, but not ignoring important facts. Each
chapter has been carefully crafted with that goal in mind. My

Preface

responsibility as coordinating author of this text has been to mold
the contributions into a smooth reading, well integrated product.

This is the third edition of Biochemistry. Whereas 1
have had the same goal throughout this project, it is only with
this edition, that the long-hoped-for product has finally emerged
from our team approach. Reviewers teil us that this edition is
not only consistently authoritative, it now reads like a cohesive,
consistent single author textbook.

Each chapter emphasizes principles. Since the over-
riding principle is that every reaction serves a function, there is
a strong emphasis on analysis of biochemical pathways and how
different pathways are interrelated. In this pursuit balanced
emphasis is given to chemistry and mechanisms, bioenergetics,
metabolic regulation, and methods of biochemical analysis.

We have organized this text along conventional lines
for teaching purposes. In Part 1 an overview is followed by an
explanation of the importance of thermodynamics in biochem-
istry. In Part 2 we consider the structure and function of the
major components of the cell. In Part 3 we discuss enzymes and
coenzymes and the mechanisms of catalysis. Part 4 deals with
energy producing catabolic processes, and Part 5 deals with
energy consuming synthetic processes. In Part 6 we focus on
nucleic acids and the way in which the biochemical information
encoded in the chromosome is translated into the amino acid
sequences found in proteins. Finally, in Part 7 we approach some
of the applications of biochemistry to physiology.

Organizational Changes

The overall organization of the previous edition has been changed
significantly:

e The chapter on methods for characterization and
purification of proteins (formerly chapter 3) has been
eliminated. Much of the material from this chapter has

Xxvii



been disseminated into other chapters, appearing at the
points where it is most relevant. The same goes for the
discussion of methods in general, and there is a special
appendix indicating where specific methods are discussed.

» The chapter on nucleic acid structure (formerly chapter 7)
has been moved to a later part of the text (chapter 25).
This has been done because nucleic acids are not
discussed in any depth until Part 6. The general
significance of nucleic acids is adequately discussed in
chapter 1 so this should create no problem for the rare
student who has not encountered this subject already.

* The chapter on origin of life has been eliminated. A few
points about this subject are now made in chapters 1 and
28. This is a delightful subject and very close to my
major research interests. However, it simply is not
mainstream biochemistry and space would not allow us to
keep this chapter.

* After many years of agonizing appraisal I have decided to
place thermodynamics as the second chapter. Bioenergetics
is 5o central to everything in biochemistry that I thought
it should be discussed as soon as possible. At the same
time an esoteric chapter on this subject could easily turn
off many students. To avoid this we have considerably
simplified this chapter to make it as palatable as possible
without losing any of the significance of a more esoteric
chapter.

* A new chapter on functional diversity of proteins (chapter
5) has been added. This gives us an opportunity to dwell
on the very important subject of the relationship between
protein structure and function. In addition we have used
this chapter as a location to discuss the subject of protein
purification.

* The chapters on lipids and membrane structures have been
combined into one chapter. Students are more attentive
to a description of lipids if they can see the important
role they play in membrane structure.

* The chapters on lipid catabolism and synthesis have been
combined in this edition (chapter 17). This makes it
easier to discuss regulation of lipid metabolism.

At the end of the treatment of intermediary metabolism
(chapter 24) we have added a chapter on the integration
of metabolism. In this chapter we have included most of
the coverage of hormone action that was presented much
later in the second edition. It is more relevant here as
hormones are the key to the integration of metabolism in
multicellular organisms.

 Two short chapters have been added to Part 7; chapter 33,
on immunobiology, and chapter 34 on carcinogenesis.
These are two hot topics that are of great interest to
students. The chapters are kept short and simple for
those who would choose to use them in a two term
course. It would be best to consider them after the core
chapters of Part 6 (i.e., chapters 25, 26, 28 and 29).

XXviii

Content Features of This Edition

The coverage of biochemistry in this text is determined by the
consensus feedback that we have received as well as the limi-
tations of the present state of our knowledge. Coverage of the
biochemistry of bacteria and mammals is emphasized over plant
biochemistry.

Part 1 is entitled “An Overview of Biochemistry and
Energy Considerations.” The first chapter “Overview of Bio-
chemistry,” is very similar to the introductory chapter in the
second edition. It presents the basic principles in chemistry and
biology that relate to biochemistry. The second chapter, “Ther-
modynamics in Biochemistry,” has been considerably rewritten
and simplified over the corresponding chapter in the second edi-
tion, which had appeared as chapter 12. Chapter 2 elaborates
on the thermodynamic quantities introduced in chapter 1, to
show how the concept of free energy is used to predict the pos-
sibility that given reactions can occur. It also describes the cen-
tral role of ATP in providing energy for biochemical reactions.

Part 2, “Structure and Function of Major Components
of the Cell,” contains five chapters describing the structure and
function of proteins, carbohydrates, and lipids. The contents of
Part 2 are similar to the contents of Part 1 in the previous edi-
tion, except that the discussion of nucleic acids has been moved
to Part 6, and a new chapter 5, “Functional Diversity of Pro-
teins,” has been introduced.

Chapters 3, 4, and 5 present the basic structural and
chemical properties of proteins. Chapter 3, “The Building Blocks
of Proteins: Amino Acids, Peptides, and Polypeptides,” is very
similar to the comparable chapter in the second edition. Chapter
4, “The Three-Dimensional Structure of Proteins,” describes the
secondary, tertiary, and quaternary structures of proteins, the
rules for which govern the folding of polypeptide chains and the
ways in which these structures are determined. In this edition
there is more coverage of the relationship between symmetry
and quaternary structures than in the second edition. Chapter
5, “Functional Diversity of Proteins,” focuses on the question
of how protein structure relates to function and describes tech-
niques used to isolate proteins.

Chapter 6, “Carbohydrates, Glycoproteins, and Cell
Walls,” describes the structural properties of sugars, oligosac-
charides, and polysaccharides, along with the various roles that
these compounds play as energy-storage molecules, components
of glycoproteins, and in cell walls. This chapter’s segment on
glycoproteins has been considerably updated. Finally, in chapter
7, “Lipids and Membranes,” two chapters from the second
edition have been fused into one cohesive chapter. In it, the
structural properties of lipids are discussed with reference to
the roles lipids play as energy-storage molecules and in mem-
brane structures.

Part 3, “Catalysis,” is divided into four chapters, the
first three of which have been completely rewritten, while the
last has been simplified considerably, with discussions of lipid-
soluble vitamins and the role of metals as cofactors added.

Preface



Chapter 8, “Enzyme Kinetics,” features a description
of kinetic methods for analyzing enzyme-catalyzed reactions.
Chapter 9, “Mechanisms of Enzyme Catalysis,” focuses on the
way in which the structure of the enzyme active site is related
to enzyme activity under different conditions. In this chapter a
general discussion of factors determining enzyme specificity is
followed by several detailed examples. Chapter 10, “Regulation
of Enzyme Activities,” describes enzymes regulated by struc-
tural modifications or the binding of specific factors at allosteric
sites, and chapter 11, “Vitamins, Coenzymes, and Metal Co-
factors,” covers the function of small molecules acting in con-
junction with enzymes as cocatalysts.

Part 4 “Catabolism and the Generation of Chemical
Energy,” is divided into six chapters. Since both Parts 4 and 5
are concerned with intermediary metabolism, it’s not easy, or
even appropriate, to separate the subject into artificially tidy
discussions of catabolism and anabolism. Suffice it to say that
the emphasis in Part 4 is on catabolism and the generation of
chemical energy, while in Part 5 the emphasis is on biosynthesis.
Chapter 12, “Metabolic Strategies,” which initiates Part 4, re-
lates strongly to both Parts 4 and 5, as does chapter 24, “In-
tegration of Metabolism and Hormone Action,” which concludes
Part S.

Chapter 12, “Metabolic Strategies,” deals with the
general ways in which metabolism is organized and the ways in
which it is regulated. Chapters 13, 14, and 15 are devoted to
carbohydrate metabolism in relationship to the generation of
ATP. Chapter 13, “Glycolysis, Gluconeogenesis, and the Pen-
tose Phosphate Pathway,” describes anabolic as well as cata-
bolic processes—namely, the synthesis of simple sugars and
simple sugar polymers, as well as their breakdown. Both syn-
thesis and breakdown are covered in the same chapter in order
to facilitate meaningful discussion of the regulation of these two
processes, which are intimately related.

Chapter 14, “The Tricarboxylic Acid Cycle,” describes
the further catabolism of sugars possible under aerobic condi-
tions. Chapter 15, “Electron Transport and Oxidative Phos-
phorylation,” complements chapter 14 because it shows how
electrons released by the aerobic oxidation of sugars are chan-
neled down the electron-transport system, ultimately to syn-
thesize ATP. Chapter 16, “Photosynthesis and Other Processes
Involving Light,” appears immediately after the chapter on
electron transport and the production of ATP because both
chapters describe energy-generating metabolism. The complex
light-powered processes are explained so that a minimal back-
ground in physics and chemistry is needed.

Part 4 concludes with Chapter 17, “Metabolism of Fatty
Acids,” which represents a fusion of two chapters from the
second edition. The reasons for discussing both synthesis and
breakdown of lipids in the same chapter are exactly the same
as the reasons for doing this with sugars (as in chapter 13).

In many schools a one-semester treatment of biochem-
istry would end with chapter 17. Even though the first half of
the text is tightly structured, instructors may still wish to seek
additional material or skip around. Two recommendations in-
volve chapter 25 and chapter 32. Chapter 25, “Structures of
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Nucleic Acids and Nucleoproteins,” could be treated as a chapter
in Part 2. If this is done, instructors should make sure students
read the opening pages of chapter 20, which deal with the struc-
ture of nucleotides. Likewise, some instructors may wish to
assign readings from chapter 32, which deals with mechanisms
of membrane transport, after they have assigned chapter 7 on
lipids and membranes.

Part 5, “Biosynthesis of the Building Blocks,” contains
seven chapters, mainly describing the biosynthesis and utili-
zation of amino acids, nucleotides, complex carbohydrates, and
lipids. Although there is a great deal of useful information in
these chapters, most of Part 5, except for chapter 24, can be
skipped if there is a strong desire to get to Part 6 as quickly as
possible.

Chapter 18, “Biosynthesis of Amino Acids,” describes
the biosynthesis of amino acids. Because twenty amino acids
found in proteins are made in bacteria and plants (whereas only
a few amino acids are synthesized de novo in mammals), and
because these pathways are better understood in bacteria, most
of this chapter focuses on biosynthesis in bacteria. Nonprotein
amino acids are discussed briefly. Finally, the problem of ni-
trogen fixation in biological systems is examined.

Chapter 19 is entitled “The Metabolic Fate of Amino
Acids.” It discusses the way in which amino acids, when in excess
or when present as the only available carbon or energy source,
are reduced to carbohydrates, which can serve as a source of
energy or carbon skeletons for the synthesis of other molecules.
A few products derived from amino acid metabolism are also
discussed in detail, including porphyrins, biological active
amines, glutathione, and peptide antibiotics.

Chapter 20, “Nucleotides,” deals with the structures,
synthesis, and breakdown of nucleotides, with considerable at-
tention devoted to the role of nucleotide derivatives as inhibitors
of nucleic acid synthesis and the important role they play in the
medical field. The biosynthesis of nucleotide-containing coen-
zymes is also discussed in this chapter.

Chapter 21, “Biosynthesis of Complex Carbohy-
drates,” describes the synthesis of complex carbohydrates that
serve structural roles and the synthesis of oligosaccharides that
exist in combination with proteins. A great deal of new infor-
mation on this subject appears in this chapter, as does a detailed
discussion of bacterial cell-wall synthesis.

Chapter 22, “Biosynthesis of Membrane Lipids and
Related Substances,” describes the metabolism of complex lipids.
Phospholipids and sphingolipids are viewed in terms of their im-
portant structural roles in membranes, while eicosanoids are de-
scribed in terms of functioning local hormones.

Chapter 23, “Metabolism of Cholesterol,” describes the
biosynthesis of cholesterol and some of its derivatives—bile acids
and steroids. The chapter devotes considerable attention to the
transport of these compounds, along with the problems associ-
ated with defects in cholesterol metabolism.

Chapter 24, “Integration of Metabolism and Hormone
Action,” concludes the two parts on intermediary metabolism.
This chapter emphasizes the way in which intermediary me-
tabolism is regulated in multicellular organisms.
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Part 6, “Storage and Utilization of Genetic Informa-
tion,” features seven chapters describing the metabolism of nu-
cleic acids and proteins. The entire section has been updated to
keep pace with this rapidly changing area. Where useful, key
genetic phenomena have also been explained.

This part begins with chapter 25, “Structures of
Nucleic Acids and Nucleoproteins,” which describes structures
and functions of DNA and deoxyribonucleoproteins. It has in-
tentionally been placed after structures of nucleotides have been
discussed (in chapter 20) and before the structures of RNA and
ribonucleoproteins are discussed (in chapter 28).

In chapter 26, “DNA Replication, Repair, and Recom-
bination,” the emphasis is on the metabolism of replication. The
treatment is equally balanced between replication in prokary-
otes and eukaryotes including animal viruses.

Chapter 27, “DNA Manipulation and Its Applica-
tions,” begins with a discussion of the procedures for deter-
mining DNA sequence, proceeds with a discussion of the
techniques for manipulating DNA sequences, and concludes by
describing two important applications of DNA manipulation—
the mapping of the globin gene family and the mapping of a
gene responsible for the dreaded disease cystic fibrosis.

Chapter 28, “RNA Synthesis and Processing,” which
describes RNA synthesis and processing equally, presents a
considerable amount of new information on transcription fac-
tors in animals cells and a variety of ways in which RNA is
processed.

Chapter 29, “Protein Synthesis, Targeting, and Turn-
over,” has been significantly expanded over the corresponding
chapter in the second edition, particularly in the area of tar-
geting, where many new discoveries have been made recently.

Chapter 30, “Regulation of Gene Expression in Pro-
karyotes,” includes a discussion of several well-characterized
gene systems found in E coli. It also features a treatment of the
sequence of regulatory events involving bacteriophage A infec-
tion and lysogeny.

Chapter 31, “Regulation of Gene Expression in Eu-
karyotes,” begins by discussing several different gene systems
in the intensively studied unicellular eukaryote Saccharomyces
cerevisiae. Then it shifts to multicellular eukaryotes, focusing
on the complex assemblages of protein factors involved in reg-
ulating various genes. Both this chapter and the previous one
cover in considerable detail the structures of proteins that reg-
ulate gene expression and the ways in which they interact with
DNA. The chapter concludes with a special section on the ways
in which gene expression is regulated during early development.

Part 7, “Physiological Biochemistry,” contains five
chapters: “Mechanisms of Membrane Transport” (chapter 32),
“Immunobiology” (chapter 33), “Carcinogenesis and Onco-
genes” (chapter 34), “Neurotransmission” (chapter 35), and
“Vision” (chapter 36). Except for the first one, all of these
chapters are intentionally short, so that it will be convenient to
assign them at different points in the course, depending on the
taste of the instructor. The titles of the chapters are self-
explanatory.
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Learning Aids

We have included a number of in-text learning aids to help both
the professor and the student navigate their way through the
text.

The goal of this edition is to stress, not merely the facts,
but especially the principles of biochemistry. In as many cases
as is practical, explanations are given for how certain facts have
been revealed by scientific investigations. Biochemists are sleuths
always devising new methods to discover Nature’s secrets. We
felt it best to integrate discussion of the methods of biochem-
istry directly in the text at points where the methods are ac-
tually employed in biochemical investigations. To aid in location
of a particular method description, we have placed a section en-
titled 4 Student’s Guide to Methods of Biochemical Analysis
in the appendices.

Great care has been taken to make explanations clear
and to inject the maximum significance into topical headings.
Key terms are always explained the first time they are intro-
duced and Key concepts are underlined . Nevertheless, it is easy
to forget the meaning of a particular term on occasion. To over-
come this frustration we have included a glossary just before
the index and a list of common biochemical abbreviations, we
have placed a list just inside the back book cover.

As an additional learning aid, a brief introduction to
each of the book’s seven parts is included. Furthermore, each
chapter begins with an outline of contents and an introduction.

All chapters have summaries at the end, and the longer
chapters have periodic summaries within them. For those who
would like to know more about any specific topic, extensive ref-
erences are included at the end of each chapter.

The exercise problems at the end of the chapters are
intended to reinforce what has been learned by the reading. Brief
answers to selected problems are given at the end of the book,
and instructors can obtain a Solutions Manual that provides
complete solutions to all of the problems in the text (see the
following section on ancillary materials).

Ancillary Material

In choosing the order of our presentation, we have been strongly
influenced by extensive feedback from instructors of biochem-
istry. As always, however, some instructors would have pre-
ferred a different ordering of the subject matter. For their benefit
we have suggested alternative possibilities for using the text in
an accompanying instructor’s manual. This manual also in-
cludes additional problems and solutions not offered in the text.

As an aid to course presentations, a set of 100 overhead
color transparencies and 200 black-and-white transparency
masters is available upon adoption of the text. Also available
upon request to professors is a solutions manual, including
worked-out solutions to all of the end-of-chapter problems. This
manual is available for sale to students, but only at the instruc-
tor’s request.



Acknowledgments

This preface is full of “I”’s. That’s because I, the coordinating
author, wrote it. By contrast, the text itself is the brainchild of
some twenty biochemists, of which I was only one. Neverthe-
less, because the manuscripts submitted by the contributing au-
thors were modified by me, I must take the blame for any errors.
If you should find errors, please notify me so that I can make
corrections in the second printing. I would be most grateful for
your input.

I would like to make a special note that Chapters 12,
13, and 14 were written by me based on Dr. Daniel Atkinson’s
material from the second edition of Biochemistry. So again, any
errors should be considered my responsibility.

My fellow authors and I consulted many experts during
the writing of each specific chapter, largely on an informal, “over
the phone” basis. Although the list of their names is too long to
include here, we are indebted to all of them. In addition, we had
the benefit of formal reviews of chapters and whole sections of
the text. I am deeply grateful to each of the reviewers, whose
aid we will certainly wish to solicit for future editions. The re-
viewers included:

Teh-hui Kao Penn State University

Todd P. Silverstein Willamette University

Paul Melius Auburn University

Galen Mell University of Montana

Edward J. Miller University of Alabama at Birmingham

Rodney Cate Midwestern State University

Ricki Lewis SUNY Albany

Ronald A. MacQuarrie University of Missouri-Kansas City

Gerald W. Hart Johns Hopkins University School of
Medicine

Larry Kirk California State University at Chico

Ralph C. Jacobson California State University-San Luis
Obispo

Peter D. Jones University of Tennessee

C. Reynold Verret Tulane University

Arthur L. Haas, Ph.D Medical College of Wisconsin

Hans Gunderson Northern Arizona University

Ezio A. Moscatelli University of Missouri at Columbia

Gail Dinter-Gotleib Drexel University

Preface

David Gross University of Massachusetts

Edye E. Groseclose Southeastern University of Health
Sciences

Maria O. Longas Purdue University Calumet

Bruce Howard Weber California State University, Fullerton

Donald R. Halenz Pacific Union College

Anthony T. Tu Colorado State University

Gary D. Small University of South Dakota School of
Medicine

Celia Marshak San Diego State University

D. J. Davis University of Arkansas

Karl A. Wilson SUNY at Binghamton

Harry R. Matthews University of California, Davis School of
Medicine

Richard E. Ebel Virginia Polytechnic Institute and State
University

Malcolm Potts Virginia Polytechnic Institute and State
University

Robert Lindquist San Francisco State University

Jeff Velten New Mexico State University

[ am also very grateful to many workers at the Wm. C.
Brown Publishing Company. First of all to Kevin Kane, who
shared my vision and made a tremendous investment in our text.
I am overwhelmed by the tremendous help received from Meg
Johnson, who gave me advice on many aspects of the text, who
obtained a multitude of top-notch reviews that were most useful
in preparing the final manuscript, and who stuck by me during
the hectic period of production. At times production problems
became so great that it wasn’t easy to keep going. I was very
lucky to have a production coordinator, Sherry Padden, from
whom I could get valuable advice on a day-by-day basis. She
functioned well beyond the normal responsibilities of her job to
help me and the other production workers to pull this project
together and bring it to a successful conclusion.

Last but not least I once again had the opportunity to
benefit from the superb copy editing of Emily Arulpragasam,
who smoothed out bumps in the prose and helped me spot errors
before they could be set in type. Her understanding of the sub-
ject was a major asset in making changes in the text that were
always scientifically accurate.

XXXi



Brief Contents

Volume One

An Overview of Biochemistry and Energy Catalysis 197

Considerations 1 Chapter 8 Enzyme Kinetics 199

Chapter 1  Overview of Biochemistry 3 Chapter 9 Mechanisms of Enzyme Catalysis 219
Chapter 2 Thermodynamics in Biochemistry 30 Chapter 10 Regulation of Enzyme Activities 254

Chapter 11 Vitamins, Coenzymes, and Metal

Cofactors 278

Structure and Function of Major
Components of the Cell 45
Chapter 3 The Building Blocks of Proteins: Amino
Acids, Peptides, and Polypeptides 47

Chapter 4 The Three-Dimensional Structure of
Proteins 69

Chapter 5 Functional Diversity of Proteins 106

Chapter 6  Carbohydrates, Glycoproteins, and Cell
Walls 138

Chapter 7 Lipids and Membranes 163

vii



Volume Two

PART 1

Catabolism and the Generation of

P AR 5

Chapter 12
Chapter 13

Chapter 14
Chapter 15

Chapter 16

Chapter 17

Chemical Energy 305

Metabolic Strategies 307

Glycolysis, Gluconeogenesis, and the
Pentose Phosphate Pathway 321

The Tricarboxylic Acid Cycle 354

Electron Transport and Oxidative
Phosphorylation 379

Photosynthesis and Other Processes
Involving Light 414

Metabolism of Fatty Acids 444

Biosynthesis of the Building Blocks 473

Chapter 18
Chapter 19
Chapter 20
Chapter 21

Chapter 22

Chapter 23
Chapter 24

Biosynthesis of Amino Acids 475
The Metabolic Fate of Amino Acids 513
Nucleotides 547

Biosynthesis of Complex Carbohydrates
585

Biosynthesis of Membrane Lipids and
Related Substances 612

Metabolism of Cholesterol 635

Integration of Metabolism and Hormone
Action 659

PART (¢

Volume Three

Storage and Utilization of Genetic

Chapter 25

Chapter 26

Chapter 27

Chapter 28
Chapter 29

Chapter 30

Chapter 31

viii

Information 689
Structures of Nucleic Acids and
Nucleoproteins 691

DNA Replication, Repair, and
Recombination 721

DNA Manipulation and Its Applications
757
RNA Synthesis and Processing 791

Protein Synthesis, Targeting, and Turnover
830

Regulation of Gene Expression in
Prokaryotes 864

Regulation of Gene Expression in
Eukaryotes 895

P AR gl

Physiological Biochemistry 929

Chapter 32
Chapter 33
Chapter 34
Chapter 35
Chapter 36

Mechanisms of Membrane Transport 931
Immunobiology 963

Carcinogenesis and Oncogenes 979
Neurotransmission 993

Vision 1012

Brief Contents



Contents

List of Supplementary Material xxii

List of Contributors xxiv

Guided Tour through the Biochemistry Learning System xxv
Preface xxvii

An Overview of Biochemistry and Energy
Considerations 1

Chapter 1

Overview of Biochemistry 3
Geoffrey Zubay

The Cell Is the Fundamental Unit of Life 4

Cells Are Composed of Small Molecules, Macromolecules, and
Organelles 7

All Biochemical Processes Obey the Laws of Thermodynamics 12

Noncovalent Intermolecular Forces Determine the Three-
Dimensional Folding Pattern of Macromolecules 12

Interaction with Water Is a Primary Factor in Determining the

Type of Structures that Form 12

Biochemical Reactions Are a Subset of Ordinary Chemical
Reactions 14

Conditions for Biochemical Reactions Differ from Those for
Ordinary Chemical Reactions 18

Many Biochemical Reactions Require Energy 19

Biochemical Reactions Are Localized in the Cell 21

Biochemical Reactions Are Organized into Pathways 21

Biochemical Reactions Are Regulated 22

Organisms Are Biochemically Dependent on One Another 22

Information for the Synthesis of Proteins Is Carried by the
DNA 23
Biochemical Systems Have Been Evolving for Almost Four Billion
Years 23
All Living Systems Are Related through a Common
Evolution 26

Chapter 2

Thermodynamics in Biochemistry 30
Geoffrey Zubay, Lloyd L. Ingram, and William W. Parson

Thermodynamic Quantities 30
The First Law of Thermodynamics: Any Change in the Energy
of a System Requires an Equal and Opposite Change in the
Surroundings 31
The Second Law of Thermodynamics: In Any Spontaneous
Process, the Total Entropy of the System and the
Surroundings Increases 32
Free Energy Provides the Most Useful Criterion for
Spontaneity 35
Applications of the Free Energy Function 36
Values of Free Energy Are Known for Many Compounds 36
The Standard Free Energy Change in a Reaction Is Related
Logarithmically to the Equilibrium Constant 37
Free Energy Is the Maximum Energy Available for Useful
Work 38
Biological Systems Perform Various Kinds of Work 38
Favorable Reactions Can Drive Unfavorable Reactions 38
ATP as the Main Carrier of Free Energy in Biochemical
Systems 39
The Hydrolysis of ATP Yields a Large Amount of Free
Energy 39



