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Preface

HE NEW EDITION OF MOLECULAR BIOLOGY OF THE GENE appears in this, its 7th edition, on

the 60th anniversary of the discovery of the structure of DNA in 1953, an occasion

celebrated by our cover design. The double-helical structure, held together by spe-
cific pairing between the bases on the two strands, has become one of the iconic images
of science. The image of the microscope was perhaps the icon of science in the late
19th century, displaced by the mid 20th century by the graphical representation of the
atom with its orbiting electrons. But by the end of the century that image had in turn given
way to the double helix.

The field of molecular biology as we understand it today was born out of the discovery
ofthe DNA structure and the agenda for research that that structure immediately provided.
The paper by Watson and Crick proposing the double helix ended with anow famous sen-
tence: “It has not escaped our notice that the specific pairing we have postulated immedi-
ately suggests a possible copying mechanism for the genetic material.” The structure
suggested how DNA could replicate, opening the way to investigate, in molecular terms,
how genes are passed down through generations. It was also immediately apparent that
the order ofbases alonga DNA molecule could represent a “genetic code,” and so an attack
on that second great mystery of genetics—how genes encode characteristics—could also
be launched.

By the time the first edition of Molecular Biology of the Gene was published, just 12
years later in 1965, it had been confirmed that DNA replicated in the manner suggested
by the model, the genetic code had all but been cracked, and the mechanism by which
genes are expressed, and how that expression is regulated, had been established at least
in outline. The field of molecular biology was ripe for its first textbook, defining for the
first time the curriculum for undergraduate courses in this topic.

Our understanding of the mechanisms underlying these processes has hugely
increased over the last 48 years since that first edition, often driven by technological
advances, including DNA sequencing (another anniversary this year is the 10th anniver-
sary of completion of the human genome project). The current edition of Molecular Biol-
ogy of the Gene celebrates both the central intellectual framework of the field put in place
in that first edition and the extraordinary mechanistic, biological, and evolutionary
understanding that has since been achieved.

New to This Edition

There are a number of major changes to the new edition. As well as wide-ranging updates,
these include changes in organization, addition of completely new chapters, and the addi-
tion of new topics within existing chapters.

e New Part 2 on the Structure and Study of Macromolecules. In this new section, each of the
three major macromolecules gets its own chapter. The DNA chapter is retained from the
previous edition, but what was previously just a short section at the end of that chapter
is now expanded into a whole new chapter on the structure of RNA. The chapter on
the structure of proteins is completely new and was written for this edition by Stephen
Harrison (Harvard University).
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e Techniques chapter moved from the end of the book into Part 2. This revised and relocated
chapter introduces the important techniques that will be referred to throughout the
book. In addition to many of the basic techniques of molecular biology, this chapter
now includes an updated section on many genomics techniques routinely employed
by molecular biologists. Techniques more specialized for particular chapters appear
as boxes within those chapters.

e Completely new chapter on The Origin and Early Evolution of Life. This chapter shows how
the techniques of molecular biology and biochemistry allow us to consider—even
reconstruct—how life might have arisen and addresses the prospect of creating life
in a test tube (synthetic biology). The chapter also reveals how, even at the very early
stages of life, molecular processes were subject to evolution.

e New material on many aspects of gene regulation. Part 5 of the book is concerned with gene
regulation. In this edition we have introduced significant new topics, such as quorum
sensing in bacterial populations, the bacterial CRISPR defense system and piRNAs in
animals, the function of Polycomb, and increased discussion of other so-called “epige-
netic” mechanisms of gene regulation in higher eukaryotes. The regulation of “paused
polymerase” at many genes during animal development and the critical involvement of
nucleosome positioning and remodeling at promoters during gene activation are also
new topics to this edition.

e End-of-chapter questions. Appearing for the first time in this edition, these include both
short answer and data analysis questions. The answers to the even-numbered questions
are included as Appendix 2 at the back of the book.

e New experiments and experimental approaches reflecting recent advances in research. Inte-
grated within the text are new experimental approaches and applications that broaden
the horizons of research. These include, for example, a description of how the genetic
code can be experimentally expanded to generate novel proteins, creation of a synthetic
genome to identify the minimal features required for life, discussion of new genome-
wide analysis of nucleosome positioning, experiments on bimodal switches in bacte-
ria, and how new antibacterial drugs are being designed that target the quorum-sensing
pathways required for pathogenesis.

Supplements

MasteringBiology www.masteringbiology.com

MasteringBiology is an online homework, tutorial, and assessment system that delivers
self-paced tutorials that provide individualized coaching, focus on your course objectives,
and are responsive to each student’s progress. The Mastering system helps instructors
maximize class time with customizable, easy-to-assign, and automatically graded assess-
ments that motivate students to learn outside of class and arrive prepared for lecture. Mas-
teringBiology includes the book’s end-of-chapter problems, eighteen 3D structure
tutorials, reading quizzes, animations, videos, and a wide variety of activities. The eText
is also available through MasteringBiology, providing access to the complete textbook and
featuring powerful interactive and customization functions.

Instructor Resource DVD  978-0-321-88342-1/0-321-88342-X

Available free to all adopters, this dual-platform DVD-ROM contains all art and tables
from the book in JPEG and PowerPoint in high-resolution (150 dpi) files. The PowerPoint
slides include problems formatted for use with Classroom Response Systems. This DVD-
ROM also contains an answer key for all of the end-of-chapter Critical Thinking questions
included in MasteringBiology.

Transparency Acetates  978-0-321-88341-4/0-321-88341-1
Features approximately 90 four-color illustrations from the text. These transparencies are
free to all adopters.


www.masteringbiology.com

Cold Spring Harbor Laboratory Photographs

As in the previous edition, each part opener includes photographs, some newly added to
this edition. These pictures, selected from the archives of Cold Spring Harbor Laboratory,
were all taken at the Lab, the great majority during the Symposia hosted there almost every
summer since 1933. Captions identify who is in each picture and when it was taken. Many
more examples of these historic photos can be found at the CSHL archives website (http://
archives.cshl.edu/).
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Part 1

contain material largely unchanged from earlier editions. We never-

theless keep these chapters because the material remains as impor-
tant as ever. Specifically, Chapters 1 and 2 provide an historical account
of how the field of genetics and the molecular basis of genetics were estab-
lished. Key ideas and experiments are described.

Chapter 1 addresses the founding events in the history of genetics. We dis-
cuss everything from Mendel’s famous experiments on peas, which uncov-
ered the basic laws of heredity, to the one gene encodes one enzyme
hypothesis of Garrod. Chapter 2 describes the revolutionary development
of molecular biology that was started with Avery’s discovery that DNA
was the genetic material, and continued with James Watson and Francis
Crick’s proposal that the structure of DNA is a double helix, and the eluci-
dation of the genetic code and the “central dogma” (DNA “makes” RNA
which “makes” protein). Chapter 2 concludes with a discussion of recent
developments stemming from the complete sequencing of the genomes of
many organisms and the impact this sequencing has on modern biology.

UNLIKE THE REST OF THIS BOOK, the two chapters that make up Part 1

PHOTOS FROM THE COLD SPRING HARBOR LABORATORY

ARCHIVES

Vernon Ingram, Marshall W. Nirenberg, and Matthias Staehelin,
1963 Symposium on Synthesis and Structure of Macromolecules.
Ingram demonstrated that genes control the amino acid sequence of
proteins; the mutation causing sickle-cell anemia produces a single
amino acid change in the hemoglobin protein (Chapter 2). Nirenberg
was key in unraveling the genetic code, using protein synthesis directed
by artificial RNA templates in vitro (Chapters 2 and 16). For this achieve-
ment, he shared in the 1968 Nobel Prize in Physiology or Medicine.
Staehelin worked on the small RNA molecules, tRNAs, which translate
the genetic code into amino acid sequences of proteins (Chapters 2
and 16).

Melvin Calvin, Francis Crick, George Gamow, and James Watson,
1963 Symposium on Synthesis and Structure of Macromolecules.
Calvin won the 1961 Nobel Prize in Chemistry for his work on CO; as-
similation by plants. For their proposed structure of DNA, Crick and
Watson shared in the 1962 Nobel Prize in Physiology or Medicine
(Chapters 2 and 4). Gamow, a physicist attracted to the problem of
the genetic code (Chapters 2 and 16), founded an informal group of
like-minded scientists called the RNA Tie Club. (He is wearing the
club tie, which he designed, in this picture.)




History

Raymond Appleyard, George Bowen, and Martha Chase, Max Perutz, 1971 Symposium on Structure and
1953 Symposium on Viruses. Appleyard and Bowen, both Function of Proteins at the Three-Dimensional
phage geneticists, are here shown with Chase, who, in Level. Perutz shared, with John Kendrew, the 1962
1952, together with Alfred Hershey, did the simple experi- Nobel Prize for Chemistry; using X-ray crystallogra-
ment that finally convinced most people that the genetic ma- phy, and after 25 years of effort, they were the first
terial is DNA (Chapter 2). to solve the atomic structures of proteins—hemoglo-

bin and myoglobin, respectively (Chapter 6).

A
Sydney Brenner and James Watson, 1975 Symposium on The Francis Crick, 1963 Symposium on Synthesis and Struc-
Synapse. Brenner, shown here with Watson, contributed to the dis- ture of Macromolecules. In addition to his role in solving
coveries of MRNA and the nature of the genetic code (Chapters 2 the structure of DNA, Crick was an intellectual driving force
and 16); his share of a Nobel Prize, in 2002, however, was for estab- in the development of molecular biology during the field’s
lishing the worm, Caenorhabditis elegans, as a model system for the critical early years. His “adaptor hypothesis” (published in
study of developmental biology (Appendix 1). the RNATie Club newsletter) predicted the existence of mol-

ecules required to translate the genetic code of RNA into the
amino acid sequence of proteins. Only later were tRNAs
found to do just that (Chapter 15).
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Seymour Benzer, 1975 Symposium on The Synapse. Using phage ge-
netics, Benzer defined the smallest unit of mutation, which turned out
later to be a single nucleotide (Chapter 1 and Appendix 1). This same
work also provided an experimental definition of the gene—which he
called a cistron—using functional complementation tests. Later, his studies

focused on behavior, using the fruit fly as a model.

Calvin Bridges, 1934 Symposium on Aspects of
Growth. Bridges (shown reading the newspaper) was
part of T.H. Morgan’s famous “fly group” that pio-
neered the development of the fruit fly Drosophila as a
model genetic organism (Chapter 1 and Appendix 1).
With him is John T. Buchholtz, a plant geneticist who
was a summer visitor at CSHL at the time, and who, in
1941, became President of the Botanical Society of
America.

Charles Yanofsky, 1966 Symposium on The Genetic Code.
Yanofsky (right), together with Sydney Brenner, proved colinearity
of the gene—that is, that successive groups of nucleotides encoded
successive amino acids in the protein product (Chapter 2). He later
discovered the first example of transcriptional regulation by RNA
structure in his detailed analysis of attenuation at the tryptophan
operon of Escherichia coli (Chapter 20). He is pictured here talking to
Michael Chamberlin, who studied transcription initiation by RNA
polymerase.

Edwin Chargaff, 1947 Symposium on Nucleic Acids and Nucleo-
proteins. The eminent nucleic acid biochemist Chargaff’s famous
ratios—that the amount of adenine in a DNA sample matched that
of thymine, and the amount of cytosine matched that of guanine—
were later understood in the context of Watson and Crick’s DNA
double helix structure. Perhaps frustrated that he had never come up
with base pairs himself, he became a bitter critic of molecular
biology, an occupation he described as “essentially the practice of bio-
chemistry without a license.”
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The Mendelian View
of the World

IT IS EASY TO CONSIDER HUMAN BEINGS UNIQUE among living organisms. We

alone have developed complicated languages that allow meaningful

and complex interplay of ideas and emotions. Great civilizations
have developed and changed our world’s environment in ways inconceiv-
able for any other form of life. There has always been a tendency, therefore,
to think that something special differentiates humans from every other
species. This belief has found expression in the many forms of religion
through which we seek the origin of and explore the reasons for our exis-
tence and, in so doing, try to create workable rules for conducting our lives.
Little more than a century ago, it seemed natural to think that, just as every
human life begins and ends at a fixed time, the human species and all other
forms of life must also have been created at a fixed moment.

This belief was first seriously questioned almost 150 years ago, when
Charles Darwin and Alfred R. Wallace proposed their theories of evolution,
based on the selection of the most fit. They stated that the various forms
of life are not constant but continually give rise to slightly different animals
and plants, some of which adapt to survive and multiply more effectively. At
the time of this theory, they did not know the origin of this continuous var-
iation, but they did correctly realize that these new characteristics must
persist in the progeny if such variations are to form the basis of evolution.

Atfirst, there was a great furor against Darwin, most of it coming from peo-
ple who did not like to believe that humans and the rather obscene-looking
apes could have a common ancestor, even if this ancestor had lived some 10
million years ago. There was also initial opposition from many biologists
who failed to find Darwin’s evidence convincing. Among these was the
famous naturalist Jean L. Agassiz, then at Harvard, who spent many years
writing against Darwin and Darwin’s champion, Thomas H. Huxley, the
most successful of the popularizers of evolution. But by the end of the
19th century, the scientific argument was almost complete; both the current
geographic distribution of plants and animals and their selective occurrence
in the fossil records of the geologic past were explicable only by postulating
that continuously evolving groups of organisms had descended from a com-
mon ancestor. Today, evolution is an accepted fact for everyone except a fun-
damentalist minority, whose objections are based not on reasoning but on
doctrinaire adherence to religious principles.

An immediate consequence of Darwinian theory is the realization that
life first existed on our Earth more than 4 billion years ago in a simple
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Chapter 1

form, possibly resembling the bacteria—the simplest variety of life known
today. The existence of such small bacteria tells us that the essence of the liv-
ing state is found in very small organisms. Evolutionary theory further sug-
gests that the basic principles of life apply to all living forms.

MENDEL’S DISCOVERIES

Gregor Mendel’s experiments traced the results of breeding experiments
(genetic crosses) between strains of peas differing in well-defined character-
istics, like seed shape (round or wrinkled), seed color (yellow or green), pod
shape (inflated or wrinkled), and stem length (long or short). His concentra-
tion on well-defined differences was of great importance; many breeders
had previously tried to follow the inheritance of more gross qualities, like
body weight, and were unable to discover any simple rules about their trans-
mission from parents to offspring (see Box 1-1, Mendelian Laws).

The Principle of Independent Segregation

After ascertaining that each type of parental strain bred true—that is, pro-
duced progeny with particular qualities identical to those of the parents—
Mendel performed a number of crosses between parents (P) differing in
single characteristics (such as seed shape or seed color). All the progeny
(F, = first filial generation) had the appearance of one parent only. For
example, in a cross between peas having yellow seeds and peas having green
seeds, all the progeny had yellow seeds. The trait that appears in the F, prog-
eny is called dominant, whereas the trait that does not appear in F) is called
recessive.

) ADVANCED CONCEPTS

Box 1-1 Mendelian Laws

The most striking attribute of a living cell is its ability to transmit
hereditary properties from one cell generation to another. The
existence of heredity must have been noticed by early
humans, who witnessed the passing of characteristics, like eye
or hair color, from parents to offspring. Its physical basis,
however, was not understood until the first years of the 20th
century, when, during a remarkable period of creative activity,
the chromosomal theory of heredity was established.
Hereditary transmission through the sperm and egg became
known by 1860, and in 1868 Ernst Haeckel, noting that
sperm consists largely of nuclear material, postulated that the
nucleus is responsible for heredity. Almost 20 years passed
before the chromosomes were singled out as the active
factors, because the details of mitosis, meiosis, and fertiliza-
tion had to be worked out first. When this was accomplished,
it could be seen that, unlike other cellular constituents, the
chromosomes are equally divided between daughter cells.
Moreover, the complicated chromosomal changes that re-
duce the sperm and egg chromosome number to the hap-
loid number during meiosis became understandable as nec-

essary for keeping the chromosome number constant. These
facts, however, merely suggested that chromosomes carry her-
edity.

Proof came at the turn of the century with the discovery of
the basic rules of heredity. The concepts were first proposed
by Gregor Mendel in 1865 in a paper entitled “Experiments in
Plant Hybridization” given to the Natural Science Society at
Brno. In his presentation, Mendel described in great detail the
patterns of transmission of traits in pea plants, his conclusions
of the principles of heredity, and their relevance to the contro-
versial theories of evolution. The climate of scientific opinion,
however, was not favorable, and these ideas were completely
ignored, despite some early efforts on Mendel’s part to interest
the prominent biologists of his time. In 1900, 16 years after
Mendel’s death, three plant breeders working independently
on different systems confirmed the significance of Mendel’s for-
gotten work. Hugo de Vries, Karl Correns, and Erich von
Tschermak-Seysenegg, all doing experiments related to
Mendel’s, reached similar conclusions before they knew of
Mendel’s work.



The meaning of these results became clear when Mendel set up genetic
crosses between F, offspring. These crosses gave the important result
that the recessive trait reappeared in approximately 25% of the F,
progeny, whereas the dominant trait appeared in 75% of these offspring.
For each of the seven traits he followed, the ratio in F, of dominant
to recessive traits was always approximately 3:1. When these experiments
were carried to a third (F3) progeny generation, all the F, peas with recessive
traits bred true (produced progeny with the recessive traits). Those with
dominant traits fell into two groups: one third bred true (produced only
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progeny with the dominant trait); the remaining two-thirds again produced
mixed progeny in a 3:1 ratio of dominant to recessive.

Mendel correctly interpreted his results as follows (Fig. 1-1): the various
traits are controlled by pairs of factors (which we now call genes), one
factor derived from the male parent, the other from the female. For R R
example, pure-breeding strains of round peas contain two versions (or
alleles) of the roundness gene (RR), whereas pure-breeding wrinkled strains
have two copies of the wrinkledness (rr) allele. The round-strain gametes
each have one gene for roundness (R); the wrinkled-strain gametes each
have one gene for wrinkledness (r). In a cross between RR and rr, fertilization
produces an F; plant with both alleles (Rr). The seeds look round because R
is dominant over r. We refer to the appearance or physical structure of an
individual as its phenotype, and to its genetic composition as its genotype.
Individuals with identical phenotypes may possess different genotypes;
thus, to determine the genotype of an organism, it is frequently necessary
to perform genetic crosses for several generations. The term homozygous
refers to a gene pair in which both the maternal and paternal genes are iden-
tical (e.g., RR or rr). In contrast, those gene pairs in which paternal and
maternal genes are different (e.g., Rr) are called heterozygous.

One or several letters or symbols may be used to represent a particular
gene. The dominant allele of the gene may be indicated by a capital letter
(R), by a superscript + (r*), or by a + standing alone. In our discussions
here, we use the first convention in which the dominant allele is represented
by a capital letter and the recessive allele by the lowercase letter.

It is important to notice that a given gamete contains only one of the
two copies (one allele) of the genes present in the organism it comes from
(e.g., either R or r, but never both) and that the two types of gametes are pro-
duced in equal numbers. Thus, there is a 50:50 chance that a given gamete
from an F) pea will contain a particular gene (R or r). This choice is purely
random. We do not expect to find exact 3:1 ratios when we examine a limited
number of F, progeny. The ratio will sometimes be slightly higher and other
times slightly lower. But as we look at increasingly larger samples, we expect
that the ratio of peas with the dominant trait to peas with the recessive trait
will approximate the 3:1 ratio more and more closely.

The reappearance of the recessive characteristic in the F, generation indi-
cates that recessive alleles are neither modified nor lost in the F) (Rr) gener-
ation, but that the dominant and recessive genes are independently
transmitted and so are able to segregate independently during the formation
of sex cells. This principle of independent segregation is frequently referred
to as Mendel’s first law.

female male

gametes @ @ gametes

Q@
Q

F, generation

FIGURE 1-1 How Mendel’s first law
(independent segregation) explains the
3:1 ratio of dominant to recessive pheno-
types among the F, progeny. R represents
the dominant gene and rthe recessive gene.
The round seed represents the dominant
phenotype, the wrinkled seed the recessive
phenotype.

Some Alleles Are neither Dominant nor Recessive

In the crosses reported by Mendel, one member of each gene pair was clearly
dominant to the other. Such behavior, however, is not universal. Sometimes
the heterozygous phenotype is intermediate between the two homozygous
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FIGURE 1-2 Theinheritance of flower
color in the snapdragon. One parent is
homozygous for red flowers (AA) and the
other homozygous for white flowers (aa).
No dominance is present, and the hetero-
zygous Fy flowers are pink. The 1:2:1 ratio
of red, pink, and white flowers in the F,
progeny is shown by appropriate coloring.

phenotypes. For example, the cross between a pure-breeding red snap-
dragon (Antirrhinum) and a pure-breeding white variety gives F) progeny
of the intermediate pink color. If these F| progeny are crossed among them-
selves, the resulting F, progeny contain red, pink, and white flowers in the
proportion of 1:2:1 (Fig. 1-2). Thus, it is possible here to distinguish hetero-
zygotes from homozygotes by their phenotype. We also see that Mendel’s
laws do not depend on whether one allele of a gene pair is dominant over
the other.

Principle of Independent Assortment

Mendel extended his breeding experiments to peas differing by more than
one characteristic. As before, he started with two strains of peas, each of
which bred pure when mated with itself. One of the strains had round yellow
seeds; the other, wrinkled green seeds. Since round and yellow are domi-
nant over wrinkled and green, the entire F; generation produced round yel-
low seeds. The F; generation was then crossed within itself to produce a
number of F, progeny, which were examined for seed appearance (pheno-
type). In addition to the two original phenotypes (round yellow; wrinkled
green), two new types (recombinants) emerged: wrinkled yellow and round
green.

Again Mendel found he could interpret the results by the postulate of
genes, if he assumed that each gene pair was independently transmitted to
the gamete during sex-cell formation. This interpretation is shown in
Figure 1-3. Any one gamete contains only one type of allele from each
gene pair. Thus, the gametes produced by an F (RrYy) will have the compo-
sition RY, Ry, rY, or ry, but never Rr, Yy, YY, or RR. Furthermore, in this
example, all four possible gametes are produced with equal frequency.
There is no tendency of genes arising from one parent to stay together. As
a result, the F, progeny phenotypes appear in the ratio nine round yellow,
three round green, three wrinkled yellow, and one wrinkled green as
depicted in the Punnett square, named after the British mathematician
who introduced it (in the lower part of Fig. 1-3). This principle of indepen-
dent assortment is frequently called Mendel’s second law.

CHROMOSOMAL THEORY OF HEREDITY

A principal reason for the original failure to appreciate Mendel’s discovery
was the absence of firm facts about the behavior of chromosomes during
meiosis and mitosis. This knowledge was available, however, when Men-
del’s laws were confirmed in 1900 and was seized upon in 1903 by
American biologist Walter S. Sutton. In his classic paper “The Chromo-
somes in Heredity,” Sutton emphasized the importance of the fact that
the diploid chromosome group consists of two morphologically similar
sets and that, during meiosis, every gamete receives only one chromosome
of each homologous pair. He then used this fact to explain Mendel’s results
by assuming that genes are parts of the chromosome. He postulated that the
yellow- and green-seed genes are carried on a certain pair of chromosomes
and that the round- and wrinkled-seed genes are carried on a different
pair. This hypothesis immediately explains the experimentally observed
9:3:3:1 segregation ratios. Although Sutton’s paper did not prove the chro-
mosomal theory of heredity, it was immensely important, for it brought
together for the first time the independent disciplines of genetics (the study
of breeding experiments) and cytology (the study of cell structure).
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GENE LINKAGE AND CROSSING OVER

Mendel’s principle ofindependent assortment is based on the fact that genes
located on different chromosomes behave independently during meiosis.
Often, however, two genes do not assort independently because they are
located on the same chromosome (linked genes; see Box 1-2, Genes Are
Linked to Chromosomes). Many examples of nonrandom assortment were
found as soon as a large number of mutant genes became available for breed-
ing analysis. In every well-studied case, the number of linked groups was
identical to the haploid chromosome number. For example, there are four
groups of linked genes in Drosophila and four morphologically distinct
chromosomes in a haploid cell.

Linkage, however, is in effect never complete. The probability that two
genes on the same chromosome will remain together during meiosis ranges
from just less than 100% to nearly 50%. This variation in linkage suggests
that there must be a mechanism for exchanging genes on homologous chro-
mosomes. This mechanism is called crossing over. Its cytological basis was
first described by Belgian cytologist F.A. Janssens. At the start of meiosis,
through the process of synapsis, the homologous chromosomes form pairs
with their long axes parallel. At this stage, each chromosome has duplicated
to form two chromatids. Thus, synapsis brings together four chromatids (a
tetrad), which coil about one another. Janssens postulated that, possibly
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FIGURE 1-3 How Mendel's second
law (independent assortment) operates.
In this example, the inheritance of yellow
(Y) and green (y) seed color is followed to-
gether with the inheritance of round (R)
and wrinkled (r) seed shapes. The R and Y
alleles are dominant over rand y. The geno-
types of the various parents and progeny are
indicated by letter combinations, and four
different phenotypes are distinguished by
appropriate shading.



» KEY EXPERIMENTS

Box 1-2 Genes Are Linked to Chromosomes

Initially, all breeding experiments used genetic differences al-
ready existing in nature. For example, Mendel used seeds ob-
tained from seed dealers, who must have obtained them from
farmers. The existence of alternative forms of the same gene
(alleles) raises the question of how they arose. One obvious hy-
pothesis states that genes can change (mutate) to give rise to
new genes (mutant genes). This hypothesis was first seriously
tested, beginning in 1908, by the great American biologist
Thomas Hunt Morgan and his young collaborators, geneticists
Calvin B. Bridges, Hermann J. Muller, and Alfred H. Sturtevant.
They worked with the tiny fly Drosophila melanogaster. The first
mutant found was a male with white eyes instead of the normal
red eyes. The white-eyed variant appeared spontaneously in a
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culture bottle of red-eyed flies. Because essentially all Drosophila
found in nature have red eyes, the gene leading to red eyes was
referred to as the wild-type gene; the gene leading to white
eyes was called a mutant gene (allele).

The white-eye mutant gene was immediately used in breed-
ing experiments (Box 1-2 Fig. 1), with the striking result that the
behavior of the allele completely paralleled the distribution of an
X chromosome (i.e., was sex-linked). This finding immediately
suggested that this gene might be located on the X chromo-
some, together with those genes controlling sex. This hypoth-
esis was quickly confirmed by additional genetic crosses using
newly isolated mutant genes. Many of these additional mutant
genes also were sex-linked.
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BOX 1-2 FIGURE 1 The inheritance of a sex-linked gene in Drosophila. Genes located on sex chromosomes can express them-
selves differently in male and female progeny, because if there is only one X chromosome present, recessive genes on this chromosome are
always expressed. Here are two crosses, both involving a recessive gene (w, for white eye) located on the X chromosome. (a) The male
parent is a white-eyed (wY) fly, and the female is homozygous for red eye (WW). (b) The male has red eyes (WY) and the female white eyes
(ww). The letter Ystands here not for an allele, but for the Y chromosome, present in male Drosophila in place of a homologous X chromosome.
There is no gene on the Y chromosome corresponding to the w or W gene on the X chromosome.



because of tension resulting from this coiling, two of the chromatids might
sometimes break at a corresponding place on each. These events could cre-
ate four broken ends, which might rejoin crossways, so that a section of each
of the two chromatids would be joined to a section of the other (Fig. 1-4). In
this manner, recombinant chromatids might be produced that contain a seg-
ment derived from each of the original homologous chromosomes. Formal
proof of Janssens’s hypothesis that chromosomes physically interchange
material during synapsis came more than 20 years later, when in 1931, Bar-
bara McClintock and Harriet B. Creighton, working at Cornell University
with the corn plant Zea mays, devised an elegant cytological demonstration
of chromosome breakage and rejoining (Fig. 1-5).

CHROMOSOME MAPPING

Thomas Hunt Morgan and his students, however, did not await formal cyto-
logical proof of crossing over before exploiting the implication of Janssens’s
hypothesis. They reasoned that genes located close together on a chromo-
some would assort with one another much more regularly (close linkage)
than genes located far apart on a chromosome. They immediately saw this
as a way to locate (map) the relative positions of genes on chromosomes
and thus to produce a genetic map. The way they used the frequencies of
the various recombinant classes is very straightforward. Consider the segre-
gation of three genes all located on the same chromosome. The arrangement
of the genes can be determined by means of three crosses, in each of which
two genes are followed (two-factor crosses). A cross between AB and ab
yields four progeny types: the two parental genotypes (AB and ab) and
two recombinant genotypes (Ab and aB). A cross between AC and ac
similarly gives two parental combinations as well as the Ac and aC
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FIGURE 1-4 Janssens’s hypothesis of
crossing over.

FIGURE 1-5 Demonstration of phys-
ical exchanges between homologous
chromosomes. In most organisms, pairs
of homologous chromosomes have identi-
cal shapes. Occasionally, however, the two
members of a pair are not identical; one is
marked by the presence of extrachromo-
somal material or compacted regions that
reproducibly form knob-like structures. Mc-
Clintock and Creighton found one such
pair and used it to show that crossing over
involves actual physical exchanges between
the paired chromosomes. In the experiment
shown here, the homozygous ¢, wx progeny
had to arise by crossing over between the
C and wx loci. When such ¢, wx offspring
were cytologically examined, knob chromo-
somes were seen, showing that a knobless
Wx region had been physically replaced by
a knobbed wx region. The colored box in
the figure identifies the chromosomes of
the homozygous ¢, wx offspring.
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FIGURE 1-6 Assignment of the tenta-
tive order of three genes on the basis of
three two-factor crosses.

FIGURE 1-7 The use of three-factor
crosses to assign gene order. Theleast fre-
quent pair of reciprocal recombinants must
arise from a double crossover. The percent-
ages listed for the various classes are the the-
oretical values expected for an infinitely
large sample. When finite numbers of prog-
eny are recorded, the exact values will be
subject to random statistical fluctuations.

30%
10% 25%

recombinants, whereas a cross between BC and bc produces the parental
types and the recombinants Bec and bC. Each cross will produce a specific
ratio of parental to recombinant progeny. Consider, for example, the fact
that the first cross gives 30% recombinants, the second cross 10%, and the
third cross 25%. This tells us that genes a and c are closer together than a
and b or b and c and that the genetic distances between a and b and b and
c are more similar. The gene arrangement that best fits these data is a-c-b
(Fig. 1-6).

The correctness of gene order suggested by crosses of two gene factors
can usually be unambiguously confirmed by three-factor crosses. When
the three genes used in the preceding example are followed in the cross
ABC x abc, six recombinant genotypes are found (Fig. 1-7). They fall into
three groups of reciprocal pairs. The rarest of these groups arises from a
double crossover. By looking for the least frequent class, it is often possible
to instantly confirm (or deny) a postulated arrangement. The results in
Figure 1-7 immediately confirm the order hinted at by the two-factor crosses.
Only ifthe order is a-c-b does the fact that the rare recombinants are AcB and
aCb make sense.

The existence of multiple crossovers means that the amount of recombi-
nation between the outside markers a and b (ab) is usually less than the
sum of the recombination frequencies between a and ¢ (ac) and ¢ and b
(cb). To obtain a more accurate approximation of the distance between the
outside markers, we calculate the probability (ac x cb) that when a cross-
over occurs between ¢ and b, a crossover also occurs between a and ¢, and
vice versa (cb x ac). This probability subtracted from the sum of the
frequencies expresses more accurately the amount of recombination. The
simple formula

ab = ac + ¢b — 2(ac)(ch)
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is applicable in all cases where the occurrence of one crossover does not
affect the probability of another crossover. Unfortunately, accurate mapping
is often disturbed by interference phenomena, which can either increase or
decrease the probability of correlated crossovers.

Using such reasoning, the Columbia University group headed by Mor-
gan had by 1915 assigned locations to more than 85 mutant genes in
Drosophila (Table 1-1), placing each of them at distinct spots on one of the
four linkage groups, or chromosomes. Most importantly, all the genes on a
given chromosome were located on a line. The gene arrangement was
strictly linear and never branched. The genetic map of one of the chromo-
somes of Drosophila is shown in Figure 1-8. Distances between genes on
such a map are measured in map units, which are related to the frequency
of recombination between the genes. Thus, if the frequency of recombina-
tion between two genes is found to be 5%, the genes are said to be separated
by five map units. Because of the high probability of double crossovers
between widely spaced genes, such assignments of map units can be
considered accurate only if recombination between closely spaced genes
is followed.

Even when two genes are at the far ends of a very long chromosome, they
assort together at least 50% of the time because of multiple crossovers.
The two genes will be separated if an odd number of crossovers occurs
between them, but they will end up together if an even number occurs
between them. Thus, in the beginning of the genetic analysis of Drosophila,
it was often impossible to determine whether two genes were on different
chromosomes or at the opposite ends of one long chromosome. Only after
large numbers of genes had been mapped was it possible to demonstrate
convincingly that the number of linkage groups equalled the number of
cytologically visible chromosomes. In 1915, Morgan, with his students
Alfred H. Sturtevant, Hermann J. Muller, and Calvin B. Bridges, published
their definitive book The Mechanism of Mendelian Heredity, which first
announced the general validity of the chromosomal basis of heredity. We
now rank this concept, along with the theories of evolution and the cell,
as a major achievement in our quest to understand the nature of the living
world.

THE ORIGIN OF GENETIC VARIABILITY
THROUGH MUTATIONS

It now became possible to understand the hereditary variation that is found
throughout the biological world and that forms the basis of the theory of evo-
lution. Genes are normally copied exactly during chromosome duplication.
Rarely, however, changes (mutations) occur in genes to give rise to altered
forms, most—but not all—of which function less well than the wild-type
alleles. This process is necessarily rare; otherwise, many genes would be
changed during every cell cycle, and offspring would not ordinarily resem-
ble their parents. There is, instead, a strong advantage in there being a small
but finite mutation rate; it provides a constant source of new variability,
necessary to allow plants and animals to adapt to a constantly changing
physical and biological environment.

Surprisingly, however, the results of the Mendelian geneticists were not
avidly seized upon by the classical biologists, then the authorities on the
evolutionary relations between the various forms of life. Doubts were raised
about whether genetic changes of the type studied by Morgan and his stu-
dents were sufficient to permit the evolution of radically new structures,

The Mendelian View of the World
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TABLE 1-1 The 85 Mutant Genes Reported in Drosophila melanogaster in 1915

Name Region Affected Name Region Affected
Group 1
Abnormal Abdomen Lethal, 13 Body, death
Bar Eye Miniature Wing
Bifid Venation Notch Venation
Bow Wing Reduplicated Eye color
Cherry Eye color Ruby Leg
Chrome Body color Rudimentary Wing
Cleft Venation Sable Body color
Club Wing Shifted Venation
Depressed Wing Short Wing
Dotted Thorax Skee Wing
Eosin Eye color Spoon Wing
Facet Ommatidia Spot Body color
Forked Spine Tan Antenna
Furrowed Eye Truncate Wing
Fused Venation Vermilion Eye color
Green Body color White Eye color
Jaunty Wing Yellow Body color
Lemon Body color
Group 2
Antlered Wing Jaunty Wing
Apterous Wing Limited Abdominal band
Arc Wing Little crossover Chromosome 2
Balloon Venation Morula Ommatidia
Black Body color Olive Body color
Blistered Wing Plexus Venation
Comma Thorax mark Purple Eye color
Confluent Venation Speck Thorax mark
Cream Il Eye color Strap Wing
Curved Wing Streak Pattern
Dachs Leg Trefoil Pattern
Extra vein Venation Truncate Wing
Fringed Wing Vestigial Wing
Group 3
Band Pattern Pink Eye color
Beaded Wing Rough Eye
Cream Il Eye color Safranin Eye color
Deformed Eye Sepia Eye color
Dwarf Size of body Sooty Body color
Ebony Body color Spineless Spine
Giant Size of body Spread Wing
Kidney Eye Trident Pattern
Low crossing over Chromosome 3 Truncate Wing
Maroon Eye color Whitehead Pattern
Peach Eye color White ocelli Simple eye
Group 4
Bent Wing Eyeless Eye

The mutations fall into four linkage groups. Because four chromosomes were cytologically observed, this
indicated that the genes are situated on the chromosomes. Notice that mutations in various genes can act to
alter a single character, such as body color, in different ways.
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FIGURE 1-8 The genetic map of chromosome 2 of Drosophila melanogaster.

like wings or eyes. Instead, these biologists believed that there must also
occur more powerful “macromutations,” and that it was these events that
allowed great evolutionary advances.

Gradually, however, doubts vanished, largely as a result of the efforts of
the mathematical geneticists Sewall Wright, Ronald A. Fisher, and John
Burden Sanderson Haldane. They showed that, considering the great
age of Earth, the relatively low mutation rates found for Drosophila genes,
together with only mild selective advantages, would be sufficient to
allow the gradual accumulation of new favorable attributes. By the 1930s,
biologists began to reevaluate their knowledge of the origin of species
and to understand the work of the mathematical geneticists. Among these
new Darwinians were biologist Julian Huxley (a grandson of Darwin’s
original publicist, Thomas Huxley), geneticist Theodosius Dobzhansky,
paleontologist George Gaylord Simpson, and ornithologist Ernst Mayr. In
the 1940s all four wrote major works, each showing from his special view-
point how Mendelianism and Darwinism were indeed compatible.

EARLY SPECULATIONS ABOUT WHAT GENES ARE
AND HOW THEY ACT

Almost immediately after the rediscovery of Mendel’s laws, geneticists
began to speculate about both the chemical structure of the gene and the
way it acts. No real progress could be made, however, because the chemical
identity of the genetic material remained unknown. Even the realization that
both nucleic acids and proteins are present in chromosomes did not really
help, since the structure of neither was at all understood. The most fruitful
speculations focused attention on the fact that genes must be, in some sense,
self-duplicating. Their structure must be exactly copied every time one chro-
mosome becomes two. This fact immediately raised the profound chemical
question of how a complicated molecule could be precisely copied to yield
exact replicas.

dumpy
wings

aristaless
(short aristae)
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Some physicists also became intrigued with the gene, and when quantum
mechanics burst on the scene in the late 1920s, the possibility arose that in
order to understand the gene, it would first be necessary to master the subtle-
ties of the most advanced theoretical physics. Such thoughts, however,
never really took root, since it was obvious that even the best physicists or
theoretical chemists would not concern themselves with a substance whose
structure still awaited elucidation. There was only one fact that they might
ponder: Muller’s and L.J. Stadler’s independent 1927 discoveries that
X-rays induce mutations. Because there is a greater possibility that an
X-ray will hit a larger gene than a smaller gene, the frequency of mutations
induced in a given gene by a given X-ray dose yields an estimate of the size of
this gene. But even here, so many special assumptions were required that
virtually no one, not even Muller and Stadler themselves, took the estimates
very seriously.

PRELIMINARY ATTEMPTS TO FIND A GENE-PROTEIN
RELATIONSHIP

The most fruitful early endeavors to find a relationship between genes and
proteins examined the ways in which gene changes affect which proteins
are present in the cell. At first these studies were difficult, because no one
knew anything about the proteins that were present in structures such as
the eye or the wing. It soon became clear that genes with simple metabolic
functions would be easier to study than genes affecting gross structures.
One of the first useful examples came from a study of a hereditary disease
affecting amino acid metabolism. Spontaneous mutations occur in humans
affecting the ability to metabolize the amino acid phenylalanine. When indi-
viduals homozygous for the mutant trait eat food containing phenylalanine,
their inability to convert the amino acid to tyrosine causes a toxic level of
phenylpyruvic acid to build up in the bloodstream. Such diseases, examples
of “inborn errors of metabolism,” suggested to English physician Archibald
E. Garrod, as early as 1909, that the wild-type gene is responsible for the
presence of a particular enzyme, and that in a homozygous mutant, the en-
zyme is congenitally absent.

Garrod’s general hypothesis of a gene—enzyme relationship was ex-
tended in the 1930s by work on flower pigments by Haldane and Rose Scott-
Moncrieff in England, studies on the hair pigment of the guinea pig by
Wright in the United States, and research on the pigments of insect eyes
by A. Kuhn in Germany and by Boris Ephrussi and George W. Beadle, work-
ing first in France and then in California. In all cases, the evidence revealed
that a particular gene affected a particular step in the formation of the respec-
tive pigment whose absence changed, say, the color ofa fly’s eyes from red to
ruby. However, the lack of fundamental knowledge about the structures of
the relevant enzymes ruled out deeper examination of the gene—enzyme
relationship, and no assurance could be given either that most genes control
the synthesis of proteins (by then it was suspected that all enzymes were pro-
teins) or that all proteins are under gene control.

As early as 1936, it became apparent to the Mendelian geneticists that
future experiments of the sort successful in elucidating the basic features
of Mendelian genetics were unlikely to yield productive evidence about
how genes act. Instead, it would be necessary to find biological objects
more suitable for chemical analysis. They were aware, moreover, that con-
temporary knowledge ofnucleic acid and protein chemistry was completely
inadequate for a fundamental chemical attack on even the most suitable
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biological systems. Fortunately, however, the limitations in chemistry did
not deter them from learning how to do genetic experiments with chemi-
cally simple molds, bacteria, and viruses. As we shall see, the necessary
chemical facts became available almost as soon as the geneticists were ready

to use them.

SUMMARY

Heredity is controlled by chromosomes, which are the
cellular carriers of genes. Hereditary factors were first
discovered and described by Mendel in 1865, but their
importance was not realized until the start of the 20th
century. Each gene can exist in a variety of different forms
called alleles. Mendel proposed that a hereditary factor
(now known to be a gene) for each hereditary trait is
given by each parent to each of its offspring. The physical
basis for this behavior is the distribution of homologous
chromosomes during meiosis: one (randomly chosen) of
each pair of homologous chromosomes is distributed to
each haploid cell. When two genes are on the same chromo-
some, they tend to be inherited together (linked). Genes
affecting different characteristics are sometimes inherited
independently of each other, because they are located
on different chromosomes. In any case, linkage is seldom
complete because homologous chromosomes attach to
each other during meiosis and often break at identical
spots and rejoin crossways (crossing over). Crossing over
transfers genes initially located on a paternally derived chro-
mosome onto gene groups originating from the maternal
parent.
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For answers to even-numbered questions, see Appendix 2:
Answers.

Question 1. You are comparing two alleles of Gene X. What
defines the two alleles as distinct alleles?

Question 2. True or false. Explain your choice. One gene pos-
sesses only two alleles.

Question 3. True or false. Explain your choice. One trait is always
determined by one gene.

Question 4. True or false. Explain your choice. For a given gene,
one can always define the alleles as dominant or recessive.

Question 5. You want to identify dominant/recessive relation-
ship for skin color for a new frog species that you found in
the rain forest. Assume that one autosomal gene controls skin
color in this species. All of the frogs that you found for that spe-
cies are bright blue or yellow. A bright blue female and bright
blue male frog mate and produce all bright blue progeny. A yel-
low female and yellow male frog mate and produce a mix of
bright blue and yellow progeny. Identify each trait (bright blue
skin color and yellow skin color) as dominant or recessive.
Explain your choices. Identify the genotype for each parent in
the two crosses. Use the letter B to refer to the gene conferring
skin color.

Question 6.

A. After crossing true-breeding pea plants with yellow seeds to
true-breeding pea plants with green seeds as Mendel did,
what phenotype do you expect for the pea plants in the F,
generation if yellow seeds are dominant to green seeds?

B. You self-cross the F,; generation. Give the expected pheno-
typic ratio of the F, generation.

C. Give the expected genotypic ratio of the F, generation.

D. Give the expected ratio of heterozygotes to homozygotes in
the F, generation.

Question 7. Mendel studied seven distinct traits for pea plants.
By luck six of the traits were on different chromosomes, and
two traits were separated by a great distance on one chromosome.
If Mendel selected two traits controlled by linked genes in his

initial studies, which law would be affected (Mendel’s first or
second law)? Explain your choice.

Question 8. You want to map the positions of three genes (X, Y,
and Z) all found on one chromosome in Drosophila. Each gene
has one dominant allele and one recessive allele. You perform
the three different two-factor crosses (Cross 1: XY and xy, Cross
2: YZ and yz, and Cross 3: XZ and xz). Assume all crosses are
between diploid flies homozygous for the alleles of these genes.
You observe 7% recombinants in the first cross, 20% recombi-
nants in the second cross, and 13% recombinants in the third
cross. Draw a map placing the genes in the proper order and
give the distance between each gene in map units (m.u.).

Question 9. You want to confirm your ordering for Question 8
using a three-factor cross (cross XYZ/xyz and xyz/xyz). Your
least common recombinants are xYZ and Xyz. Does this confirm
your order from Question 87 Explain why or why not.

Question 10. You again want to map the positions of three genes
(L, M, and N) in Drosophila. Each gene has one dominant allele
and one recessive allele. You perform the three different two-fac-
tor crosses (Cross 1: LM and Im, Cross 2: MN and mn, and Cross 3:
LNand In). Assume all crosses are between diploid flies homozy-
gous for the alleles of these genes. You observe 5% recombinants
in the first cross, 50% recombinants in the second cross, and 50%
recombinants in the third cross. Based on the data given, what
can you determine for the gene order and distance between the
genes?

Question 11. Following up on the observations in Question 10,
you complete new crosses using gene O. You observe 30% recom-
bination fora cross between MO and mo, 35% recombination fora
cross between LO and lo, and 25% recombination for a cross
between NOand no. Assume all crosses are between diploid flies
homozygous for the alleles of these genes. Given the information
from Questions 10 and 11, draw a map placing the genes in the
proper order and give the distance between each gene in map
units.

Question 12. Define mutation. The cell has many mechanisms
to prevent mutations. Explain how a very low mutation rate
could be advantageous over the prevention of all mutations in
an organism.



Question 13. Differentiate between chromosomes and chro-
matids.

Question 14. You are mapping the 6th chromosome of the sheep
blowfly Lucilia cuprina and want to test how your calculations
compare to a published map. In a recent cross, you studied the
mutations tri, pk, and y that display thickened vein junctions,
pink body color, and yellow eyes, respectively. From a cross
between a male homozygous for the three mutations and a heter-
ozygous female (tri pk y/+++), you record the counts for the
progeny. In the published map, the distance between y and pk
is 23.0 m.u., the distance between pk and tri is 18.4 m.u., and
the distance between y and tri is 41.4 m.u. Based on the pub-
lished map and given values below, calculate the expected val-
ues for observed progeny that represent either a single or
double crossover. Remember that your observed values are
data that include some statistical fluctuations.

Total progeny counted: 1000
Total recombinants that represent a double crossover: 15

Published map information from Weller and Foster (1993.
Genome 36: 495—-506).
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Question 15. You are studying a new species of bird. You know
the species has sex chromosomes similar to chicken. Males carry
two Z chromosomes, whereas females carry one Z chromosome
and one W chromosome. Because the genome has not been
sequenced yet, you will perform crosses to gain more genetic
information. You are interested in the eye color of the birds.
You obtain true-breeding birds with black or green eyes. You
cross a black-eyed male to a green-eyed female. Assume the trait
is determined by one gene.

A. Considering a dominant/recessive relationship, you want to
determine if black is recessive to green or if green is recessive
to black. How could you use the phenotypes for the F; and F,
progeny to help you answer this question?

B. If the trait is sex-linked, refine your answer to part A with
respect to the dominant/recessive relationship of a sex-
linked trait on the Z chromosome for the F, generation.

C. Assume that black is dominant to green. You cross a black-
eyed male from the F; generation to a black-eyed female
from the F; generation. If the trait is sex-linked, predict the
genotypic and phenotypic ratios for the F, generation.
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Nucleic Acids Convey
Genetic Information

ated by geneticists long before the problem claimed the attention of

chemists. By the 1930s, geneticists began speculating as to what sort
of molecules could have the kind of stability that the gene demanded, yet
be capable of permanent, sudden change to the mutant forms that
must provide the basis of evolution. Until the mid-1940s, there appeared
to be no direct way to attack the chemical essence of the gene. It was known
that chromosomes possessed a unique molecular constituent, deoxyribonu-
cleic acid (DNA). Despite this, there was no way to show that DNA carried
genetic information, as opposed to serving merely as a molecular scaffold
for a still undiscovered class of proteins especially tailored to carry genetic
information. It was generally assumed that genes would be composed of
amino acids because, at that time, they appeared to be the only biomolecules
with sufficient complexity to convey genetic information.

It therefore made sense to approach the nature of the gene by asking
how genes function within cells. In the early 1940s, research on the
mold Neurospora, spearheaded by George W. Beadle and Edward Tatum,
was generating increasingly strong evidence supporting the 30-year-old
hypothesis of Archibald E. Garrod that genes work by controlling the
synthesis of specific enzymes (the one gene—one enzyme hypothesis).
Thus, given that all known enzymes had, by this time, been shown to be
proteins, the key problem was the way genes participate in the synthesis
of proteins. From the very start of serious speculation, the simplest
hypothesis was that genetic information within genes determines the
order of the 20 different amino acids within the polypeptide chains of
proteins.

In attempting to test this proposal, intuition was of little help even to the
best biochemists, because there is no logical way to use enzymes as tools
to determine the order of each amino acid added to a polypeptide chain.
Such schemes would require, for the synthesis of a single type of protein,
as many ordering enzymes as there are amino acids in the respective pro-
tein. But because all enzymes known at that time were themselves proteins
(we now know that RNA can also act as an enzyme), still additional ordering
enzymes would be necessary to synthesize the ordering enzymes. This sit-
uation clearly poses a paradox, unless we assume a fantastically interrelated
series of syntheses in which a given protein has many different enzymatic

THAT SPECIAL MOLECULES MIGHT CARRY genetic information was appreci-
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specificities. With such an assumption, it might be possible (and then only
with great difficulty) to visualize a workable cell. It did not seem likely, how-
ever, that most proteins would be found to carry out multiple tasks. In fact,
all the current knowledge pointed to the opposite conclusion of one protein,
one function.

AVERY’S BOMBSHELL: DNA CAN CARRY
GENETIC SPECIFICITY

The idea that DNA might be the key genetic molecule emerged most un-
expectedly from studies on pneumonia-causing bacteria. In 1928 English
microbiologist Frederick Griffith made the startling observation that non-
virulent strains of the bacteria became virulent when mixed with their
heat-killed pathogenic counterparts. That such transformations from non-
virulence to virulence represented hereditary changes was shown by using
descendants of the newly pathogenic strains to transform still other non-
pathogenic bacteria. This raised the possibility that, when pathogenic
cells are killed by heat, their genetic components remain undamaged. More-
over, once liberated from the heat-killed cells, these components can pass
through the cell wall of the living recipient cells and undergo subsequent
genetic recombination with the recipient’s genetic apparatus (Fig. 2-1).
Subsequent research has confirmed this genetic interpretation. Patho-
genicity reflects the action of the capsule gene, which codes for a key enzyme
involved in the synthesis of the carbohydrate-containing capsule that
surrounds most pneumonia-causing bacteria. When the S (smooth) al-
lele of the capsule gene is present, a capsule is formed around the cell
that is necessary for pathogenesis (the formation of a capsule also gives a
smooth appearance to the colonies formed from these cells). When the R

\‘ recombination
and cell division

non

pathogenic entry of chromosome
R (rough) cell fragment bearlng
capSinto cap” cell

S cell

FIGURE 2-1 Transformation of a genetic characteristic of a bacterial cell (Streptococcus
pneumoniae) by addition of heat-killed cells of a genetically different strain. Here we show an
R cell receiving a chromosomal fragment containing the capsule gene from a heat-treated § cell.
Since most R cells receive other chromosomal fragments, the efficiency of transformation for a
given gene is usually less than 1%.
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(rough) allele of this gene is present, no capsule is formed, the respective
cells are not pathogenic, and the colonies these cells are round around the
edges.

Within several years after Griffith’s original observation, extracts of the
killed bacteria were found capable of inducing hereditary transformations,
and a search began for the chemical identity of the transforming agent.
At that time, the vast majority of biochemists still believed that genes were
proteins. It therefore came as a great surprise when in 1944, after some 10
years of research, U.S. microbiologist Oswald T. Avery and his colleagues
at the Rockefeller Institute in New York, Colin M. MacLeod and Maclyn
McCarty, made the momentous announcement that the active genetic prin-
ciple was DNA (Fig. 2-2). Supporting their conclusion were key experiments
showing that the transforming activity of their highly purified active frac-
tions was destroyed by deoxyribonuclease, a recently purified enzyme
that specifically degrades DNA molecules to their nucleotide building
blocks but has no effect on the integrity of protein molecules or RNA. In con-
trast, the addition of either ribonuclease (which degrades RNA) or various
proteolytic enzymes (which degrade proteins) had no influence on the trans-
forming activity.

Viral Genes Are Also Nucleic Acids

Equally important confirmatory evidence came from chemical studies
with viruses and virus-infected cells. By 1950 it was possible to obtain
a number of essentially pure viruses and to determine which types of mol-
ecules were present in them. This work led to the very important general-
ization that all viruses contain nucleic acid. Because there was at that time
a growing realization that viruses contain genetic material, the question
immediately arose as to whether the nucleic acid component was the
carrier of viral genes. A crucial test of the question came from isotopic
study of the multiplication of T2, a bacterial virus (typically called a
bacteriophage, or phage) composed of a DNA core and a protective shell
built up by the aggregation of a number of different protein molecules.
In these experiments, performed in 1952 by Alfred D. Hershey and Martha
Chase working at Cold Spring Harbor Laboratory in Long Island, New
York, the protein coat was labeled with the radioactive isotope *°S and
the DNA core with the radioactive isotope *?P. The labeled virus was then
used to follow the fates of the phage protein and nucleic acid as
phage multiplication proceeded, particularly to see which labeled atoms
from the parental phage entered the host cell and later appeared in the
progeny phage.

Clear-cut results emerged from these experiments; much of the parental
nucleic acid and none of the parental protein was detected in the progeny
phage (Fig. 2-3). Moreover, it was possible to show that little of the
parental protein even enters the bacteria; instead, it stays attached to the out-
side of the bacterial cell, performing no function after the DNA component
has passed inside. This point was neatly shown by violently agitating
infected bacteria after the entrance of the DNA; the protein coats were
shaken off without affecting the ability of the bacteria to form new phage
particles.

With some viruses it is now possible to do an even more convincing
experiment. For example, purified DNA from the mouse polyoma virus
can enter mouse cells and initiate a cycle of viral multiplication producing
many thousands of new polyoma particles. The primary function of viral
protein is thus to protect and transport its genetic/nucleic acid component
in its movement from one cell to another.
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FIGURE 2-2 Isolation of a chemically
pure transforming agent. (Adapted, with
permission, from Stahl F.W. 1964. The me-
chanics of inheritance, Fig. 2.3. © Pearson
Education, Inc.)
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FIGURE 2-3 Demonstration that only
the DNA component of the bacterio-
phage T2 carries the genetic information
and that the protein coat serves only as a

protective shell.

THE DOUBLE HELIX

While work was proceeding on the X-ray analysis of protein structure, a
smaller number of scientists were trying to solve the X-ray diffraction
pattern of DNA. The first diffraction patterns were taken in 1938 by Wil-
liam Astbury using DNA supplied by Ola Hammarsten and Torbj6érn
Caspersson. It was not until the early 1950s that high-quality X-ray dif-
fraction photographs were taken by Maurice Wilkins and Rosalind Frank-
lin (Fig. 2-4). These photographs suggested not only that the underlying
DNA structure was helical but that it was composed of more than one po-
lynucleotide chain—either two or three. At the same time, the covalent
bonds of DNA were being unambiguously established. In 1952 a group
of organic chemists working in the laboratory of Alexander Todd showed
that 3'—5" phosphodiester bonds regularly link together the nucleotides of
DNA (Fig. 2-5).

In 1951, because of interest in Linus Pauling’s o helix protein motif
(which we shall consider in Chapter 6), an elegant theory of diffraction
of helical molecules was developed by William Cochran, Francis
H. Crick, and Vladimir Vand. This theory made it easy to test possible
DNA structures on a trial-and-error basis. The correct solution, a comple-
mentary double helix (see Chapter 4), was found in 1953 by Crick and
James D. Watson, then working in the laboratory of Max Perutz and
John Kendrew in Cambridge, United Kingdom. Their arrival at the correct
answer depended largely on finding the stereochemically most favorable
configuration compatible with the X-ray diffraction data of Wilkins and
Franklin.

In the double helix, the two DNA chains are held together by hydrogen
bonds (a weak noncovalent chemical bond; see Chapter 3) between pairs
of bases on the opposing strands (Fig. 2-6). This base pairing is very
specific: the purine adenine only base-pairs to the pyrimidine thymine,
whereas the purine guanine only base-pairs to the pyrimidine cytosine.
In double-helical DNA, the number of A residues must be equal to the

FIGURE 2-4 The key X-ray photograph involved in the elucidation of the DNA structure.
This photograph, taken by Rosalind Franklin at King’s College, London, in the winter of 1952—
1953, confirmed the guess that DNA was helical. The helical form is indicated by the crossways
pattern of X-ray reflections (photographically measured by darkening of the X-ray film) in the
center of the photograph. The very heavy black regions at the top and bottom reveal that the
3.4-A-thick purine and pyrimidine bases are regularly stacked next to each other, perpendicular
to the helical axis. (Printed, with permission, from Franklin R.E. and Gosling R.G. 1953. Nature
171: 740-741. © Macmillan.)
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FIGURE 2-5 Aportion of a DNA polynucleotide chain, showing the 3'—5' phosphodiester
linkages that connect the nucleotides. Phosphate groups connect the 3’ carbon of one nucleotide
with the 5" carbon of the next.

number of T residues, whereas the number of G and C residues must likewise
be equal (see Box 2-1, Chargaff’s Rules). As a result, the sequence of the
bases of the two chains of a given double helix have a complementary
relationship, and the sequence of any DNA strand exactly defines that of
its partner strand.

The discovery of the double helix initiated a profound revolution in the
way many geneticists analyzed their data. The gene was no longer a myste-
rious entity, the behavior of which could be investigated only by genetic
experiments. Instead, it quickly became a real molecular object about which
chemists could think objectively, as they did about smaller molecules such
as pyruvate and ATP. Most of the excitement, however, came not merely
from the fact that the structure was solved, but also from the nature of the
structure. Before the answer was known, there had always been the worry
that it would turn out to be dull, revealing nothing about how genes replicate
and function. Fortunately, the answer was immensely exciting. The two
intertwined strands of complementary structures suggested that one strand
serves as the specific surface (template) upon which the other strand is made
(Fig. 2-6). If this hypothesis were true, then the fundamental problem of gene
replication, about which geneticists had puzzled for so many years, was, in
fact, conceptually solved.

FIGURE 2-6 The replication of DNA.
The newly synthesized strands are shown
in orange.
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Box 2-1 cChargaff’s Rules

» KEY EXPERIMENTS

Biochemist Erwin Chargaff used a technique called “paper chro-
matography” to analyze the nucleotide composition of DNA. By
1949 his data showed not only that the four different nucleo-
tides are not present in equal amounts, but also that the exact
ratios of the four nucleotides vary from one species to another
(Box 2-1 Table 1). These findings opened up the possibility
that it is the precise arrangement of nucleotides within a DNA
molecule that confers its genetic specificity.

residues in all DNA samples was equal to the number of
thymine (T) residues, and the number of guanine (G) residues
equaled the number of cytosine (C) residues. In addition, re-
gardless of the DNA source, the ratio of purines to pyrimidines
was always approximately 1 (purines = pyrimidines). The fun-
damental significance of the A=T and G = C relationships
(Chargaff’s rules) could not emerge, however, until serious at-
tention was given to the three-dimensional structure of DNA.

Chargaff’s experiments also showed that the relative ratios of
the four bases were not random. The number of adenine (A)

BOX 2-1 TABLE 1 Data Leading to the Formulation of Chargaff’s Rules

Adenine to Thymine to Adenine to Guanine to Purines to

Source Guanine Cytosine Thymine Cytosine Pyrimidines
Ox 1.29 1.43 1.04 1.00 1.1
Human 1.56 1.75 1.00 1.00 1.0
Hen 1.45 1.29 1.06 0.91 0.99
Salmon 1.43 1.43 1.02 1.02 1.02
Wheat 1.22 1.18 1.00 0.97 0.99
Yeast 1.67 1.92 1.03 1.20 1.0
Hemophilus influenzae 1.74 1.54 1.07 0.91 1.0
Escherichia coli K2 1.05 0.95 1.09 0.99 1.0
Avian tubercle bacillus 0.4 0.4 1.09 1.08 1.1
Serratia marcescens 0.7 0.7 0.95 0.86 0.9
Bacillus schatz 0.7 0.6 1.12 0.89 1.0

After Chargaff E. et al. 1949. J. Biol. Chem. 177: 405.

Finding the Polymerases That Make DNA

Rigorous proof that a single DNA chain is the template that directs the
synthesis of a complementary DNA chain had to await the development of
test-tube (in vitro) systems for DNA synthesis. These came much faster
than anticipated by molecular geneticists, whose world until then had
been far removed from that of the biochemist well versed in the procedures
needed for enzyme isolation. Leading this biochemical assault on DNA
replication was U.S. biochemist Arthur Kornberg, who by 1956 had demon-
strated DNA synthesis in cell-free extracts of bacteria. Over the next several
years, Kornberg went on to show that a specific polymerizing enzyme was
needed to catalyze the linking together of the building-block precursors
of DNA. Kornberg’s studies revealed that the nucleotide building blocks
for DNA are energy-rich precursors (dATP, dGTP, dCTP, and dTTP;
Fig. 2-7). Further studies identified a single polypeptide, DNA polymerase
I (DNA Pol I), that was capable of catalyzing the synthesis of new DNA
strands. It links the nucleotide precursors by 3'—5' phosphodiester bonds
(Fig. 2-8). Furthermore, it works only in the presence of DNA, which is
needed to order the four nucleotides in the polynucleotide product.

DNA Pol I depends on a DNA template to determine the sequence of the
DNA itis synthesizing. This was first demonstrated by allowing the enzyme
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FIGURE 2-7 The nucleotides of DNA. The structures of the different components of each of
the four nucleotides are shown.

to work in the presence of DNA molecules that contained varying amounts
of A:Tand G:Cbase pairs. In every case, the enzymatically synthesized prod-
uct had the base ratios of the template DNA (Table 2-1). During this cell-free
synthesis, no synthesis of proteins or any other molecular class occurs,
unambiguously eliminating any non-DNA compounds as intermediate
carriers of genetic specificity. Thus, there is no doubt that DNA is the direct
template for its own formation.

Experimental Evidence Favors Strand Separation during
DNA Replication

Simultaneously with Kornberg’s research, in 1958 Matthew Meselson and
Franklin W. Stahl, then at the California Institute of Technology, carried
outan elegant experiment in which they separated daughter DNA molecules
and, in so doing, showed that the two strands of the double helix
permanently separate from each other during DNA replication (Fig. 2-9).
Their success was due in part to the use of the heavy isotope '°N as a tag
to differentially label the parental and daughter DNA strands. Bacteria
grown in a medium containing the heavy isotope '°N have denser DNA
than bacteria grown under normal conditions with '*N. Also contributing

27
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FIGURE 2-8 Enzymatic synthesis of a DNA chain catalyzed by DNA polymerase 1. This
image shows the addition of a nucleotide to a growing DNA strand as catalyzed by DNA polymer-
ase. Although the DNA polymerase can catalyze DNA synthesis by itself, in the cell the released
pyrophosphate molecule is rapidly converted to two phosphates by an enzyme called pyro-
phosphatase, making the forward reaction of nucleotide addition even more favorable.

to the success of the experiment was the development of procedures for sep-
arating heavy DNA from light DNA in density gradients of heavy salts like
cesium chloride. When high centrifugal forces are applied, the solution
becomes more dense at the bottom of the centrifuge tube (which, when spin-
ning, is the farthest from the axis of rotation). When the correct initial solu-
tion density is chosen, the individual DNA molecules will move to the
central region of the centrifuge tube, where their density equals that of the
salt solution. In this situation, DNA molecules in which both strands are
composed of entirely '°N precursors (heavy—heavy or HH DNA) will form
a band at a higher density (closer to the bottom of the tube) than DNA mol-
ecules in which both strands are composed entirely of *N precursors (light—
light or LL. DNA). If bacteria containing heavy DNA are transferred to a light
medium (containing '*N) and allowed to grow, the precursor nucleotides
available for use in DNA synthesis will be light; hence, DNA synthesized
after transfer will be distinguishable from DNA made before transfer.

TABLE 2-1 A Comparison of the Base Composition of Enzymatically Synthesized DNAs and Their DNA Templates

A+T A+T
Base Composition of the Enzymatic Product G+C G+C
Source of DNA Template Adenine Thymine Guanine Cytosine In Product In Template
Micrococcus 0.15 0.15 0.35 0.35 0.41 0.39
lysodeikticus (a bacterium)
Aerobacter 0.22 0.22 0.28 0.28 0.80 0.82
aerogenes (a bacterium)
Escherichia coli 0.25 0.25 0.25 0.25 1.00 0.97
Calf thymus 0.29 0.28 0.21 0.22 1.32 1.35

Phage T2 0.32 0.32 0.18 0.18 1.78 1.84
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If DNA replication involves strand separation, definite predictions can be
made about the density of the DNA molecules found after various growth
intervalsin a light medium. After one generation of growth, all the DNA mol-
ecules should contain one heavy strand and one light strand and thus be of
intermediate density (heavy—light or HL. DNA). This result is exactly what
Meselson and Stahl observed. Likewise, after two generations of growth,
half the DNA molecules were light and half hybrid, just as strand separation
predicts. It is important to note that during isolation from the bacteria the
DNA was broken into small fragments, which ensured that the vast majority
of the DNA was either fully replicated or not replicated at all. If the entire
bacterial genome were maintained intact, then there would have been
many intermediate-density molecules (neither HH, HL, nor LL) that were
only partially replicated.

Thus, Meselson and Stahl’s experiments showed that DNA replication is
a semiconservative process in which the single strands of the double helix
remain intact (are conserved) during a replication process that distributes
one parental strand into each of the two daughter molecules (thus the
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FIGURE 2-10 Three possible mecha-
nisms for DNA replication. When the struc-
ture of DNA was discovered, several models
were proposed to explain how it was repli-
cated; three are illustrated here. The experi- §

ments proposed by Meselson and Stahl
clearly distinguished among these models,
demonstrating that DNA was replicated
semiconservatively. dispersive semiconservative conservative

“semi” in semiconservative). These experiments ruled out two other models
at the time: the conservative and the dispersive replication schemes
(Fig. 2-10). In the conservative model, both of the parental strands were pro-
posed to remain together and the two new strands of DNA would form an
entirely new DNA molecule. In this model, fully light DNA would be formed
after one cell generation. In the dispersive model, which was favored by
many at the time, the DNA strands were proposed to be broken as frequently
as every ten base pairs and used to prime the synthesis of similarly short
regions of DNA. These short DNA fragments would subsequently be joined
to form complete DNA strands. In this complex model, all DNA strands
would be composed of both old and new DNA (thus nonconservative) and
fully light DNA would only be observed after many generations of growth.

THE GENETIC INFORMATION WITHIN DNA IS
CONVEYED BY THE SEQUENCE OF ITS FOUR
NUCLEOTIDE BUILDING BLOCKS

The finding of the double helix had effectively ended any controversy
about whether DNA was the primary genetic substance. Even before strand
separation during DNA replication was experimentally verified, the main
concern of molecular geneticists had turned to how the genetic information
of DNA functions to order amino acids during protein synthesis (see Box 2-2,
Evidence That Genes Control Amino Acid Sequences in Proteins). With all
DNA chains capable of forming double helices, the essence of their genetic
specificity had to reside in the linear sequences of their four nucleotide
building blocks. Thus, as information-containing entities, DNA molecules
were by then properly regarded as very long words (as we shall see later,
they are now best considered very long sentences) built up from a four-letter
alphabet (A, G, C, and T). Even with only four letters, the number of poten-
tial DNA sequences (4", where Nis the number of letters in the sequence) is
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very, very large for even the smallest of DNA molecules; a virtually infinite
number of different genetic messages can exist. Now we know that a typical
bacterial gene is made up of approximately 1000 base pairs. The number of
potential genes of this size is 4'°°°, a number that is orders of magnitude
larger than the number of known genes in any organism.

» KEY EXPERIMENTS

B oXx 2-2 Evidence That Genes Control Amino Acid Sequences in Proteins

The first experimental evidence that genes (DNA) control amino
acid sequences arose from the study of the hemoglobin present
in humans suffering from the genetic disease sickle-cell anemia.
If an individual has the § allele of the B-globin gene (which
encodes one of the two polypeptides that together form hemo-
globin) present in both homologous chromosomes (SS), a
severe anemia results, characterized by the red blood cells
having a sickle-cell shape. If only one of the two alleles of the
B-globin gene are of the S form (+S5), the anemia is less severe
and the red blood cells appear almost normal in shape. The
type of hemoglobin in red blood cells correlates with the
genetic pattern. In the SS case, the hemoglobin is abnormal,
characterized by a solubility different from that of normal hemo-
globin, whereas in the +S condition, half the hemoglobin is
normal and half abnormal.

Wild-type hemoglobin molecules are constructed from two
kinds of polypeptide chains: o chains and B chains (see
Box 2-2 Fig. 1). Each chain has a molecular weight of about
16,100 daltons (D). Two « chains and two B chains are
present in each molecule, giving hemoglobin a molecular
weight of about 64,400 D. The « chains and B chains are con-
trolled by distinct genes so that a single mutation will affect
either the a chain or the B chain, but not both. In 1957,
Vernon M. Ingram at Cambridge University showed that sickle
hemoglobin differs from normal hemoglobin by the change

B-globinS
) ) D

B-globinWT a-globinWT

sickle-cell
hemoglobin

lWT hemoglobin J

normal-shaped
red blood cell

sickle-shaped
red blood cell

BOX 2-2 FIGURE 1 Formation of wild-type and sickle-
cell hemoglobin. (Source of hemoglobin structures: lllustration,
Irving Geis. Rights owned by Howard Hughes Medical Institute.
Not to be reproduced without permission.)

of one amino acid in the B chain: at position 6, the glutamic
acid residue found in wild-type hemoglobin is replaced by
valine. Except for this one change, the entire amino acid se-
quence is identical in normal and mutant hemoglobin.
Because this change in amino acid sequence was observed
only in patients with the S allele of the B-globin gene, the sim-
plest hypothesis is that the § allele of the gene encodes the
change in the B-globin gene. Subsequent studies of amino
acid sequences in hemoglobin isolated from other forms of
anemia completely supported this proposal; sequence analysis
showed that each specific anemia is characterized by a single
amino acid replacement at a unique site along the polypeptide
chain (Box 2-2 Fig. 2).

position 1 2 16 30 57 58 68 141
amino acid Val Leu Lys* Glu~ Gly His® AspN Arg

Hb Asp

Hb G
Honolulu
Hb
Norfolk
Hb M
Boston

Hb G
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amino acid Val His* Leu Glu~ Glu~ Glu~ His* Val Glu His*

GluN
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BOX 2-2 FIGURE 2 A summary of some established
amino acid substitutions in human hemoglobin variants.
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FIGURE 2-11 A portion of a polyribo-
nucleotide (RNA) chain. Elements in red
are distinct from DNA.

DNA Cannot Be the Template That Directly Orders Amino Acids
during Protein Synthesis

Although DNA must carry the information for ordering amino acids, it was
quite clear that the double helix itself could not be the template for protein
synthesis. Experiments showing that protein synthesis occurs at sites where
DNA is absent ruled out a direct role for DNA. Protein synthesis in all
eukaryotic cells occurs in the cytoplasm, which is separated by the nuclear
membrane from the chromosomal DNA.

Therefore, at least for eukaryotic cells, a second information-containing
molecule had to exist that obtains its genetic specificity from DNA. This
molecule would then move to the cytoplasm to function as the template
for protein synthesis. Attention from the start focused on the still function-
ally obscure second class of nucleic acids, RNA. Torbjérn Caspersson and
Jean Brachet had found RNA to reside largely in the cytoplasm; and it was
easy to imagine single DNA strands, when not serving as templates for com-
plementary DNA strands, acting as templates for complementary RNA
chains.

RNA Is Chemically Very Similar to DNA

Mere inspection of RNA structure shows how it can be exactly synthesized
on a DNA template. Chemically, it is very similar to DNA. It, too, is a long,
unbranched molecule containing four types of nucleotides linked together
by 3’5’ phosphodiester bonds (Fig. 2-11). Two differences in its chemical

guanine
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groups distinguish RNA from DNA. The first is a minor modification of the
sugar component (Fig. 2-12). The sugar of DNA is deoxyribose, whereas
RNA contains ribose, identical to deoxyribose except for the presence of
an additional OH (hydroxyl) group on the 2’ carbon. The second difference
is that RNA contains no thymine but instead contains the closely related
pyrimidine uracil. Despite these differences, however, polyribonucleotides
have the potential for forming complementary helices of the DNA type. Nei-
ther the additional hydroxyl group nor the absence of the methyl group
found in thymine but not in uridine affects RNA’s ability to form double-
helical structures held together by base pairing. Unlike DNA, however,
RNA is typically found in the cell as a single-stranded molecule. If double-
stranded RNA helices are formed, they most often are composed of two parts
of the same single-stranded RNA molecule.

THE CENTRAL DOGMA

By the fall of 1953, the working hypothesis was adopted that chromosomal
DNA functions as the template for RNA molecules, which subsequently
move to the cytoplasm, where they determine the arrangement of amino
acids within proteins. In 1956 Francis Crick referred to this pathway for
the flow of genetic information as the central dogma:

Transcription Translation
Duplication @NA — RNA  ——  Protein.

Here the arrows indicate the directions proposed for the transfer of genetic
information. The arrow encircling DNA signifies that DNA is the template
for its self-replication. The arrow between DNA and RNA indicates that
RNA synthesis (called transcription) is directed by a DNA template. Corre-
spondingly, the synthesis of proteins (called translation) is directed by an
RNA template. Most importantly, the last two arrows were presented as uni-
directional; that is, RNA sequences are never determined by protein tem-
plates nor was DNA then imagined ever to be made on RNA templates.
The idea that proteins never serve as templates for RNA has stood the test
of time. However, as we will see in Chapter 12, RNA chains sometimes do

FIGURE 2-12 Distinctions between
the nucleotides of RNA and DNA. A nucle-
otide of DNA is shown next to a nucleotide
of RNA. All RNA nucleotides have the sugar
ribose (instead of deoxyribose for DNA),
which has a hydroxyl group on the 2’
carbon (shown in red). In addition, RNA
has the pyrimidine base uracil instead of
thymine. Uracil has a hydrogen at the 5 po-
sition of the pyrimidine ring (shown in red)
rather than the methyl group found in that
position for thymine. The three other bases
that occur in DNA and RNA are identical.
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ribbsome

FIGURE 2-13 Electron micrograph of
ribosomes attached to the endoplasmic
reticulum. This electron micrograph
(105,000x) shows a portion of a pancreatic
cell. The upper right portion shows a
portion of the mitochondrion and the
lower left shows a large number of ribo-
somes (small circles of electron density)
attached to the endoplasmic reticulum.
Some ribosomes exist free in the cytoplasm;
others are attached to the membranous en-
doplasmic reticulum. (Courtesy of K.R.
Porter.)

act as templates for DNA chains of complementary sequence. Such reversals
of the normal flow of information are very rare events compared with the
enormous number of RNA molecules made on DNA templates. Thus, the
central dogma as originally proclaimed more than 50 years ago still remains
essentially valid.

The Adaptor Hypothesis of Crick

At first it seemed simplest to believe that the RNA templates for protein syn-
thesis were folded up to create cavities on their outer surfaces specific for the
20 different amino acids. The cavities would be so shaped that only one
given amino acid would fit, and in this way RNA would provide the informa-
tion to order amino acids during protein synthesis. By 1955, however, Crick
became disenchanted with this conventional wisdom, arguing that it would
never work. In the first place, the specific chemical groups on the four bases
of RNA (A, U, G, and C) should mostly interact with water-soluble groups.
Yet, the specific side groups of many amino acids (e.g., leucine, valine,
and phenylalanine) strongly prefer interactions with water-insoluble
(hydrophobic) groups. In the second place, even if somehow RNA could
be folded so as to display some hydrophobic surfaces, it seemed at the
time unlikely that an RNA template would be used to discriminate accu-
rately between chemically very similar amino acids like glycine and alanine
or valine and isoleucine, both pairs differing only by the presence of single
methyl (CHj) groups. Crick thus proposed that prior to incorporation into
proteins, amino acids are first attached to specific adaptor molecules, which
in turn possess unique surfaces that can bind specifically to bases on the
RNA templates.

Discovery of Transfer RNA

The discovery of how proteins are synthesized required the development of
cell-free extracts capable of making proteins from amino acid precursors as
directed by added RNA molecules. These were first effectively developed
beginning in 1953 by Paul C. Zamecnik and his collaborators. Key to their
success were the recently available radioactively tagged amino acids, which
they used to mark the trace amounts of newly made proteins, as well as
high-quality, easy-to-use, preparative ultracentrifuges for fractionation of
their cellular extracts. Early on, the cellular site of protein synthesis was pin-
pointed to be the ribosomes, small RNA-containing particles in the cyto-
plasm of all cells engaged in protein synthesis (Fig. 2-13).

Several years later, Zamecnik, by then collaborating with Mahlon B.
Hoagland, went on to make the seminal discovery that prior to their incor-
poration into proteins, amino acids are first attached to what we now call
transfer RNA (tRNA) molecules. Transfer RNA accounts for some 10% of
all cellular RNA (Fig. 2-14).

To nearly everyone except Crick, this discovery was totally unexpected.
He had, of course, previously speculated that his proposed “adaptors” might
be short RNA chains, because their bases would be able to base-pair and
“read” the appropriate groups on the RNA molecules that served as the
templates for protein synthesis. As we shall relate later in greater detail
(Chapter 15), the transfer RNA molecules of Zamecnik and Hoagland are
in fact the adaptor molecules postulated by Crick. Each transfer RNA con-
tains a sequence of adjacent bases (the anticodon) that bind specifically dur-
ing protein synthesis to successive groups of bases (codons) along the RNA
template.
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The Paradox of the Nonspecific-Appearing Ribosomes

About 85% of cellular RNA is found in ribosomes, and because its absolute
amount is greatly increased in cells engaged in large-scale protein synthesis
(e.g., pancreas cells and rapidly growing bacteria), ribosomal RNA (rRNA)
was initially thought to be the template for ordering amino acids. But once
the ribosomes of Escherichia coli were carefully analyzed, several disquiet-
ing features emerged. First, all E. coliribosomes, as well asthose from all other
organisms, are composed of two unequally sized subunits, each containing
RNA, that either stick together or fall apart in a reversible manner, depending
onthe surroundingion concentration. Second, all therRNA chains within the
small subunits are of similar chain lengths (about 1500 bases in E. coli), as are
therRNA chains ofthe large subunits (about 3000 bases). Third, the base com-
position of both the small and large rRNA chains is approximately the same
(highin Gand C) in all known bacteria, plants, and animals, despite wide var-
iations in the AT/GC ratios of their respective DNA. This was not to be
expected if the rRNA chains were in fact a large collection of different RNA
templates derived from a large number of different genes. Thus, neither the
small nor large class of IRNA had the feel of template RNA.

Discovery of Messenger RNA (mRNA)

Cells infected with phage T4 provided the ideal system to find the true tem-
plate. Following infection by this virus, cells stop synthesizing E. coli RNA;
the only RNA synthesized is transcribed off the T4 DNA. Most strikingly, not
only does T4 RNA have a base composition very similar to T4 DNA, but it
does not bind to the ribosomal proteins that normally associate with rRNA
to form ribosomes. Instead, after first attaching to previously existing ribo-
somes, T4 RNA moves across their surface to bring its bases into positions
where they can bind to the appropriate tRNA—amino acid precursors for
protein synthesis (Fig. 2-15). In so acting, T4 RNA orders the amino acids
and is thus the long-sought-for RNA template for protein synthesis. Because
it carries the information from DNA to the ribosomal sites of protein synthe-
sis, itis called messenger RNA (mRNA). The observation of T4 RNA binding
to E. coliribosomes, first made in the spring of 1960, was soon followed with
evidence for a separate messenger class of RNA within uninfected E. coli
cells, thereby definitively ruling out a template role for any rRNA. Instead,
in ways that we discuss more extensively in Chapter 15, the rRNA compo-
nents of ribosomes, together with some 50 different ribosomal proteins
that bind to them, serve as the factories for protein synthesis, functioning
to bring the tRNA—amino acid precursors into positions where they can
read off the information provided by the mRNA templates.

Only a few percent of total cellular RNA is mRNA. This RNA shows
the expected large variations in length and nucleotide composition required
toencode the many different proteins found in a given cell. Hence, itis easy to
understand why mRNA was first overlooked. Because only a small segment of
mRNA is attached at a given moment to a ribosome, a single mRNA molecule
can simultaneously be read by several ribosomes. Most ribosomes are found
as parts of polyribosomes (groups of ribosomes translating the same mRNA),
which can include more than 50 members (Fig. 2-16).

Enzymatic Synthesis of RNA upon DNA Templates

As mRNA was being discovered, the first of the enzymes that synthesize
(or transcribe) RNA using DNA templates was being independently iso-

anticodon

mRNA 3’ [ UCG 15
[—

codon

FIGURE 2-14 Yeastalanine tRNA struc-
ture, as determined by Robert W. Holley
and his associates. The anticodon in this
tRNA recognizes the codon for alanine in the
mRNA. Several modified nucleosides exist in
the structure: ¢ = pseudouridine, T = ribo-
thymidine, DHU = 5,6-dihydrouridine, | =
inosine, m'G = 1-methylguanosine, m'l =
1-methylinosine, and m?G = N,N-dimethyl-
guanosine.
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FIGURE 2-15 Transcription and tran-
slation. The nucleotides of mRNA are as-
sembled to form a complementary copy of
one strand of DNA. Each group of three is
a codon that is complementary to a group
of three nucleotides in the anticodon re-
gion of a specific tRNA molecule. When
base pairing occurs, an amino acid carried
at the other end of the tRNA molecule is
added to the growing protein chain.

FIGURE 2-16 Diagram of a polyribo-
some. Each ribosome attaches at a start
signal at the 5" end of an mRNA chain and
synthesizes a polypeptide as it proceeds
along the molecule. Several ribosomes may
be attached to one mRNA molecule at one
time; the entire assembly is called a poly-
ribosome.
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lated in the labs of biochemists Jerard Hurwitz and Samuel B. Weiss. Called
RNA polymerases, these enzymes function only in the presence of DNA,
which serves as the template upon which single-stranded RNA chains are
made, and use the nucleotides ATP, GTP, CTP, and UTP as precursors
(Fig. 2-17). These enzymes make RNA using appropriate segments of chro-
mosomal DNA as their templates. Direct evidence that DNA lines up the
correct ribonucleotide precursors came from seeing how the RNA base com-
position varied with the addition of DNA molecules of different AT/GC
ratios. In every enzymatic synthesis, the RNA AU/GC ratio was roughly
similar to the DNA AT/GC ratio (Table 2-2).

During transcription, only one of the two strands of DNA is used as a tem-
plate to make RNA. This makes sense, because the messages carried by the
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site of nucleotide addition
to growing RNA strand

two strands, being complementary but not identical, are expected to code for
completely different polypeptides. The synthesis of RNA always proceeds
in a fixed direction, beginning at the 5 end and concluding with the
3’-end nucleotide (see Fig. 2-17).

By this time, there was firm evidence for the postulated movement of RNA
from the DNA-containing nucleus to the ribosome-containing cytoplasm
of eukaryotic cells. By briefly exposing cells to radioactively labeled precur-
sors, then adding a large excess of unlabeled ribonucleotides (a “pulse
chase” experiment), mRNA synthesized during a short time window was
labeled. These studies showed that mRNA is synthesized in the nucleus.
Within an hour, most of this RNA had left the nucleus and was observed
in the cytoplasm (Fig. 2-18).

Establishing the Genetic Code

Given the existence of 20 amino acids but only four bases, groups of several
nucleotides must somehow specify a given amino acid. Groups of two, how-
ever, would specify only 16 (4 x 4) amino acids. So from 1954, the start of
serious thinking about what the genetic code might be like, most attention
was given to how triplets (groups of three) might work, even though they
obviously would provide more permutations (4 x 4 x 4) than needed if
each amino acid was specified by only a single triplet. The assumption of co-
linearity was then very important. It held that successive groups of nucleo-
tides along a DNA chain code for successive amino acids along a given
polypeptide chain. An elegant mutational analysis on bacterial proteins,
carried out in the early 1960s by Charles Yanofsky and Sydney Brenner,
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FIGURE 2-17 Enzymatic synthesis of
RNA upon a DNA template, catalyzed by

RNA polymerase.

TABLE 2-2 Comparison of the Base Composition of Enzymatically Synthesized RNAs with the Base Composition of

Their Double-Helical DNA Templates

A+ U A+T
Composition of the RNA Bases G+C G+C
Source of DNA Template Adenine Uracil Guanine Cytosine Observed In DNA
T2 0.31 0.34 0.18 0.17 1.86 1.84
Calf thymus 0.31 0.29 0.19 0.21 1.50 1.35
Escherichia coli 0.24 0.24 0.26 0.26 0.92 0.97
Micrococcus 0.17 0.16 0.33 0.34 0.49 0.39

lysodeikticus (a bacterium)
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FIGURE 2-18 Demonstration that
RNA is synthesized in the nucleus and
moves to the cytoplasm. (Top) Autoradio-
graph of a cell (Tetrahymena) exposed to ra-
dioactive cytidine for 15 min. Superim-
posed on a photograph of a thin section of
the cell is a photograph of an exposed
silver emulsion. Each dark spot represents
the origin of an electron emitted from a *H
(tritium) atom that has been incorporated
into RNA. Almost all the newly made RNA
is found within the nucleus. (Bottom) Auto-
radiograph of a similar cell exposed to radio-
active cytidine for 12 min and then allowed
to grow for 88 min in the presence of non-
radioactive cytidine. Practically all the label
incorporated into RNA in the first 12 min
has left the nucleus and moved into the
cytoplasm. (Courtesy of D.M. Prescott, Uni-
versity of Colorado Medical School; repro-
duced, with permission, from Prescott
D.M. 1964. Progr. Nucleic Acid Res. Mol.
Biol. 3: 35. © Elsevier.)

TABLE 2-3 The Genetic Code
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showed that colinearity does in fact exist. Equally important were the genetic
analyses by Brenner and Crick, which in 1961 first established that groups of
three nucleotides are used to specify individual amino acids.

But which specific groups of three bases (codons) determine which spe-
cific amino acids could only be learned by biochemical analysis. The major
breakthrough came when Marshall Nirenberg and Heinrich Matthaei, then
working together, observed in 1961 that the addition of the synthetic poly-
nucleotide poly U (UUUUU . . .) to a cell-free system capable of making
proteins leads to the synthesis of polypeptide chains containing only the
amino acid phenylalanine. The nucleotide groups UUU thus must specify
phenylalanine. Use of increasingly more complex polynucleotides as syn-
thetic messenger RNAs rapidly led to the identification of more and more
codons. Particularly important in completing the code was the use of poly-
nucleotides like AGUAGU, put together by organic chemist Har Gobind
Khorana. These further defined polynucleotides were critical to test more
specific sets of codons. Completion of the code in 1966 revealed that 61
out of the 64 possible permuted groups corresponded to amino acids,
with most amino acids being encoded by more than one nucleotide triplet
(Table 2-3).

ESTABLISHING THE DIRECTION OF PROTEIN SYNTHESIS

The nature of the genetic code, once determined, led to further questions
about how a polynucleotide chain directs the synthesis of a polypeptide. As
we have seen here and shall discuss in detail in Chapter 9, polynucleotide
chains (both DNA and RNA) are synthesized by adding to the 3’ end of the
growing strand (growth in the 5'— 3’ direction). But what about the growing
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polypeptide chain? Is it assembled in an amino-terminal to carboxy-ter-
minal direction, or the opposite?

This question was answered using a cell-free system for protein synthesis
similar to the one used to identify the amino acid codons. Instead of provid-
ing synthetic mRNAs, however, the investigators provided B-globin mRNA
to direct protein synthesis. A few minutes after initiation of protein synthe-
sis, the cell-free system was treated with a radioactive amino acid for a few
seconds (less than the time required to synthesize a complete globin chain)
after which protein synthesis was immediately stopped. A brief radioactive
labeling regime of this kind is known as pulse-labeling. Next, the B-globin
chains that had completed their growth during the period of the pulse-
labeling were separated from incomplete chains by gel electrophoresis
(Chapter 7). Thus, all proteins analyzed would have completed their
synthesis in the presence of radiolabeled precursors. The full-length poly-
peptides were then treated with an enzyme, the protease trypsin, that
cleaves proteins at particular sites in the polypetide chain, thereby generat-
ing a series of peptide fragments. In the final step of the experiment, the
amount of radioactivity that had been incorporated into each peptide
fragment was measured (Fig. 2-19).

Because in thisexperimentall proteins finished their synthesis in the pres-
ence of radioactive precursors, the peptides last to be synthesized will have
the highest density of radiolabeled precursors (Fig. 2-19a). Conversely, pep-
tides with the least amount of radioactive amino acid (normalized to the size
of the peptide) would be derived from regions of the B-globin protein that
were the first to be synthesized. The investigators observed that radioactive
labeling was lowest for peptides from the amino-terminal region of globin
and greatest for peptides from the carboxy-terminal region (Fig. 2-19b).
This led to the conclusion that the direction of protein synthesis is from the
amino terminus to the carboxyl terminus. In other words, new amino acids
are added to the carboxyl terminus of the growing polypeptide chain.

a
v v v v v
NH, ) COOH
C D)
C
C D)
C D)
b
° °
e
§ °
2 °
g .
2
g .
NH, COOH

position of peptide

FIGURE 2-19 Incorporation of radio-
actively labeled amino acids into a grow-
ing polypeptide chain. (a) Distribution of
radioactivity (shown in blue) among com-
pleted chains after a short period of labeling.
The sites of trypsin cleavage of the B-globin
protein are indicated by the red arrows. (b)
Incorporation of label normalized to the
length of each peptide is plotted as a func-
tion of position of the peptide within the
completed chain.
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Start and Stop Signals Are Also Encoded within DNA

Initially, it was guessed that translation of an mRNA molecule would com-
mence at one end and finish when the entire mRNA message had been read
into amino acids. But, in fact, translation both starts and stops at internal
positions. Thus, signals must be present within DNA (and its mRNA prod-
ucts) to initiate and terminate translation. The stop signals were the first to
be worked out. Three separate codons (UAA, UAG, and UGA), first known
as nonsense codons, do not direct the addition of a particular amino acid.
Instead, these codons serve as translational stop signals (sometimes called
stop codons). The way translational start signals are encoded is more com-
plicated. The amino acid methionine initiates all polypeptide chains, but
the triplet (AUG) that codes for these initiating methionines also codes for
methionine residues that are found at internal protein positions. In prokary-
otes, the AUG codons that start new polypeptide chains are preceded by spe-
cific purine-rich blocks of nucleotides that serve to attach mRNA to
ribosomes (see Chapter 15). In eukaryotes, the position of the AUG relative
to the beginning of the mRNA is the critical determinant, with the first AUG
always being selected as the start site of translation.

THE ERA OF GENOMICS

With the elucidation of the central dogma, it became clear by the mid-1960s
how the genetic blueprint contained in the nucleotide sequence could deter-
mine phenotype. This meant that profound insights into the nature of living
things and their evolution would be revealed from DNA sequences. In recent
years the advent ofrapid, automated DNA sequencing methods hasled to the
determination of complete genome sequences for hundreds of organisms.
Even the human genome, a single copy of which is composed of more than
3 billion base pairs, has been elucidated and shown to contain more than
20,000 genes. The sequencing of the genomes of many organisms has
made the comparative analysis of genome sequences very useful. By com-
paring the predicted amino acid sequences encoded by similar genes from
different organisms one can frequently identify important regions of a pro-
tein. For example, the amino acids in DNA polymerases that are critical for
binding the incoming nucleotide or that directly catalyze nucleotide addi-
tion are well conserved in the DNA polymerases from many different organ-
isms. Similarly, amino acids that are important to DNA polymerase function
in bacteria but not in eukaryotic cells will be conserved only in the amino
acid sequences predicted by the genome sequences from bacteria.

Comparison of different genomes can also offer insights into DNA se-
quences that do not encode proteins. The identification of sequences that
direct gene expression, DNA replication, chromosome segregation, and
recombination can all be facilitated by comparing genome sequences.
Because these regulatory sequences tend to diverge more rapidly, these com-
parisons are often made between closely related species (such as between
different bacteria or between humans and other primates). The value of com-
parisons between closely related species has led to efforts to sequence the
genomes of organisms closely related to well-studied model organisms
such as the fruit fly Drosophila melanogaster, the yeast Saccharomyces cer-
evisiae, or multiple primates.

Comparative genomics between different individuals of the same organ-
ism has the potential to identify mutations that lead to disease. For example,
recent efforts have developed methods to rapidly compare the sequences of
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a small subset of the human genome among many different individuals in
an effort to identify disease genes. Finally, it is possible to envision a day
when comparative genome analysis will reveal basic insights into the ori-
gins of complex behavior in humans, such as the acquisition of language,
as well as the mechanisms underlying the evolutionary diversification of
animal body plans.

The purpose of the forthcoming chapters is to provide a firm foundation
for understanding how DNA functions as the template for biological com-
plexity. The chapters in Part 2 review the basic chemistry and biochemical
structures that are relevant to the main themes of this book. The final chap-
ter in Part 2 presents various laboratory techniques commonly used to
investigate biological structures and problems. The initial chapters in
Part 3, Maintenance of the Genome, describe the structure of the genetic
material and its faithful duplication. The following chapters present the
processes that provide a means for generating genetic variation as well as
the repair of damaged parts of the genome. Part 4, Expression of the
Genome, shows how the genetic instructions contained in DNA are con-
verted into proteins. Part 5, Regulation, describes strategies for differential
gene activity that are used to generate complexity within organisms (e.g.,
embryogenesis) and diversity among organisms (e.g., evolution). The last
chapter in Part 5 on systems biology presents interdisciplinary approaches
for investigating more complex levels of biological organization. And an
appendix describes several model organisms that have served as important
experimental systems to reveal general biological patterns across many dif-
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ferent organisms.

SUMMARY

The discovery that DNA is the genetic material can be
traced to experiments performed by Griffith, who showed
that nonvirulent strains of bacteria could be genetically
transformed with a substance derived from a heat-killed
pathogenic strain. Avery, McCarty, and MacLeod subse-
quently demonstrated that the transforming substance was
DNA. Further evidence that DNA is the genetic material
was obtained by Hershey and Chase in experiments with
radiolabeled bacteriophage. Building on Chargaff’s rules
and Franklin and Wilkins’ X-ray diffraction studies, Watson
and Crick proposed a double-helical structure of DNA. In
this model, two polynucleotide chains are twisted around
each other to form a regular double helix. The two chains
within the double helix are held together by hydrogen bonds
between pairs of bases. Adenine is always joined to thymine,
and guanine is always bonded to cytosine. The existence of
the base pairs means that the sequence of nucleotides along
the two chains are not identical, but complementary. The
finding of thisrelationship suggested amechanism for the rep-
lication of DNA in which each strand serves as a template for
its complement. Proof for this hypothesis came from (a) the
observation of Meselson and Stahl that the two strands of
each double helix separate during each round of DNA replica-
tion, and (b) Kornberg’s discovery of an enzyme that uses

single-stranded DNA as a template for the synthesis of a com-
plementary strand.

As we have seen, according to the “central dogma” infor-
mation flows from DNA to RNA to protein. This transforma-
tion is achieved in two steps. First, DNA is transcribed into
an RNA intermediate (messenger RNA), and second, the
mRNA is translated into protein. Translation of the mRNA
requires RNA adaptor molecules called tRNAs. The key char-
acteristic of the genetic code is that each triplet codon is rec-
ognized by a tRNA, which is associated with a cognate amino
acid. Out of 64 (4 x 4 x 4) potential codons, 61 are used to
specify the 20 amino acid building blocks of proteins,
whereas 3 are used to provide chain-terminating signals.
Knowledge of the genetic code allows us to predict protein-
coding sequences from DNA sequences. The advent of rapid
DNA sequencing methods has ushered in a new era of
genomics, in which complete genome sequences are being
determined for a wide variety of organisms, including hu-
mans. Comparing genome sequences offers a powerful
method to identify critical regions of the genome that encode
not only important elements of proteins but also regulatory
regions that control the expression of genes and the duplica-
tion of the genome.
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For instructor-assigned tutorials and problems, go to MasteringBiology.

For answers to even-numbered questions, see Appendix 2:
Answers.

Question 1. Avery, MacLeod, and McCarty concluded that DNA
contained the genetic information to transform nonpathogenic R
(rough) Streptococcus pneumoniae to pathogenic S (smooth) S.
pneumoniae. Explain the experimental logic behind treatment
of the active purified fraction with dexoyribonuclease, ribonu-
clease, or proteolytic enzymes.

Question 2. In the 1952 Hershey—Chase experiment (Fig. 2-3),
explain why the protein is labeled with 35§ and the DNA is
labeled with **P. Is it possible to do the reverse labeling (DNA
with %S and protein with **P)?

Question 3.

A. Considering the Chargaff’s data in Box 2-1, explain how the
human data help refute that thymine pairs with cytosine in
double-stranded DNA.



B. If Chargaffonly collected the data for E. coli K2, would you be
able to confidently refute that thymine pairs with cytosine in
double-stranded DNA? Explain why or why not.

Question 4. Describe the structural differences between a base,
nucleoside, and nucleotide (that are applicable for any given
base).

Question 5. Review the data in Table 2-1. Justify how the exper-
imental data for Aerobacter aerogenes support the hypothesis
that a DNA polymerase uses a template to direct the synthesis
of new DNA with a specific sequence.

Question 6.

A. Using the same experimental setup as in the original Mesel-
son and Stahl experiment (see Figs. 2-9 and 2-10), predict the
bands (heavy, light, and/or intermediate) that you would
observe after one round of replication if DNA polymerase
replicated the bacterial genome by the dispersive model of
replication.

B. Using the same experimental setup as in the original Mesel-
son and Stahl experiment, predict the bands (heavy, light,
and/or intermediate) that you would observe after one round
of replication if DNA polymerase replicated the bacterial
genome by the conservative model of replication.

C. How many rounds of replication would the original Mesel-
son and Stahl experiment include to distinguish between
the three models of replication (dispersive, conservative,
semiconservative)? Explain your answer.

Question 7. Review Box 2-2. Explain how Vernon Ingram used
the Sallele and sickle cell anemia to provide evidence that genes
encoded proteins.

Question 8. Describe several general properties of RNA that pro-
vided clues that RNA linked the genetic information from DNA
to the amino acid sequence in proteins.

Question 9. Provide the justifications that the rRNA does not dic-
tate the sequence of amino acids in protein synthesis.

Question 10. How is polyribosome formation advantageous for
expression of a specific protein?

Question 11. Using the genetic code given in Table 2-3, name the
amino acids(s) produced from the template AGUAGU using the
cell-free translation system.

Question 12. Write out the steps in the Central Dogma. List where
each step occurs in the cell. For each arrow, name the process that
the arrow represents and the primary enzyme (complex) respon-
sible for completing that step. Name the step(s) in which mRNA,
tRNA, and rRNA have a role and briefly describe the role of each
in the step(s) you name.
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Question 13.

A. Review the experiment and data depicted in Figure 2-19. In
terms of the experimental setup, explain why the values for
radioactivity per length of peptide are not equal for each
full-length peptide isolated.

B. Predict how the data shown in the graph would change if the
trypsin cleavage step did not take place.

C. Predict how the data shown in the graph would change
if proteins were translated in the carboxy-terminal to
amino-terminal direction. Explain why you would see that
change.

Question 14. Tissiéres and Hopkins studied the relationship
between DNA and protein synthesis. In one experiment, they
measured the incorporation of amino acids into proteins in the
presence of the enzyme deoxyribonuclease (DNase). They incu-
bated a crude E. coli extract with varying concentrations of
DNase for 10 min before adding the necessary components for
the protein synthesis reaction including '*C-labeled alanine.
The amount of radioactivity incorporated is represented as
cpm (counts per minute) in the data summarized below.

DNAse (png/ml) 0 1 5 10 20 50
cpm 813 334 372 364 386 426
% Inhibition 59 54 55 53 48

A. What effect does the addition of DNase have on protein
synthesis?

B. From what you know about the central dogma, explain why
the addition of DNase causes the effect on amino acid incor-
poration observed.

Data adapted from Tissieres and Hopkins (1961. Proc. Natl.
Acad. Sci. 47: 2015-2023).

Question 15. Audrey Stevens measured the incorporation of *?P-
labeled ADP or **P-labeled ATP into RNA. He added various
nucleotides mixturesto an E. coli extract that catalyzed RNA syn-
thesis. The added components per reaction are listed in the table
below. The observed radioactivity incorporated into the RNA is
listed in terms of cpm (counts per minute).

Reaction components cpm
added incorporated
ATP 790
ATP, UTP, CTP, GTP 3920
ADP 690
ADP, UDP, CDP, GDP 1800

A. Based onyourknowledge fromthischapterand the datagiven,
what enzyme do you think is present in the E. coli extract?

B. Why do you think the second reaction has the greatest cpm
value compared to the other reactions?

Data adapted from Stevens (1960. Biochem. Biophys. Res.
Commun. 3: 92—96).
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Part 2

try underlying those structures, and the methods by which those mol-
ecules are studied.

The basic chemistry presented in Chapter 3 focuses on the nature of
chemical bonds—both weak and strong—and describes their roles in biol-
ogy. Our discussion opens with weak chemical interactions, namely hydro-
gen bonds, and van der Waals and hydrophobic interactions. These forces
mediate most interactions between macromolecules—between proteins or
between proteins and DNA, for example. These weak bonds are critical for
the activity and regulation of the majority of cellular processes. Thus,
enzymes bind their substrates using weak chemical interactions; and tran-
scriptional regulators bind sites on DNA to switch genes on and off using
the same class of bonds.

Individual weak interactions are very weak indeed and thus dissociate
quickly after forming. This reversibility is important for their roles in biol-
ogy. Inside cells, molecules must interact dynamically (reversibly) or the
whole system would seize up. At the same time, certain interactions must,
at least in the short term, be stable. To accommodate these apparently con-
flicting demands, multiple weak interactions tend to be used together.

We then turn to strong bonds—the bonds that hold together the compo-
nents that make up each macromolecule. Thus, proteins are made up of
amino acids linked in a specific order by strong bonds, and DNA is made
up of similarly linked nucleotides. (The atoms that make up the amino acids
and nucleotides are also joined together by strong bonds.)

Chapter 4 explores the structure of DNA in atomic detail, from the chem-
istry of its bases and backbone to the base-pairing interactions and other
forces that hold the two strands together. Thus, we see how both strong
and weak bonds are critical in bestowing upon this molecule its properties
and thus defining its functions. DNA is often topologically constrained, and
Chapter 4 considers the biological effects of such constraints, together with
enzymes that alter topology.

Chapter 5 explores the structure of RNA. Despite its similarity to DNA,
RNA has its own distinctive structural features and properties, including
the remarkable capacity to catalyze several cellular processes, a theme we
shall return to in later chapters of the book. RNA’s ability to both encode
information (like DNA) and act enzymatically (like many proteins) afforded
it a fascinating role in the early evolution of life, a matter we return to in
Chapter 17.

In Chapter 6, we see how the strong and weak bonds together also give
proteins distinctive three-dimensional shapes (and thereby specific func-
tions). Thus, just as weak bonds mediate interactions between macromole-
cules, so too they act between, for example, nonadjacent amino acids
within a given protein. In so doing, they determine how the primary chain
of amino acids folds into a three-dimensional shape.

We also consider, in Chapter 6, how proteins interact with each other and
with other macromolecules, in particular DNA and RNA; as we will see
again and again in this book, the interactions between proteins and nucleic
acids lie at the heart of most processes and regulation. We also look at how
the function of a given protein can be regulated. One way is by changing the
shape of the protein, a mechanism called allosteric regulation. Thus, in one
conformation, a given protein may perform a specific enzymatic function or
bind a specific target molecule. In another conformation, however, it may
lose that ability. Such a change in shape can be triggered by the binding of
another protein or a small molecule such as a sugar. In other cases, an al-
losteric effect can be induced by a covalent modification. For example,

PART 2 1S DEDICATED TO THE STRUCTURE of macromolecules, the chemis-
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attaching one or more phosphate groups to a protein can trigger a change in
the shape of that protein. Another way a protein can be controlled is by reg-
ulating when it is brought into contact with a target molecule. In this way a
given protein can be recruited to work on different target proteins in
response to different signals.

We end Part 2 with a chapter (Chapter 7) describing many of the funda-
mental techniques of molecular biology. These are the techniques that are
widely used in studying nucleic acids and proteins, as encountered
throughout this book. Additional methods and techniques—often more spe-
cialized for particular problems—are presented within individual chapters,
but those collected in Chapter 7 are the core set used throughout molecular

47

biology.

PHOTOS FROM THE COLD SPRING HARBOR
LABORATORY ARCHIVES

Joan Steitz and Fritz Lipmann, 1969 Symposium on The Mech-
anism of Protein Synthesis. Steitz's research focuses on the structure
and function of RNA molecules, particularly those involved in RNA
splicing (Chapter 14), and she was an author of the fourth edition
of this book. Lipmann showed that the high-energy phosphate
group in ATP is the source of energy that drives many biological pro-
cesses (Chapter 3). For this he shared, with Hans Krebs, the 1953
Nobel Prize in Physiology or Medicine.

Stephen Harrison and Don Wiley, 1999 Symposium on Sig-
naling and Gene Expression in the Immune System. For many
years these two structural biologists shared a laboratory at
Harvard, pursuing independent and sometimes overlapping pro-
jects. Both were interested in viral infection. Harrison’s research
group was the first to determine the atomic structure of an intact
virus particle; Wiley was renowned for his work on influenza hemag-
glutinin and MHC complexes. Harrison, who wrote the new chapter
on the structure of proteins for this edition (Chapter 6), also deter-
mined, in a collaboration with Mark Ptashne, the first structure of a
sequence-specific protein:DNA complex.
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Werner Arber and Daniel Nathans, 1978 Symposium on DNA:
Replication and Recombination. These two shared, with Hamilton
O. Smith, the 1978 Nobel Prize in Physiology or Medicine for the
characterization of type Il restriction enzymes and their application
to the molecular analysis of DNA (Chapter 7). This was one of the
key discoveries in the development of recombinant DNA technology
in the early 1970s.

Kary Mullis, 1986 Symposium on Molecular Biology of Homo
sapiens. Mullis (right) invented polymerase chain reaction (PCR),
one of the central techniques of molecular biology (Chapter 7),
for which he won the 1993 Nobel Prize in Chemistry. He is here pic-
tured with Maxine Singer (center), best known as a writer and ad-
ministrator who has written several books on genetics (often
together with Paul Berg) and who received the National Medal of

Science in 1992. On the left is Georgii Georgiev, the founding
editor of the Russian Journal of Developmental Biology.

Hamilton O. Smith, 1984 Symposium
on Recombination at the DNA Level.
Smith shared, with Werner Arber and
Daniel Nathans, the 1978 Nobel Prize
in Physiology or Medicine for the dis-
covery and characterization of type Il
restriction enzymes (Chapter 7). Later,
Smith worked with Craig Venter and
was involved in projects ranging from
the sequencing of the first bacterial
genome (Haemophilus influenzae) to
the creation of synthetic genomes
(Chapter 17).

Paul Berg, 1963 Symposium on
Synthesis and Structure of Mac-
romolecules. Berg was a pioneer
in the construction of recombinant
DNA molecules in vitro, work re-
flected in his share of the 1980
Nobel Prize in Chemistry.

Leroy Hood and J. Craig Venter, 1990
Genome Mapping and Sequencing Meet-
ing. Hood invented automated sequencing,
building his first machine in the mid-1980s.
It was Venter who later took first and greatest
advantage of automated sequencing: by
marrying theraw sequencing power such ma-
chines offered with a shotgun strategy, he
greatly accelerated the sequencing of whole
genomes including that of the human
(Chapter 7).
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Albert Keston, Sidney Udenfriend, and Frederick Sanger, 1949
Symposium on Amino Acids and Proteins. Keston—inventor of
the test tape for detecting glucose—and Udenfriend —developer
of screens for, and tests of, antimalarial drugs—are here shown
with Sanger, the only person to win two Nobel Prizes in
Chemistry. The first, in 1958, was for developing a method to
determine the amino acid sequence of a protein; the second, 22
years later, was for developing the primary method for sequencing
DNA (Chapter 7). Beyond the obvious technological achievement,
determining that a protein had a defined sequence revealed for the
first time that it likely had a defined structure as well.

Eric S. Lander (speaking), 1986 Symposium on Molecular
Biology of Homo sapiens. Lander was to become a leading
figure in the public Human Genome Project and first author
on the paper it produced reporting that sequence in 2001
(Chapter 7). As in the photo below of Gilbert and Botstein,
Lander is here giving forth his views at the 1986 debate on
whether it was worth trying to sequence the human
genome. Beside him, David Page, whose work has focused
on the structure, function, and evolution of the Y chromosome,
appears thoughtful; in the foreground, Nancy Hopkins (a
developmental biologist and an author on the fourth edition
of this book)—and, in the background, James Watson—seem
more amused.

Francis S. Collins and Maynard V. Olson, 1992 Genome
Mapping and Sequencing Meeting. Collins was one of
the early “gene hunters,” finding first the much sought
after cystic fibrosis gene in 1989. In 1993 he took over from
James Watson as Director of the National Center for
Human Genome Research and is today head of the
National Institutes of Health. He is here seen listening to
Olson in front of a poster about yeast artificial chromosomes
(YACs), the vectors Olson had created a few years earlier and
which allowed a 10-fold jump in the size of DNA fragments
that could at the time be cloned (Chapter 7).

Walter Gilbert and David Botstein, 1986 Symposium on Mole-
cular Biology of Homo sapiens. Gilbert, who invented a chemical
method for sequencing DNA, is shown here with Botstein during
the historic debate about whether it was feasible and sensible to
attempt to sequence the human genome. Botstein, after working
with phage for many years, contributed much to the development
of the yeast Saccharomyces cerevisiae as a model eukaryote for molec-
ular biologists; he was also an early figure in the emerging field of ge-
nomics (Chapter 7 and Appendix 1).
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CHAPTER 3

The Importance of
Weak and Strong
Chemical Bonds

HE MACROMOLECULES THAT PREOCCUPY us throughout this book—and

I those of most concern to molecular biologists—are proteins and nucleic

acids. These are made of amino acids and nucleotides, respectively,
and in both cases the constituents are joined by covalent bonds to make poly-
peptide (protein) and polynucleotide (nucleic acid) chains. Covalent bonds
are strong, stable bonds and essentially never break spontaneously within bio-
logical systems. But weaker bonds also exist, and indeed are vital for life,
partly because they can form and break under the physiological conditions
present within cells. Weak bonds mediate the interactions between enzymes
and their substrates, and between macromolecules—most strikingly, as we
shall see in subsequent chapters, between proteins and DNA or RNA, or
between proteins and other proteins. But equally important, weak bonds
also mediate interactions between different parts of individual macromole-
cules, determining the shape of those molecules and hence their biological
function. Thus, although a protein is a linear chain of covalently linked amino
acids, its shape and function are determined by the stable three-dimensional
(3D) structure it adopts. That shape is determined by a large collection of indi-
vidually weak interactions that form between amino acids, which do not need
to be adjacent in the primary sequence. Likewise, it is the weak, noncovalent
bonds that hold the two chains of a DNA double helix together.

In the first part of the chapter, we consider the nature of chemical bonds
and the concept of free energy—that is, energy that is released (or changed)
during the formation of a chemical bond. We then concentrate on the weak
bonds so vital to the proper function ofall biological macromolecules. In par-
ticular, we describe what it is that gives weak bonds their weak character. In
the last part of the chapter, we discuss high-energy bonds and consider the
thermodynamic aspects of the peptide bond and the phosphodiester bond.

CHARACTERISTICS OF CHEMICAL BONDS

A chemicalbond is an attractive force thatholds atomstogether. Aggregates of
finite size are called molecules. Originally, it was thought that only covalent
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FIGURE 3-1 Rotation about the Cs—
Ce¢ bond in glucose. This carbon-carbon
bond is a single bond, and thus any of the
three configurations, a, b, or ¢, may occur.

FIGURE 3-2 The planar shape of the
peptide bond. Shown here is a portion of
an extended polypeptide chain. Almost no
rotation is possible about the peptide bond
because of its partial double-bond character
(see middle panel). All of the atoms in the
shaded area must lie in the same plane.
Rotation is possible, however, around the re-
maining two bonds, which make up the
polypeptide configurations. (Adapted, with
permission, from Pauling L. 1960. The
nature of the chemical bond and the structure
of molecules and crystals: An introduction to
modern structural chemistry, 3rd ed., p. 495.
© Cornell University.)
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bonds hold atoms together in molecules; now, weaker attractive forces are
known to be importantin holding together many macromolecules. For exam-
ple, the four polypeptide chains of hemoglobin are held together by the com-
bined action of several weak bonds. Therefore, itisnow customary also to call
weak positiveinteractions “chemical bonds,” even though theyare not strong
enough, when present singly, to bind two atoms together effectively.

Chemical bonds are characterized in several ways. An obvious character-
istic of a bond is its strength. Strong bonds almost never fall apart at physio-
logical temperatures. This is why atoms united by covalent bonds always
belong to the same molecule. Weak bonds are easily broken, and when
they exist singly, they exist fleetingly. Only when present in ordered groups
do weak bonds last a long time. The strength of a bond is correlated with its
length, so that two atoms connected by a strong bond are always closer
together than the same two atoms held together by a weak bond. For exam-
ple, two hydrogen atoms bound covalently to form a hydrogen molecule
(H:H) are 0.74 A apart, whereas the same two atoms held together by van
der Waals forces are 1.2 A apart.

Another important characteristic is the maximum number of bonds that a
given atom can make. The number of covalent bonds that an atom can form is
called its valence. Oxygen, for example, has a valence of 2: It can never form
more than two covalent bonds. But there is more variability in the case of van
der Waals bonds, in which the limiting factor is purely steric. The number of
possible bonds is limited only by the number of atoms that can touch each
other simultaneously. The formation of hydrogen bonds is subject to more
restrictions. A covalently bonded hydrogen atom usually participates in
only one hydrogen bond, whereas an oxygen atom seldom participates in
more than two hydrogen bonds.

The angle between two bonds originating from a single atom is called the
bond angle. The angle between two specific covalent bonds is always
approximately the same. For example, when a carbon atom has four single
covalent bonds, they are directed tetrahedrally (bond angle =109°). In con-
trast, the angles between weak bonds are much more variable.

Bonds differ also in the freedom of rotation they allow. Single covalent
bonds permit free rotation of bound atoms (Fig. 3-1), whereas double and tri-
ple bonds are quite rigid. Bonds with partial double-bond character, such as
the peptide bond, are also quite rigid. For that reason, the carbonyl (C=0)
and imino (N=C) groups bound together by the peptide bond must lie in
the same plane (Fig. 3-2). Much weaker, ionic bonds, on the other hand,
impose no restrictions on the relative orientations of bonded atoms.

Chemical Bonds Are Explainable in Quantum-Mechanical Terms

The nature of the forces, both strong and weak, that give rise to chemical
bonds remained a mystery to chemists until the quantum theory of the
atom (quantum mechanics) was developed in the 1920s. Then, for the first
time, the various empirical laws regarding how chemical bonds are formed
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were put on a firm theoretical basis. It was realized that all chemical bonds,
weak as well as strong, are based on electrostatic forces. Quantum mechan-
ics provided explanations for covalent bonding by the sharing of electrons
and also for the formation of weaker bonds.

Chemical-Bond Formation Involves a Change in the Form of Energy

The spontaneous formation of a bond between two atoms always involves
the release of some of the internal energy of the unbonded atoms and its con-
version to another energy form. The stronger the bond, the greater is the
amount of energy released upon its formation. The bonding reaction
between two atoms A and B is thus described by

A +B — AB + energy, [Equation 3-1]

where AB represents the bonded aggregate. The rate of the reaction is
directly proportional to the frequency of collision between A and B. The
unit most often used to measure energy is the calorie, the amount of energy
required to raise the temperature of 1 g of water from 14.5°C to 15.5°C.
Because thousands of calories are usually involved in the breaking of a
mole of chemical bonds, most energy changes within chemical reactions
are expressed in kilocalories per mole (kcal/mol).

However, atoms joined by chemical bonds do not remain together forever,
because there also exist forces that break chemical bonds. By far the most
important of these forces arises from heat energy. Collisions with fast-
moving molecules or atoms can break chemical bonds. During a collision,
some of the kinetic energy of a moving molecule is given up as it pushes
apart two bonded atoms. The faster a molecule is moving (the higher the
temperature), the greater is the probability that, upon collision, it will break
a bond. Hence, as the temperature of a collection of molecules is increased,
the stability of their bonds decreases. The breaking of a bond is thus always
indicated by the formula

AB + energy — A + B. [Equation 3-2]

The amount of energy that must be added to break a bond is exactly
equal to the amount that was released upon formation of the bond. This
equivalence follows from the first law of thermodynamics, which states
that energy (except as it is interconvertible with mass) can be neither
made nor destroyed.

Equilibrium between Bond Making and Breaking

Every bond is thus a result of the combined actions of bond-making and
bond-breaking forces. When an equilibrium is reached in a closed system,
the number of bonds forming per unit time will equal the number of bonds
breaking. Then the proportion of bonded atoms is described by the mass
action formula:

conc’B

Ko = , Equation 3-3
®1™ concA x concB [Eq |

where K is the equilibrium constant; and conc?, conc®, and conc®? are the

concentrations of A, B, and AB, respectively, in moles per liter (mol/L).
Whether we start with only free A and B, with only the molecule AB, or
with a combination of AB and free A and B, at equilibrium the proportions
of A, B, and AB will reach the concentrations given by K.
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TABLE 3-1 The Numerical Relationship
between the Equilibrium Constant and

AGat 25°C

Keq AG (kcal/mol)
0.001 4.089
0.01 2.726
0.1 1.363
1.0 0

10.0 -1.363
100.0 —2.726
1000.0 —4.089

THE CONCEPT OF FREE ENERGY

There is always a change in the form of energy as the proportion of bonded
atoms moves toward the equilibrium concentration. Biologically, the most
useful way to express this energy change is through the physical chemist’s
concept of free energy, denoted by the symbol G, which honors the great
19th century physicist Josiah Gibbs. We shall not give a rigorous description
of free energy in this text nor show how it differs from the other forms of
energy. For this, the reader must refer to a chemistry text that discusses
the second law of thermodynamics. It must suffice to say here that free
energy is energy that has the ability to do work.

The second law of thermodynamics tells us that a decrease in free energy
(AG is negative) always occurs in spontaneous reactions. When equilibrium
is reached, however, there is no further change in the amount of free energy
(AG = 0). The equilibrium state for a closed collection of atoms is thus the
state that contains the least amount of free energy.

The free energy lost as equilibrium is approached is either transformed
into heat or used to increase the amount of entropy. We shall not attempt
to define entropy here except to say that the amount of entropy is a measure
of the amount of disorder. The greater the disorder, the greater is the amount
of entropy. The existence of entropy means that many spontaneous chemi-
cal reactions (those with a net decrease in free energy) need not proceed with
an evolution of heat. For example, when sodium chloride (NaCl) is dis-
solved in water, heat is absorbed rather than released. There is, nonetheless,
a net decrease in free energy because of the increase in disorder of the
sodium and chlorine ions as they move from a solid to a dissolved state.

K.q Is Exponentially Related to AG

Clearly, the stronger the bond, and hence the greater the change in free
energy (AG) that accompanies its formation, the greater is the proportion
of atoms that must exist in the bonded form. This common sense idea is
quantitatively expressed by the physicochemical formula

AG = —RT(In Koq) or Ky = g AG/RT [Equation 3-4]

where R is the universal gas constant, T is the absolute temperature, In is
the logarithm (of K,y) to the base e, K, is the equilibrium constant, and
e = 2.718.

Insertion of the appropriate values of R (1.987 cal/deg-mol) and T (298 at
25°C) tells us that AG values as low as 2 kcal/mol can drive a bond-forming
reaction to virtual completion if all reactants are present at molar concentra-
tions (Table 3-1).

Covalent Bonds Are Very Strong

The AG values accompanying the formation of covalent bonds from free
atoms, such as hydrogen or oxygen, are very large and negative in sign,
usually —50 to —110 kcal /mol. Equation 3-4 tells us that K, of the bonding
reaction will be correspondingly large, and thus the concentration of
hydrogen or oxygen atoms existing unbound will be very small. For exam-
ple, with a AG value of —100 kcal /mol, if we start with 1 mol/L of the react-
ing atoms, only one in 10*° atoms will remain unbound when equilibrium
is reached.
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WEAK BONDS IN BIOLOGICAL SYSTEMS

The main types of weak bonds important in biological systems are the van
der Waals bonds, hydrophobic bonds, hydrogen bonds, and ionic bonds.
Sometimes, as we shall soon see, the distinction between a hydrogen
bond and an ionic bond is arbitrary.

Weak Bonds Have Energies between 1 and 7 kcal /mol

The weakest bonds are the van der Waals bonds. These have energies (1-2
kcal/mol) only slightly greater than the kinetic energy of heat motion. The
energies of hydrogen and ionic bonds range between 3 and 7 kcal/mol.

In liquid solutions, almost all molecules form several weak bonds to
nearby atoms. All molecules are able to form van der Waals bonds, whereas
hydrogen and ionic bonds can form only between molecules that have a net
charge (ions) or in which the charge is unequally distributed. Some mole-
cules thus have the capacity to form several types of weak bonds. Energy
considerations, however, tell us that molecules always have a greater ten-
dency to form the stronger bond.

Weak Bonds Are Constantly Made and Broken
at Physiological Temperatures

Weak bonds, at their weakest, have energies only slightly higher than the
average energy of kinetic motion (heat) at 25°C (0.6 kcal/mol), but even
the strongest of these bonds have only about 10 times that energy. Neverthe-
less, because there is a significant spread in the energies of kinetic motion,
many molecules with sufficient kinetic energy to break the strongest weak
bonds still exist at physiological temperatures.

The Distinction between Polar and Nonpolar Molecules

All forms of weak interactions are based on attractions between electric
charges. The separation of electric charges can be permanent or temporary,
depending on the atoms involved. For example, the oxygen molecule (0:0)
has a symmetric distribution of electrons between its two oxygen atoms,
therefore each of its two atoms is uncharged. In contrast, there is a non-
uniform distribution of charge in water (H:0:H), in which the bond electrons
are unevenly shared (Fig. 3-3). They are held more strongly by the oxygen
atom, which thus carries a considerable negative charge, whereas the two
hydrogen atoms together have an equal amount of positive charge. The cen-
ter of the positive charge is on one side of the center of the negative charge. A
combination of separated positive and negative charges is called an electric
dipole moment. Unequal electron sharing reflects dissimilar affinities of the
bonding atoms for electrons. Atoms that have a tendency to gain electrons
are called electronegative atoms. Electropositive atoms have a tendency to
give up electrons.

Molecules (such as H,0) that have a dipole moment are called polar mol-
ecules. Nonpolar molecules are those with no effective dipole moments. In
methane (CH,), for example, the carbon and hydrogen atoms have similar
affinities for their shared electron pairs, thus neither the carbon nor the
hydrogen atom is noticeably charged.

The distribution of charge in a molecule can also be affected by the pres-
ence of nearby molecules, particularly if the affected molecule is polar. The

van der Waals
radius of hydrogen

covalent bond
length

van der Waals
radius of
oxygen

<— direction of
dipole moment

FIGURE 3-3 The structure of a water
molecule. For van der Waals radii, see Fig-
ure 3-5.



56 Chapter 3

FIGURE 3-4 Variation of van der
Waals forces with distance. The atoms
shown in this diagram are atoms of the
inert rare gas argon. (Adapted from Pauling
L. 1953. General chemistry, 2nd ed., p. 322.
Courtesy Ava Helen and Linus Pauling Pa-
pers, Oregon State University Libraries.)

TABLE 3-2 van der Waals Radii of the
Atoms in Biological Molecules

van der
Waalso

Atom Radius (A)
H 1.2
N 1.5
O 1.4
P 1.9
S 1.85
CHj3 group 2.0
Half thickness of 1.7

aromatic molecule

10 A

weak van der
Waals attraction

5A

very strong
van der Waals 2
attraction

about 4 A

van der Waals

attraction just balanced

by repulsive forces, owing - g
to interpenetration of

outer electron shells

effect may cause a nonpolar molecule to acquire a slightly polar character. If
the second molecule is not polar, its presence will still alter the nonpolar
molecule, establishing a fluctuating charge distribution. Such induced
effects, however, give rise to a much smaller separation of charge than is
found in polar molecules, resulting in smaller interaction energies and cor-
respondingly weaker chemical bonds.

van der Waals Forces

van der Waals bonding arises from a nonspecific attractive force originating
when two atoms come close to each other. It is based not on the existence of
permanent charge separations, but, rather, on the induced fluctuating
charges caused by the nearness of molecules. It therefore operates between
all types of molecules, nonpolar as well as polar. It depends heavily on the
distance between the interacting groups, because the bond energy is inver-
sely proportional to the sixth power of distance (Fig. 3-4).

There also exists a more powerful van der Waals repulsive force, which
comes into play at even shorter distances. This repulsion is caused by the
overlapping of the outer electron shells of the atoms involved. The van
der Waals attractive and repulsive forces balance at a certain distance spe-
cific for each type of atom. This distance is the so-called van der Waals
radius (Table 3-2; Fig. 3-5). The van der Waals bonding energy between
two atoms separated by the sum of their van der Waals radii increases
with the size of the respective atoms. For two average atoms, it is only ~1
kcal/mol, which is just slightly more than the average thermal energy of
molecules at room temperature (0.6 kcal/mol).

This means that van der Waals forces are an effective binding force at
physiological temperatures only when several atoms in a given molecule
are bound to several atoms in another molecule or another part of the
same molecule. Then the energy of interaction is much greater than the
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acetate

guanine
©®oe

FIGURE 3-5 Drawings of several moleculeswith the van der Waals radii of the atoms shown
as shaded clouds.

glycine

dissociating tendency resulting from random thermal movements. For sev-
eral atoms to interact effectively, the molecular fit must be precise because
the distance separating any two interacting atoms must not be much greater
than the sum of their van der Waals radii (Fig. 3-6). The strength of interac-
tion rapidly approaches zero when this distance is only slightly exceeded.
Thus, the strongest type of van der Waals contact arises when a molecule
contains a cavity exactly complementary in shape to a protruding group of
another molecule, as is the case with an antigen and its specific antibody
(Fig. 3-7). In this instance, the binding energies sometimes can be as large
as 20—30 kcal/mol, so that antigen—antibody complexes seldom fall apart.
The bonding pattern of polar molecules is rarely dominated by van der
Waals interactions because such molecules can acquire a lower energy state
(lose more free energy) by forming other types of bonds.

Hydrogen Bonds

A hydrogen bond is formed between a donor hydrogen atom with some pos-
itive charge and a negatively charged acceptor atom (Fig. 3-8). For example,
the hydrogen atoms of the amino (—NH,) group are attracted by the nega-
tively charged keto (—C=0) oxygen atoms. Sometimes, the hydrogen-

FIGURE 3-6 The arrangement of mol-
ecules in a layer of a crystal formed by the
amino acid glycine. The packing of the
molecules is determined by the van der
Waals radii of the groups, except for the
N—H 1111 O contacts, which are shortened
by the formation of hydrogen bonds.
(Adapted, with permission, from Pauling
L. 1960. The nature of the chemical bond
and the structure of molecules and crystals:
An introduction to modern structural chemis-
try, 3rd ed., p. 262. © Cornell University.)

FIGURE 3-7 Antibody-antigen interaction. The structures, depicted as space filling (a) and
as ribbons (b), show the complex between Fab D 1.3 and lysozyme (in purple). (Fischmann T.O.
etal. 1991. /. Biol. Chem. 266: 12915.) Images prepared with MolScript, BobScript, and Raster3D.
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FIGURE 3-8 Examples of hydrogen

bonds in biological molecules.

TABLE 3-3 Approximate Bond
Lengths of Biologically Important

Hydrogen Bonds

Approximate
Bond H-Bond Length (A)
O—Hi1111 0O 2.70+0.10
O—Hi11110™ 2.63+0.10
O—Hi1iN 2.88+0.13
N—H11110 3.04+0.13
NT*—H 11110 2.93+0.10
N—Hi1i1i N 3.10+0.13

bonded atoms belong to groups with a unit of charge (such as NH3 or COO ™).
In other cases, both the donor hydrogen atoms and the negative acceptor
atoms have less than a unit of charge.

The biologically most important hydrogen bonds involve hydrogen atoms
covalently bound to oxygen atoms (O—H) or nitrogen atoms (N—H). Like-
wise, the negative acceptor atoms are usually nitrogen or oxygen. Table 3-3
lists some of the most important hydrogen bonds. In the absence of surround-
ing water molecules, bond energies range between 3 and 7 kcal/mol, the
stronger bonds involving the greater charge differences between donor and
acceptor atoms. Hydrogen bonds are thus weaker than covalent bonds, yet
considerably stronger than van der Waals bonds. A hydrogen bond, there-
fore, will hold two atoms closer together than the sum of their van der Waals
radii, but not so close together as a covalent bond would hold them.

Hydrogen bonds, unlike van der Waals bonds, are highly directional. In
the strongest hydrogen bonds, the hydrogen atom points directly at the
acceptor atom (Fig. 3-9). If it points more than 30° away, the bond energy
is much less. Hydrogen bonds are also much more specific than van der
Waals bonds because they demand the existence of molecules with comple-
mentary donor hydrogen and acceptor groups.

Some Ionic Bonds Are Hydrogen Bonds

Many organic molecules possess ionic groups that contain one or more units
ofnet positive or negative charge. The negatively charged mononucleotides,
for example, contain phosphate groups, which are negatively charged,
whereas each amino acid (except proline) has a negative carboxyl group
(COO™) and a positive amino group (NH3), both of which carry a unit of
charge. These charged groups are usually neutralized by nearby, oppositely
charged groups. The electrostatic forces acting between the oppositely
charged groups are called ionic bonds. Their average bond energy in an
aqueous solution is ~5 kcal/mol.

In many cases, either an inorganic cation like Na*, K*, or Mg* or an
inorganic anion like CI~ or SO~ neutralizes the charge of ionized organic
molecules. When this happens in aqueous solution, the neutralizing
cations and anions do not carry fixed positions because inorganic ions are
usuallysurrounded by shells of watermolecules and thus donot directly bind
to oppositely charged groups. Thus, in water solutions, electrostatic bonds to
surrounding inorganic cations or anions are usually not of primary impor-
tance in determining the molecular shapes of organic molecules.

On the other hand, highly directional bonds result if the oppositely
charged groups can form hydrogen bonds to each other. For example,
COO™ and NH3 groups are often held together by hydrogen bonds. Because
these bonds are stronger than those that involve groups with less than a unit
of charge, they are correspondingly shorter. A strong hydrogen bond can
also form between a group with a unit charge and a group having less than
a unit charge. For example, a hydrogen atom belonging to an amino group
(NH_) bonds strongly to an oxygen atom of a carboxyl group (COO™).

Weak Interactions Demand Complementary Molecular Surfaces

Weak binding forces are effective only when the interacting surfaces are
close. This proximity is possible only when the molecular surfaces have
complementary structures, so that a protruding group (or positive charge)
on one surface is matched by a cavity (or negative charge) on another.
That is, the interacting molecules must have a lock-and-key relationship.
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In cells, this requirement often means that some molecules hardly ever bond
to other molecules of the same kind because such molecules do not have the
properties of symmetry necessary for self-interaction. For example, some
polar molecules contain donor hydrogen atoms and no suitable acceptor
atoms, whereas other molecules can accept hydrogen bonds but have no
hydrogen atoms to donate. On the other hand, there are many molecules
with the necessary symmetry to permit strong self-interaction in cells. Water
is the most important example of this.

Water Molecules Form Hydrogen Bonds

Under physiological conditions, water molecules rarely ionize to form H*
and OH™ ions. Instead, they exist as polar H—O—H molecules with both
the hydrogen and oxygen atoms forming strong hydrogen bonds. In each
water molecule, the oxygen atom can bind to two external hydrogen atoms,
whereas each hydrogen atom can bind to one adjacent oxygen atom. These
bonds are directed tetrahedrally (Fig. 3-10), and thus, in its solid and liquid
forms, each water molecule tends to have four nearest neighbors, one in
each of the four directions of a tetrahedron. In ice, the bonds to these neigh-
bors are very rigid and the arrangement of molecules fixed. Above the melt-
ing temperature (0°C), the energy of thermal motion is sufficient to break the
hydrogen bonds and to allow the water molecules to change their nearest
neighbors continually. Even in the liquid form, however, at any given instant
most water molecules are bound by four strong hydrogen bonds.

Weak Bonds between Molecules in Aqueous Solutions

The average energy of a secondary, weak bond, although small compared
with that of a covalent bond, is nonetheless strong enough compared with
heat energy to ensure that most molecules in aqueous solution will form
secondary bonds to other molecules. The proportion of bonded to non-
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FIGURE 3-9 Directional properties of
hydrogen bonds. (a) The vector along the
covalent O—H bond points directly at the
acceptor oxygen, thereby forming a strong
bond. (b) The vector points away from the
oxygen atom, resulting in a much weaker
bond.

FIGURE 3-10 Diagram of a lattice
formed by water molecules. The energy
gained by forming specific hydrogen
bonds between water molecules favors the
arrangement of the molecules in adjacent
tetrahedrons. (Red spheres) Oxygen at-
oms; (purple spheres) hydrogen atoms.
Although the rigidity of the arrangement
depends on the temperature of the mole-
cules, the pictured structure is nevertheless
predominant in water as well as in ice.
(Adapted, with permission, from Pauling L.
1960. The nature of the chemical bond and
the structure of molecules and crystals: An in-
troduction to modern structural chemistry,
3rd ed., p. 262. © Cornell University.)
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bonded arrangements is given by Equation 3-4, corrected to take into
account the high concentration of molecules in a liquid. It tells us that inter-
action energies as low as 2—3 kcal/mol are sufficient at physiological tem-
peratures to force most molecules to form the maximum number of strong
secondary bonds.

The specific structure of a solution at a given instant is markedly influ-
enced by which solute molecules are present, not only because molecules
have specific shapes, but also because molecules differ in which types of
secondary bonds they can form. Thus, a molecule will tend to move until
it is next to a molecule with which it can form the strongest possible bond.

Solutions, of course, are not static. Because of the disruptive influence of
heat, the specific configuration of a solution is constantly changing from one
arrangement to another of approximately the same energy content. Equally
important in biological systems is the fact that metabolism is continually
transforming one molecule into another and thus automatically changing
the nature of the secondary bonds that can be formed. The solution structure
of cells is thus constantly disrupted not only by heat motion, but also by the
metabolic transformations of the cell’s solute molecules.

Organic Molecules That Tend to Form Hydrogen Bonds
Are Water Soluble

The energy of hydrogen bonds per atomic group is much greater than that of
van der Waals contacts; thus, molecules will form hydrogen bonds in pref-
erence to van der Waals contacts. For example, if we try to mix water with a
compound that cannot form hydrogen bonds, such as benzene, the water
and benzene molecules rapidly separate from each other, the water mole-
cules forming hydrogen bonds among themselves while the benzene mole-
cules attach to one another by van der Waals bonds. It is therefore impossible
to insert a non-hydrogen-bonding organic molecule into water.

On the other hand, polar molecules such as glucose and pyruvate, which
contain a large number of groups that form excellent hydrogen bonds (such
as =0 or OH), are soluble in water (i.e., they are hydrophilic as opposed to
hydrophobic). Although the insertion of such groups into a water lattice
breaks water—water hydrogen bonds, it results simultaneously in the forma-
tion of hydrogen bonds between the polar organic molecule and water.
These alternative arrangements, however, are not usually as energetically
satisfactory as the water—water arrangements, thus even the most polar mol-
ecules ordinarily have only limited solubility (see Box 3-1).

Therefore, almost all of the molecules that cells acquire, either through
food intake or through biosynthesis, are somewhat insoluble in water. These
molecules, by their thermal movements, randomly collide with other mole-
cules until they find complementary molecular surfaces on which to attach
and thereby release water molecules for water—water interactions.

Hydrophobic “Bonds” Stabilize Macromolecules

The strong tendency of water to exclude nonpolar groups is frequently
referred to as hydrophobic bonding. Some chemists like to call all of the
bonds between nonpolar groups in a water solution hydrophobic bonds
(Fig. 3-11). But, in a sense, this term is a misnomer, for the phenomenon
that it seeks to emphasize is the absence, not the presence, of bonds. (The
bonds that tend to form between the nonpolar groups are due to van der
Waals attractive forces.) On the other hand, the term hydrophobic bond is
often useful because it emphasizes the fact that nonpolar groups will try
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» ADVANCED CONCEPTS

B ox 3-1 The Uniqueness of Molecular Shapes and the Concept of Selective Stickiness

Even though most cellular molecules are built up from only a
small number of chemical groups, such as OH, NH,, and CH3,
there is great specificity as to which molecules tend to lie next
to each other. This is because each molecule has unique
bonding properties. One very clear demonstration comes
from the specificity of stereoisomers. For example, proteins are
always constructed from L-amino acids, never from their
mirror images, the pb-amino acids (Box 3-1 Fig. 1). Although
the p- and L-amino acids have identical covalent bonds, their > -
binding properties to asymmetric molecules are often very dif-

ferent. Thus, most enzymes are specific for L-amino acids. If an
L-amino acid is able to attach to a specific enzyme, the

D-amino acid is unable to bind. @ ° @ @

Most molecules in cells can make good “weak” bonds with

Gl sma!l nu.mbe.r @F K mole.cul.es, PRIy [93ZER most BOX 3-1 FIGURE 1 The two stereoisomers of the amino
st (0 (sHEllEgieel. SRt G I el ERME Criien: acid alanine. (Adapted, with permission, from Pauling L. 1960.
ment. The formation of a bond in a cell therefore depends The nature of the chemical bond and the structure of molecules and crys-
not only on whether two molecules bind well to each other, tals: An introduction to modern structural chemistry, 3rd ed., p. 465.
but also on whether bond formation is overall more favorable © Cornell University; Pauling L. 1953. General chemistry, 2nd ed.,
than the alternative bonds that can form with solvent water p. 498. Courtesy Ava Helen and Linus Pauling Papers, Oregon
molecules. State University Libraries.)

L-alanine D-alanine

to arrange themselves so that they are not in contact with water molecules.
Hydrophobic bonds are important both in the stabilization of proteins and
complexes of proteins with other molecules and in the partitioning of pro-
teins into membranes. They may account for as much as one-half of the total
free energy of protein folding.

Consider, for example, the different amounts of energy generated
when the amino acids alanine and glycine are bound, in water, to a third
molecule that has a surface complementary to alanine. A methyl group is
present in alanine but not in glycine. When alanine is bound to the third

a , b .
c C .
N
N \ -
o j
3V~
CH CH,
CHs d
CH, (|3H2
CH /CH
N
\N\ ..C N

FIGURE 3-11 Examples of van der Waals (hydrophobic) bonds between the nonpolar
side groups of amino acids. The hydrogens are not indicated individually. For the sake of clarity,
the van der Waals radii are reduced by 20%. The structural formulas adjacent to each space-
filling drawing indicate the arrangement of the atoms. (a) Phenylalanine—leucine bond. (b)
Phenylalanine—phenylalanine bond. (Adapted, with permission, from Scheraga H.A. 1963. The
proteins, 2nd ed. [ed. H. Neurath], p. 527. Academic Press, New York. © Harold Scheraga.)
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molecule, the van der Waals contacts around the methyl group yield 1 kcal/
mol of energy, which is not released when glycine is bound instead. From
Equation 3-4, we know that this small energy difference alone would give
only a factor of 6 between the binding of alanine and glycine. However,
this calculation does not take into consideration the fact that water is trying
to exclude alanine much more than glycine. The presence of alanine’s CHj
group upsets the water lattice much more seriously than does the hydrogen
atom side group of glycine. At present, it is still difficult to predict how large
a correction factor must be introduced for this disruption of the water lattice
by the hydrophobic side groups. It is likely that the water tends to exclude
alanine, thrusting it toward a third molecule, with a hydrophobic force of
~2-3 kcal/mol larger than the forces excluding glycine.

We thus arrive at the important conclusion that the energy difference
between the binding of even the most similar molecules to a third mole-
cule (when the difference between the similar molecules involves a non-
polar group) is at least 2—3 kcal/mol greater in the aqueous interior of
cells than under non-aqueous conditions. Frequently, the energy difference
is 3—4 kcal /mol, because the molecules involved often contain polar groups
that can form hydrogen bonds.

The Advantage of AG between 2 and 5 kcal/mol

We have seen that the energy of just one secondary bond (2—5 kcal/mol) is
often sufficient to ensure that a molecule preferentially binds to a selected
group of molecules. Moreover, these energy differences are not so large
that rigid lattice arrangements develop within a cell; that is, the interior of
a cell never crystallizes, as it would if the energy of secondary bonds were
several times greater. Larger energy differences would mean that the second-
ary bonds would seldom break, resulting in low diffusion rates incompatible
with cellular existence.

Weak Bonds Attach Enzymes to Substrates

Weak bonds are necessarily the basis by which enzymes and their substrates
initially combine with each other. Enzymes do not indiscriminately bind all
molecules, having noticeable affinity only for their own substrates.

Because enzymes catalyze both directions of a chemical reaction, they
must have specific affinities for both sets ofreacting molecules. In some cases,
itis possible to measure an equilibrium constant for the binding ofan enzyme
to one of its substrates (Equation 3-4), which consequently enables us to
calculate the AGuponbinding. This calculation, in turn, hints at which types
ofbonds may be involved. For AG values between 5 and 10 kcal /mol, several
strong secondary bonds are the basis of specific enzyme—substrate interac-
tions. Also worth noting is that the AG of binding is never exceptionally
high; thus, enzyme—substrate complexes can be both made and broken apart
rapidly as aresult ofrandom thermal movement. This explains why enzymes
can function quickly, sometimes as often as 10° times per second. If enzymes
were bound to their substrates, or more importantly to their products, by more
powerful bonds, they would act much more slowly.

Weak Bonds Mediate Most Protein—-DNA and
Protein-Protein Interactions

As we shall see throughout the book, interactions between proteins and
DNA, and between proteins and other proteins, lie at the heart of how cells
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detect and respond to signals; express genes; replicate, repair, and recom-
bine their DNA; and so on. These interactions—which clearly play an
important role in how those cellular processes are regulated—are mediated
by weak chemical bonds of the sort we have described in this chapter.
Despite the low energy of each individual bond, affinity in these interac-
tions, and specificity as well, results from the combined effects of many
such bonds between any two interacting molecules.

In Chapter 6, we return to these matters with a detailed look at how pro-
teins are built, how they adopt particular structures, and how they bind
DNA, RNA, and each other.

HIGH-ENERGY BONDS

We now turn to high-energy covalent bonds in biological systems. So far we
have considered the formation of weak bonds from the thermodynamic view-
point. Each time a potential weak bond was considered, the question was
posed: Does its formation involve a gain or a loss of free energy? Only
when AG is negative does the thermodynamic equilibrium favor a reaction.
This same approach is equally valid for covalent bonds. The fact that
enzymes are usually involved in the making or breaking of a covalent bond
does not in any sense alter the requirement of a negative AG.

Upon superficial examination, however, many of the important covalent
bonds in cells appear to be formed in violation of the laws of thermodynam-
ics, particularly those bonds joining small molecules together to form large
polymeric molecules. The formation of such bonds involves an increase in
free energy. Originally, this fact suggested to some people that cells had the
unique ability to work in violation of thermodynamics and that this property
was, in fact, the real “secret of life.”

Now, however, it is clear that these biosynthetic processes do not violate
thermodynamics but, rather, are based on different reactions from those
originally postulated. Nucleic acids, for example, do not form by the con-
densation of nucleoside phosphates; glycogen is not formed directly
from glucose residues; proteins are not formed by the union of amino
acids. Instead, the monomeric precursors, using energy present in ATP,
are first converted to high-energy “activated” precursors, which then
spontaneously (with the help of specific enzymes) unite to form larger mol-
ecules. Below, we illustrate these ideas by concentrating on the thermody-
namics of peptide (protein) and phosphodiester (nucleic acid) bonds.
First, however, we must briefly look at some general thermodynamic proper-
ties of covalent bonds.

MOLECULES THAT DONATE ENERGY ARE
THERMODYNAMICALLY UNSTABLE

There is great variation in the amount of free energy possessed by specific
molecules. This is because covalent bonds do not all have the same bond
energy. As an example, the covalent bond between oxygen and hydrogen
is considerably stronger than the bond between hydrogen and hydrogen,
or oxygen and oxygen. The formation of an O—H bond at the expense of
0O—O or H—H will thus release energy. Energy considerations, therefore,
tell us that a sufficiently concentrated mixture of oxygen and hydrogen
will be transformed into water.
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A molecule thus possesses a larger amount of free energy if linked
together by weak covalent bonds than ifit is linked together by strong bonds.
This idea seems almost paradoxical at first glance because it means that the
stronger the bond, the less energy it can give off. But the notion automati-
cally makes sense when we realize that an atom that has formed a very strong
bond has already lost a large amount of free energy in this process. There-
fore, the best food molecules (molecules that donate energy) are those
molecules that contain weak covalent bonds and are therefore thermody-
namically unstable.

For example, glucose is an excellent food molecule because there is a
great decrease in free energy when it is oxidized by oxygen to yield carbon
dioxide and water. On the other hand, carbon dioxide, composed of strong
covalent double bonds between carbon and oxygen, known as carbonyl
bonds, is not a food molecule in animals. In the absence of the energy donor
ATP, carbon dioxide cannot be transformed spontaneously into more com-
plex organic molecules, even with the help of specific enzymes. Carbon
dioxide can be used as a primary source of carbon in plants only because
the energy supplied by light quanta during photosynthesis results in the for-
mation of ATP.

The chemical reactions by which molecules are transformed into other
molecules containing less free energy do not occur at significant rates at
physiological temperatures in the absence of a catalyst. This is because
even a weak covalent bond is, in reality, very strong and is only rarely bro-
ken by thermal motion within a cell. For a covalent bond to be broken in
the absence of a catalyst, energy must be supplied to push apart the bonded
atoms. When the atoms are partially apart, they can recombine with new
partners to form stronger bonds. In the process of recombination, the
energy released is the sum of the free energy supplied to break the old
bond plus the difference in free energy between the old and the new
bond (Fig. 3-12).

The energy that must be supplied to break the old covalent bond in a
molecular transformation is called the activation energy. The activation
energy is usually less than the energy of the original bond because
molecular rearrangements generally do not involve the production of
completely free atoms. Instead, a collision between the two reacting mole-
cules is required, followed by the temporary formation of a molecular com-
plex called the activated state. In the activated state, the close proximity of
the two molecules makes each other’s bonds more labile, so that less energy
isneeded to break a bond than when the bond is present in a free molecule.

activated state

activation
energy

(A-B)+(C-D) AG of the
reaction

(A-D)+(C-B)

free energy

progress of reaction

FIGURE 3-12 The energy of activation of a chemical reaction: (A—B)+(C—D)— (A—
D)+ (C—B). This reaction is accompanied by a decrease in free energy.
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Most reactions of covalent bonds in cells are therefore described by
(A—B) + (C—D) — (A—D) + (C—B). [Equation 3-5]
The mass action expression for such a reaction is

conc® P x conc

" concA D x concC B’

C—B

eq [Equation 3-6]

where conc®®, conc® P, and so on are the concentrations of the several
reactants in moles per liter. Here, also, the value of K, is related to AG
by (see also Table 3-4)

AG=-RT InKyq or Ky = g AC/AT [Equation 3-7]

Because energies of activation are generally between 20 and 30 kcal /mol,
activated states practically never occur at physiological temperatures. High
activation energies are thus barriers preventing spontaneous rearrange-
ments of cellular-covalent bonds.

These barriers are enormously important. Life would be impossible if they
did not exist, because all atoms would be in the state of least possible energy.
There would benoway to store energy temporarily for future work. On the other
hand, life would also be impossible if means were not found to lower the acti-
vation energies of certain reactions selectively. This also must happen if cell
growth is to occur at a rate sufficiently fast so as not to be seriously impeded
by random destructive forces, such as ionization or ultraviolet radiation.

ENZYMES LOWER ACTIVATION ENERGIES
IN BIOCHEMICAL REACTIONS

Enzymes are absolutely necessary for life. The function of enzymes is to
speed up the rate of the chemical reactions requisite to cellular existence
by lowering the activation energies of molecular rearrangements to values
that can be supplied by the heat of motion (Fig. 3-13). When a specific
enzyme is present, there is no longer an effective barrier preventing the rapid
formation of the reactants possessing the lowest amounts of free energy.
Enzymes never affect the nature of an equilibrium: They merely speed up
the rate at which it is reached. Thus, if the thermodynamic equilibrium is
unfavorable for the formation of a molecule, the presence of an enzyme
can in no way effect the molecule’s accumulation.

Because enzymes must catalyze essentially every cellular molecular rear-
rangement, knowing the free energy of various molecules cannot by itself
tell us whether an energetically feasible rearrangement will, in fact, occur.
The rate of the reactions must always be considered. Only if a cell possesses
a suitable enzyme will the reaction be important.

€
% activation
P energt;ylof g
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3 energy of
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TABLE 3-4 The Relationship between
Keqand AG[AG = —RT(In Kq)]

Keq AG (kcal/mol)
10°¢ 8.2
1073 6.8
1074 5.1
1073 4.1
1072 2.7
107" 1.4
10° 0.0
10! -1.4
102 -2.7
103 —-4.1

FIGURE 3-13 Enzymes lower activa-
tion energies and thus speed up the rate
of the reaction. The enzyme-catalyzed re-
action is shown by the purple curve. Note
that AG remains the same because the equi-
librium position remains unaltered.



66

Chapter 3

FREE ENERGY IN BIOMOLECULES

Thermodynamics tells us that all biochemical pathways must be character-
ized by a decrease in free energy. This is clearly the case for degradative
pathways, in which thermodynamically unstable food molecules are con-
verted to more stable compounds, such as carbon dioxide and water, with
the evolution of heat. All degradative pathways have two primary purposes:
(1) to produce the small organic fragments necessary as building blocks for
larger organic molecules and (2) to conserve a significant fraction of the free
energy of the original food molecule in a form that can do work. This latter
purpose is accomplished by coupling some of the steps in degradative path-
ways with the simultaneous formation of high-energy molecules such as
ATP, which can store free energy.

Not all of the free energy of a food molecule is converted into the free
energy of high-energy molecules. If this were the case, a degradative path-
way would not be characterized by a decrease in free energy, and there
would be no driving force to favor the breakdown of food molecules. Instead,
we find that all degradative pathways are characterized by a conversion of at
least one-half of the free energy of the food molecule into heat and/or
entropy. For example, it is estimated that in cells, ~40% of the free energy
of glucose is used to make new high-energy compounds, the remainder
being dissipated into heat energy and entropy.

High-Energy Bonds Hydrolyze with Large Negative AG

A high-energy molecule contains one or more bonds whose breakdown
by water, called hydrolysis, isaccompanied by alarge decrease in free energy.
The specific bonds whose hydrolysis yields these large negative AG values
are called high-energy bonds—a somewhat misleading term because it is
notthebond energybutthe free energy ofhydrolysisthatishigh. Nonetheless,
the term high-energy bond is generally used, and for convenience, we shall
continue this usage by designating high-energy bonds with the symbol ~.

The energy of hydrolysis of the average high-energy bond (=7 kcal /mol)
is very much smaller than the amount of energy that would be released if a
glucose molecule were to be completely degraded in one step (688 kcal/
mol). A one-step breakdown of glucose would be inefficient in making high-
energy bonds. This is undoubtedly the reason why biological glucose degra-
dation requires so many steps. In this way, the amount of energy released per
degradative step is of the same order of magnitude as the free energy of
hydrolysis of a high-energy bond.

The most important high-energy compound is ATP. It is formed from inor-
ganic phosphate () and ADP, using energy obtained either from degrada-
tive reactions or from the Sun, a process known as photosynthesis. There
are, however, many other important high-energy compounds. Some are
directly formed during degradative reactions; others are formed using
some of the free energy of ATP. Table 3-5 lists the most important types of
high-energy bonds. All involve either phosphate or sulfur atoms. The high-
energy pyrophosphate bonds of ATP arise from the union of phosphate
groups. The pyrophosphate linkage (@ ~ @) is not, however, the only
kind of high-energy phosphate bond: The attachment of a phosphate group
to the oxygen atom of a carboxyl group creates a high-energy acyl bond. It is
now clear that high-energy bonds involving sulfur atoms play almost as
important a role in energy metabolism as those involving phosphorus. The
most important molecule containing a high-energy sulfur bond is acetyl-
CoA. This bond is the main source of energy for fatty acid biosynthesis.
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TABLE 3-5 Important Classes of High-Energy Bonds

AG of Reaction
Class Molecular Example Reaction (kcal/mol)
Pyrophosphate @ ~ @ pyrophosphate Q- 0—=—=0+0 AG=-6
Nucleoside diphosphates Adenosine—{) ~ (@ (ADP) ADP — AMP + (® AG= -6
Nucleoside triphosphates Adenosine—e ~ Q ~ Q (ATP) ATP — ADP + Q AG= -7
ATP—=AMP+ @D~ @
Enol phosphates O:\ O Phosphoenolpyruvate PEP — Pyruvate + @ AG=-12
<’ (PEP)
I
§—0-0
CH,
Aminoacyl adenylates Adenosine AM Q ~ AA == AMP + AA AG=-7
I
O-o_ 1
C—C—NH5
S |
H
Guanidinium phosphates /O Creatine ~ 0 ~ Q — Creatine + 0 AG=-8
H,C—C N
Lo
/N, H
H,C ﬁ— N~
NH
creatine phosphate
Thioesters /O Acetyl CoA == CoA-SH + Acetate AG= -8
H,C—C
A"
S-CoA
acetyl-CoA

The wide range of AG values of high-energy bonds (see Table 3-5) means
that calling abond “high-energy” is sometimes arbitrary. The usual criterion
is whether its hydrolysis can be coupled with another reaction to effect an
important biosynthesis. For example, the negative AG accompanying the
hydrolysis of glucose-6-phosphate is 3—4 kcal /mol. But this AG is not suffi-
cient for efficient synthesis of peptide bonds, and thus this phosphate ester
bond is not included among high-energy bonds.

HIGH-ENERGY BONDS IN BIOSYNTHETIC REACTIONS

The construction of a large molecule from smaller building blocks often
requires the input of free energy. Yet a biosynthetic pathway, like a degrada-
tive pathway, would not exist if it were not characterized by a net decrease in
free energy. This means that many biosynthetic pathways demand an exter-
nal source of free energy. These free-energy sources are the high-energy
compounds. The making of many biosynthetic bonds is coupled with the
breakdown of a high-energy bond, so that the net change of free energy is
always negative. Thus, high-energy bonds in cells generally have a very
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unfavorable:
A =B
C=——sD

very favorable:

B=—sC
D=——sE E

free energy of system

progress of reaction

FIGURE 3-14 Free-energy changes in
a multistep metabolic pathway, A—
B—C—D—E. Two steps (A—B and C—D)
do not favor the A—E direction of the reac-
tion, because they have small positive AG
values. However, they are insignificant
owing to the very large negative AG values
provided in steps B—C and D—E. There-
fore, the overall reaction favors the A—E
conversion.

short life. Almost as soon as they are formed during a degradative reaction,
they are enzymatically broken down to yield the energy needed to drive
another reaction to completion.

Not all of the steps in a biosynthetic pathway require the breakdown of a
high-energy bond. Often, only one or two steps involve such a bond. Some-
times this is because the AG, even in the absence of an externally added high-
energy bond, favors the biosynthetic direction. In other cases, AG is effec-
tively zero or may even be slightly positive. These small positive AG values,
however, are not significant so long as they are followed by a reaction char-
acterized by the hydrolysis of a high-energy bond. Rather, it is the sum of
all of the free-energy changes in a pathway that is significant, as shown in
Figure 3-14. It does not really matter that the K4 of a specific biosynthetic
step is slightly (80:20) in favor of degradation if the K, of the succeeding
step is 100:1 in favor of the forward biosynthetic direction.

Likewise, not all of the steps in a degradative pathway generate high-
energy bonds. For example, only two steps in the lengthy glycolytic (Emb-
den—Meyerhof) breakdown of glucose generate ATP. Moreover, there are
many degradative pathways that have one or more steps requiring the break-
down of a high-energy bond. The glycolytic breakdown of glucose is again
an example. It uses up two molecules of ATP for every four that it generates.
Here, of course, as in every energy-yielding degradative process, more high-
energy bonds must be made than consumed.

Peptide Bonds Hydrolyze Spontaneously

The formation of a dipeptide and a water molecule from two amino acids
requires a AG of 1—4 kcal/mol, depending on which amino acids are being
joined. These positive AG values by themselves tell us that polypeptide
chains cannot form from free amino acids. In addition, we must take into
account the fact that water molecules have a much, much higher concentra-
tion than any other cellular molecules (generally more than 100 times
higher). All equilibrium reactions in which water participates are thus
strongly pushed in the direction that consumes water molecules. This is
easily seen in the definition of equilibrium constants. For example, the reac-
tion forming a dipeptide,

amino acid (A) + amino acid (B)

— dipeptide (A—B) + H,0, [Equation 3-8]

has the equilibrium constant

conc® B x conctz©

Koq = [Equation 3-9]

conc® x concB

where concentrations are given in moles per liter. Thus, for a given K, val-
ue [related to AG by the formula AG = -RT(In K.y)], a much greater
concentration of water means a correspondingly smaller concentration of
the dipeptide. The relative concentrations are, therefore, very important.
In fact, a simple calculation shows that hydrolysis may often proceed
spontaneously even when the AG for the nonhydrolytic reaction is
—3 kcal/mol.

Thus, in theory, proteins are unstable and, given sufficient time, will
spontaneously degrade to free amino acids. On the other hand, in the
absence of specific enzymes, these spontaneous rates are too slow to have
a significant effect on cellular metabolism. That is, once a protein is made,
it remains stable unless its degradation is catalyzed by a specific enzyme.
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Coupling of Negative with Positive AG

Free energy must be added to amino acids before they can be united to form
proteins. How this happens became clear with the discovery of the funda-
mental role of ATP as an energy donor. ATP contains three phosphate groups
attached to an adenosine molecule (adenosine—O—@~@~(). When one
or two of the terminal ~@ groups are broken off by hydrolysis, there is a
significant decrease of free energy:

Adenosine—O—@ ~ @ ~ @ + H,0 — Adenosine—O—Q@ ~ @ + @

(AG = —7 kcal/mol), [Equation 3-10]
Adenosine—O—@ ~ @ ~ @ + H,0O — Adenosine—O0—Q@ + @ ~ @

(AG = —8 kcal/mol), [Equation 3-11]
Adenosine—O—@ ~ @ + H,O — Adenosine—O—@ + @

(AG = —6 kcal/mol). [Equation 3-12]

All of these breakdown reactions have negative AG values considerably
greater in absolute value (numerical value without regard to sign) than the
positive AG values accompanying the formation of polymeric molecules
from their monomeric building blocks. The essential trick underlying these
biosynthetic reactions, which by themselves have a positive AG, is that they
are coupled with the breakage of high-energy bonds, characterized by a neg-
ative AG of greater absolute value. Thus, during protein synthesis, the forma-
tion of each peptide bond (AG=+0.5 kcal/mol) is coupled with the
breakdown of ATP to AMP and pyrophosphate, which has a AG of -8
kcal/mol (see Equation 3-11). This results in a net AG of —7.5 kcal/mol,
more than sufficient to ensure that the equilibrium favors protein synthesis
rather than breakdown.

ACTIVATION OF PRECURSORS IN GROUP
TRANSFER REACTIONS

When ATP is hydrolyzed to ADP and phosphate, most of the free energy is
liberated as heat. Because heat energy cannot be used to make covalent
bonds, a coupled reaction cannot be the result of two completely separate
reactions, one with a positive AG, the other with a negative AG. Instead, a
coupled reaction is achieved by two or more successive reactions. These
are always group-transfer reactions: reactions, not involving oxidations or
reductions, in which molecules exchange functional groups. The enzymes
that catalyze these reactions are called transferases. Consider the reaction

(A—X) + (B—Y) — (A—B) + (X—Y). [Equation 3-13]

In this example, group X is exchanged with component B. Group-transfer
reactions are arbitrarily defined to exclude water as a participant. When
water is involved,

(A—B) + (H—OH) — (A—OH) + (B—H). [Equation 3-14]

This reaction is called a hydrolysis, and the enzymes involved are called
hydrolases.

The group-transfer reactions that interest us here are those involving
groups attached by high-energy bonds. When such a high-energy group is
transferred to an appropriate acceptor molecule, it becomes attached to
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the acceptor by a high-energy bond. Group transfer thus allows the transfer
ofhigh-energy bonds from one molecule to another. For example, Equations
3-15 and 3-16 show how energy present in ATP is transferred to form GTP,
one of the precursors used in RNA synthesis:

Adenosine—@ ~ @ ~ @ + Guanosine—Q) —

Adenosine—@ ~ @ + Guanosine—@ ~ @, [Equation 3-15]
Adenosine—@ ~ @ ~ @ + Guanosine—@ ~ @ —
Adenosine—@ ~ @ + Guanosine—@ ~ @ ~ @. [Equation 3-16]

The high-energy @ ~ @ group on GTP allows it to unite spontaneously
with another molecule. GTP is thus an example of what is called an acti-
vated molecule; correspondingly, the process of transferring a high-energy
group is called group activation.

ATP Versatility in Group Transfer

ATP synthesis has a key role in the controlled trapping of the energy of mol-
ecules that serve as energy donors. In both oxidative and photosynthetic
phosphorylations, energy is used to synthesize ATP from ADP and phos-
phate:

Adenosine—@ ~ @ + @ + energy —
Adenosine—@ ~ @ ~ @. [Equation 3-17]

Because ATP is the original biological recipient of high-energy groups, it
must be the starting point of a variety of reactions in which high-energy
groups are transferred to low-energy molecules to give them the potential
to react spontaneously. This central role of ATP relies on the fact that it
contains two high-energy bonds whose splitting releases specific groups.
This function is seen in Figure 3-15, which shows three important groups
arising from ATP: @ ~ @, a pyrophosphate group; ~AMP, an adenosyl
monophosphate group;and ~ @@, a phosphate group. Itisimportant to notice
that these high-energy groups retain their high-energy quality only when
transferred to an appropriate acceptor molecule. For example, although the
transfer of a ~ @ group to a COO™ group yields a high-energy COO ~ @
acylphosphate group, the transfer of the same group to a sugar hydroxyl
group (—C—OH), as in the formation of glucose-6-phosphate, gives rise to
a low-energy bond (<5 kcal/mol decrease in AG upon hydrolysis).

Activation of Amino Acids by Attachment of AMP

The activation of an amino acid is achieved by transfer of an AMP group
from ATP to the COO™ group of the amino acid, as shown by

R H R

0 0
|l 7 [ 7 ~
H—N*—C—C/ + Adenosine—QQ~Q ~O —» H—N+—C—C/ +O ©
| \o— | \O~O—Adenosine
H H H H :

[Equation 3-18]

(In the equation, R represents the specific side group of the amino acid.) The
enzymes that catalyze this type of reaction are called aminoacyl synthe-
tases. Upon activation, an amino acid (AA) is thermodynamically capable
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FIGURE 3-15 Important group transfers involving ATP.

of being efficiently used for protein synthesis. Nonetheless, the AA~AMP
complexes are not the direct precursors of proteins. Instead, for a reason
we shall explain in Chapter 15, a second group transfer must occur to trans-
fer the amino acid, still activated at its carboxyl group, to the end of a tRNA
molecule:

AA ~ AMP + tRNA — AA ~ tRNA + AMP. [Equation 3-19]

A peptide bond then forms by the condensation of the AA~tRNA mole-
cule onto the end of a growing polypeptide chain:

AA ~ tRNA + growing polypeptide chain (of n amino acids) —
tRNA + growing polypeptide chain (of n+ 1 amino acids).
[Equation 3-20]

Thus, the final step of this “coupled reaction,” like that of all other coupled
reactions, necessarily involves the removal of the activating group and the
conversion of a high-energy bond into one with a lower free energy of
hydrolysis. This is the source of the negative AG that drives the reaction in
the direction of protein synthesis.

Nucleic Acid Precursors Are Activated by the Presence of @ ~ @

Both types ofnucleic acid, DNA and RNA, are built up from mononucleotide
monomers, also called nucleoside phosphates. Mononucleotides, how-
ever, are thermodynamically even less likely to combine than amino acids.
This is because the phosphodiester bonds that link the former together
release considerable free energy upon hydrolysis (—6 kcal /mol). This means
that nucleic acids will spontaneously hydrolyze, at a slow rate, to mononu-
cleotides. Thus, it is even more important that activated precursors be used
in the synthesis of nucleic acids than in the synthesis of proteins.
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The immediate precursors for both DNA and RNA are the nucleoside-
5'-triphosphates. For DNA, these precursors are dATP, dGTP, dCTP, and
dTTP (d stands for deoxy); for RNA, the precursors are ATP, GTP, CTP,
and UTP. ATP, thus, not only serves as the main source of high-energy
groups in group-transfer reactions, but is itself a direct precursor for RNA.
The other three RNA precursors all arise by group-transfer reactions like
those described in Equations 3-15 and 3-16. The deoxytriphosphates are
formed in basically the same way: After the deoxymononucleotides have
been synthesized, they are transformed to the triphosphate form by group
transfer from ATP:

Deoxynucleoside—@ + ATP —
Deoxynucleoside—@ ~ @ + ADP, [Equation 3-21]

Deoxynucleoside—@ ~ @ + ATP —
Deoxynucleoside—@ ~ @ ~ @ + ADP. [Equation 3-22]

These triphosphates can then unite to form polynucleotides held together
by phosphodiester bonds. In this group-transfer reaction, a pyrophosphate
bond is broken and a pyrophosphate group is released:

Deoxynucleoside—@ ~ @ ~ @
+ growing polynucleotide chain (of n nucleotides), [Equation 3-23]

~ @ ~ @ + growing polynucleotide chain (n + 1 nucleotides).

This reaction, unlike that which forms peptide bonds, does not have a neg-
ative AG. In fact, the AG is slightly positive (~0.5 kcal /mol). This situation
immediately poses the question, as polynucleotides obviously form: What is
the source of the necessary free energy?

The Value of @ ~ @ Release in Nucleic Acid Synthesis

The needed free energy comes from the splitting of the high-energy pyrophos-
phate group that is formed simultaneously with the high-energy phosphodi-
ester bond. All cells contain a powerful enzyme, pyrophosphatase, which
breaks down pyrophosphate molecules almost as soon as they are formed:

@~@— 2@ (AG= -7 kcal/mol). [Equation 3-24]

The large negative AG means that the reaction is effectively irreversible.
This means that once @ ~ @ is broken down, it never re-forms.

The union of the nucleoside monophosphate group (Equation 3-21),
coupled with the splitting of the pyrophosphate groups (Equation 3-24),
has an equilibrium constant determined by the combined AG values of
the two reactions: (0.5 kcal/mol) + (-7 kcal/mol). The resulting value
(AG=-6.5 kcal/mol) tells us that nucleic acids almost never break down
to re-form their nucleoside triphosphate precursors.

Here we see a powerful example of the fact that often it is the free-energy
change accompanying a group of reactions that determines whether a reac-
tion in the group will take place. Reactions with small, positive AG values,
which by themselves would never take place, are often part of important
metabolic pathways in which they are followed by reactions with large neg-
ative AG values. At all times we must remember that a single reaction (or
even a single pathway) never occurs in isolation; rather, the nature of the
equilibrium is constantly being changed through the addition and removal
of metabolites.
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@ ~ @ Splits Characterize Most Biosynthetic Reactions

The synthesis of nucleic acids is not the only reaction in which direction
is determined by the release and splitting of @ ~ @. In fact, essentially all
biosynthetic reactions are characterized by one or more steps that
release pyrophosphate groups. Consider, for example, the activation
of an amino acid by the attachment of AMP. By itself, the transfer of a high-
energy bond from ATP to the AA~AMP complex has a slightly positive
AG. Therefore, itisthe release and splitting of ATP’sterminal pyrophosphate
group that provides the negative AG that is necessary to drive the reaction.
The great utility of the pyrophosphate split is neatly shown when we con-
sider the problems that would arise if a cell attempted to synthesize nucleic
acid from nucleoside diphosphates rather than triphosphates (Fig. 3-16).

a
base
~G
(P qu + °
nucleoside phosphate
diphosphate
growing chain
(nlong)
growing chain
(n+ 1 long)
b
base
~@~G
©e .7‘- + 60 — 0+0
nucleoside pyrophosphate phosphate
triphosphate

growing chain
(n long)

growing chain
(n+ 1long)

0-0-0.g

nucleoside
triphosphate

-6 — 6+06

pyrophosphate phosphate

growing chain
(n+ 1long)

growing chain
(n+ 2 long)

FIGURE 3-16 Two scenarios for nucleic acid biosynthesis. (a) Synthesis of nucleic acids using
nucleoside diphosphates. (b) Synthesis of nucleic acids using nucleoside triphosphates.
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Phosphate, rather than pyrophosphate, would be liberated as the backbone
phosphodiester linkages were made. The phosphodiester linkages, however,
are not stable in the presence of significant quantities of phosphate, because
they are formed without a significant release of free energy. Thus, the biosyn-
thetic reaction would be easily reversible; if phosphate were to accumulate,
the reaction would begin to move in the direction of nucleic acid breakdown
according to the law of mass action. Moreover, it is not feasible for a cell to
remove the phosphate groups as soon as they are generated (thereby prevent-
ing this reverse reaction), because all cells require a significant internal level
of phosphate to grow. In contrast, a sequence of reactions that liberate pyro-
phosphate and then rapidly break it down into two phosphates disconnects
the liberation of phosphate from the nucleic acid biosynthesis reaction and
thereby prevents the possibility of reversing the biosynthetic reaction (see
Fig. 3-16). In consequence, it would be very difficult to accumulate enough
phosphate in the cell to drive both reactions in the reverse, or breakdown,
direction. It is clear that the use of nucleoside triphosphates as precursors
ofnucleic acids is not a matter of chance.

This same type of argument tells us why ATP, and not ADP, is the key
donor ofhigh-energy groups in all cells. At first, this preference seemed arbi-
trary to biochemists. Now, however, we see that many reactions using ADP

as an energy donor would occur equally well in both directions.

SUMMARY

Many important chemical events in cells do not involve the
making or breaking of covalent bonds. The cellular location
of most molecules depends on weak, or secondary, attractive
or repulsive forces. In addition, weak bonds are important in
determining the shape of many molecules, especially very
large ones. The most important of these weak forces are
hydrogen bonds, van der Waals interactions, hydrophobic
bonds, and ionic bonds. Even though these forces are rela-
tively weak, they are still large enough to ensure that the right
molecules (or atomic groups) interact with each other. For
example, the surface of an enzyme is uniquely shaped to
allow the specific attraction of its substrates.

The formation of all chemical bonds—weak interactions
as well as strong covalent bonds—proceeds according to
the laws of thermodynamics. A bond tends to form when
the result would be a release of free energy (negative AG).
For the bond to be broken, this same amount of free energy
must be supplied. Because the formation of covalent bonds
between atoms usually involves a very large negative AG,
covalently bound atoms almost never separate spontane-
ously. In contrast, the AG values accompanying the formation
of weak bonds are only several times larger than the average
thermal energy of molecules at physiological temperatures.
Single weak bonds are thus frequently being made and bro-
ken in living cells.

Molecules having polar (charged) groups interact quite
differently from nonpolar molecules (in which the charge is
symmetrically distributed). Polar molecules can form good
hydrogen bonds, whereas nonpolar molecules can form
only van der Waals bonds. The most important polar mole-
cule is water. Each water molecule can form four hydrogen
bonds to other water molecules. Although polar molecules

tend to be soluble in water (to various degrees), nonpolar mol-
ecules are insoluble because they cannot form hydrogen
bonds with water molecules.

Every distinct molecule has a unique molecular shape that
restricts the number of molecules with which it can form
strong secondary bonds. Strong secondary interactions de-
mand both a complementary (lock-and-key) relationship
between the two bonding surfaces and the involvement of
many atoms. Although molecules bound together by only
one or two secondary bonds frequently fall apart, a collection
of these weak bonds can result in a stable aggregate. The fact
that double-helical DNA never falls apart spontaneously
shows the extreme stability possible in such an aggregate.

The biosynthesis of many molecules appears, at a superfi-
cial glance, to violate the thermodynamic law that spontane-
ous reactions always involve a decrease in free energy (AG is
negative). For example, the formation of proteins from amino
acids has a positive AG. This paradox is removed when we
realize that the biosynthetic reactions do not proceed as ini-
tially postulated. Proteins, for example, are not formed from
free amino acids. Instead, the precursors are first enzymati-
cally converted to high-energy activated molecules, which,
in the presence of a specific enzyme, spontaneously unite
to form the desired biosynthetic product.

Many biosynthetic processes are thus the result of
“coupled” reactions, the first of which supplies the energy
that allows the spontaneous occurrence of the second reac-
tion. The primary energy source in cells is ATP. It is formed
from ADP and inorganic phosphate, either during degrada-
tive reactions (such as fermentation or respiration) or during
photosynthesis. ATP contains several high-energy bonds
whose hydrolysis has a large negative AG. Groups linked by



high-energy bonds are called high-energy groups. High-
energy groups can be transferred to other molecules by
group-transfer reactions, thereby creating new high-energy
compounds. These derivative high-energy molecules are
then the immediate precursors for many biosynthetic steps.

Aminoacidsareactivated by the addition ofan AMP group,
originating from ATP, to form an AA~AMP molecule. The
energy of the high-energy bond in the AA~AMP molecule
is similar to that of a high-energy bond of ATP. Nonetheless,
the group-transfer reaction proceeds to completion because
the high-energy @ ~ @ molecule, created when the AA~
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For answers to even-numbered questions, see Appendix 2:
Answers.

Question 1. What are the types of bonds that are possible between
two macromolecules?

Question 2. (True or False. If false, rewrite the statement to be
true.) Enzymes lower the AG of a reaction.

Question 3. (True or False. If false, rewrite the statement to be
true.) Ionic bonds and hydrogen bonds are stronger than van
der Waals bonds.

Question 4. (True or False. If false, rewrite the statement to be
true.) At 25°C, a 10-fold change in K, corresponds to a 10-fold
change in AG.
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Question 5. Review Table 3-5. Which major cellular processes
involve the reactions of a nucleoside triphosphate breaking
down into a nucleoside monophosphate and pyrophosphate as
well as pyrophosphate breaking down into two phosphates?
Why is the AG of these reactions significant for these processes?

Question 6. What is the primary type of bond responsible for
each of the following interactions:

A. One DNA strand interacting with another strand of DNA in
double-stranded DNA.

B. A dipeptide of two amino acids.

Question 7. Describe the general structure of water molecules ata
temperature below freezing versus at 25°C, and name the pri-
mary type of bond between water molecules.

Question 8. Define polar and nonpolar molecules in terms of
dipole moments. Do van der Waals interactions occur between
polar or nonpolar molecules?

Question 9. Calculate the value of Kq at 25°C, given the AG of
—12 kcal/mol as for the hydrolysis of PEP into pyruvate and a
phosphate.

Question 10. Given the equation AB + energy < A + B, calcu-
late the concentration of A at equilibrium if K,;=8.0x 10° mM,
[B]=2 mm, and [AB]=0.5 mM (where [x] means “concentration
of x”).

Question 11. The structure of a nitrogenous base is shown below.
Considering this structure alone (not in the context of DNA or
RNA), how many possible hydrogen bond acceptors are present?
How many possible hydrogen bond donors are present?

0]

H
HN | N>
)\ N/
HN~ N

Question 12. Glutamate + NH; < glutamine + H,O AG =
+3.4 kcal/mol.

Would coupling this reaction to ATP hydrolysis allow gluta-
mine formation to be favored? Explain why or why not. Write
the overall reaction.

Question 13. Explain why nucleoside triphosphates rather than
nucleoside diphosphates are used in DNA synthesis.

Question 14. Researchers studied the interactions between pro-
teins and DNA in more than 100 protein—-DNA complexes.
The table below provides a subset of the data: the distribution
of single hydrogen bonds between a specific base and amino
acid.

DNA Bases
Amino Acids Thymine Cytosine  Adenine  Guanine
Arginine 5 4 7 26
Glutamate — 1 — 1

Tryptophan — — — —

A. Explain why the researchers found no single hydrogen bonds
between tryptophan and one of the DNA bases.

B. Explain why the researchers found single hydrogen bonds
between glutamate and each of the DNA bases.

C. Is there a preference of arginine for one of the amino acids?

Data adapted from Luscombe et al. (2001. Nucleic Acids Res.
29: 2860—2874).
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The Structure
of DNA

HE DISCOVERY THAT DNA IS THE PRIME GENETIC molecule, carrying all of the

I hereditary information within chromosomes, immediately focused

attention on its structure. It was hoped that knowledge of the structure
would reveal how DNA carries the genetic messages that are replicated
when chromosomes divide to produce two identical copies of themselves.
During the late 1940s and early 1950s, several research groups in the United
States and in Europe engaged in serious efforts—both cooperative and
rival—to understand how the atoms of DNA are linked together by covalent
bonds and how the resulting molecules are arranged in three-dimensional
space. Not surprisingly, there initially were fears that DNA might have
very complicated and perhaps bizarre structures that differed radically
from one gene to another. Great relief, if not general elation, was thus
expressed when the fundamental DNA structure was found to be the double
helix. This told us that all genes have roughly the same three-dimensional
form and that the differences between two genes reside in the order and
number of their four nucleotide building blocks along the complementary
strands.

Now, some 50 years after the discovery of the double helix, this simple
description of the genetic material remains true and has not had to be appre-
ciably altered to accommodate new findings. Nevertheless, we have come to
realize that the structure of DNA is not quite as uniform as was first thought.
For example, the chromosomes of some small viruses have single-stranded,
not double-stranded, molecules. Moreover, the precise orientation of the
base pairs varies slightly from base pair to base pair in a manner that is influ-
enced by the local DNA sequence. Some DNA sequences even permit the
double helix to twist in the left-handed sense, as opposed to the right-
handed sense originally formulated for DNA’s general structure. And
some DNA molecules are linear, whereas others are circular. Still additional
complexity comes from the supercoiling (further twisting) of the double
helix, often around cores of DNA-binding proteins. Clearly, the structure
of DNA is richer and more intricate than was at first appreciated. Indeed,
there is no one generic structure for DNA. As we see in this chapter, there
are, in fact, variations on common themes of structure that arise from the
unique physical, chemical, and topological properties of the polynucleotide
chain.
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FIGURE 4-1 The helical structure of
DNA. (a) Schematic model of the double
helix. One turn of the helix (34 A or 3.4
nm) spans ~10.5bp. (b) Space-filling
model of the double helix. The sugar and
phosphate residues in each strand form the
backbone, which is traced by the yellow,
gray, and red circles, showing the helical
twist of the overall molecule. The bases
project inward but are accessible through
major and minor grooves.

DNA STRUCTURE

DNA Is Composed of Polynucleotide Chains

The most important feature of DNA is that it is usually composed of two po-
lynucleotide chains twisted around each other in the form of a double helix
(Fig. 4-1; see Structural Tutorial 4-1). Figure 4-1a presents the structure of
the double helix in a schematic form. Note that ifinverted 180° (e.g., by turn-
ing this book upside down), the double helix looks superficially the same,
because of the complementary nature of the two DNA strands. The space-
filling model of the double helix in Figure 4-1b shows the components of
the DNA molecule and their relative positions in the helical structure. The
backbone of each strand of the helix is composed of alternating sugar and
phosphate residues; the bases project inward but are accessible through
the major and minor grooves.

Let us begin by considering the nature of the nucleotide, the fundamental
building block of DNA. The nucleotide consists of a phosphate joined to
a sugar, known as 2’-deoxyribose, to which a base is attached. The phos-
phate and the sugar have the structures shown in Figure 4-2. The sugar
is called 2’-deoxyribose because there is no hydroxyl at position 2’ (just
two hydrogens). Note that the positions on the sugar are designated with
primes to distinguish them from positions on the bases (see the discussion
below).

We can think of how the base is joined to 2’-deoxyribose by imagining the
removal of a molecule of water between the hydroxyl on the 1’ carbon of the
sugar and the base to form a glycosidic bond (Fig. 4-2). The sugar and base
alone are called a nucleoside. Likewise, we can imagine linking the phos-
phate to 2’-deoxyribose by removing a water molecule from between the
phosphate and the hydroxyl on the 5’ carbon to make a 5 phosphomo-
noester. Adding a phosphate (or more than one phosphate) to a nucleoside
creates a nucleotide. Thus, by making a glycosidic bond between the base
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and the sugar, and by making a phosphoester bond between the sugar and
the phosphoric acid, we have created a nucleotide (Table 4-1).

Nucleotides are, in turn, joined to each other in polynucleotide chains
through the 3’-hydroxyl of 2’-deoxyribose of one nucleotide and the
phosphate attached to the 5'-hydroxyl of another nucleotide (Fig. 4-3).
This is a phosphodiester linkage in which the phosphoryl group between
the two nucleotides has one sugar esterified to it through a 3’-hydroxyl
and a second sugar esterified to it through a 5-hydroxyl. Phosphodiester
linkages create the repeating, sugar—phosphate backbone of the polynucleo-
tide chain, which is a regular feature of DNA. In contrast, the order of the
bases along the polynucleotide chain is irregular. This irregularity as well
as the long length is, as we shall see, the basis for the enormous information
content of DNA.

The phosphodiester linkages impart an inherent polarity to the DNA
chain. This polarity is defined by the asymmetry of the nucleotides and
the way they are joined. DNA chains have a free 5’-phosphate or 5’-hydroxyl
at one end and a free 3'-phosphate or 3’-hydroxyl at the other end. The con-
vention is to write DNA sequences from the 5’ end (on the left) to the 3’ end,
generally with a 5'-phosphate and a 3’-hydroxyl.

TABLE 4-1 Adenine and Related Compounds

Nucleoside
2'-Deoxyadenosine
5'-Phosphate

Nucleotide

Base Adenine 2'-Deoxyadenosine

Structure NH, NH,

0]
|

“0— P—0CH,

= N
N > N | N
| \> k\ | 0. Adenine
k\N N N N OH H H
H H

OH H

Molecular weight 135.1 331.2

The Structure of DNA 79

FIGURE 4-2 Formation of nucleotide
by removal of water. The numbers of the
carbon atoms in 2’-deoxyribose are labeled
in red.
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FIGURE 4-4 Purines and pyrimidines.
The dotted lines indicate the sites of attach-
ment of the bases to the sugars. For simplic-
ity, hydrogens are omitted from the sugars
and bases in subsequent figures, except

where pertinent to the illustration.

-~
O—
o
[

wH—N N

CH, o 4 ﬁ o\ (0]
3 /
2—:<N___Hmul'”N\_A O CHQ
HO __< =N

__Hw O
\ N o}
o% O wH—N N
o/ $
t>/ O\..\\..\..H’N
o) H 3

FIGURE 4-3 Detailed structure of polynucleotide polmer. The structure shows base pairing
between purines (blue) and pyrimidines (yellow), and the phosphodiester linkages of the backbone.
(Adapted from Dickerson R.E. 1983. Sci. Am. 249: 94. lllustration, Irving Geis. Image from Irving Geis
Collection/Howard Hughes Medical Institution. Not to be reproduced without permission.)

Each Base Has Its Preferred Tautomeric Form

The bases in DNA are flat, heterocyclic rings, consisting of carbon and nitro-
gen atoms. The bases fall into two classes, purines and pyrimidines. The
purines are adenine and guanine, and the pyrimidines are cytosine and thy-
mine. The purines are derived from the double-ringed structure shown in
Figure 4-4. Adenine and guanine share this essential structure but with dif-
ferent groups attached. Likewise, cytosine and thymine are variations on the
single-ringed structure shown in Figure 4-4. The figure also shows the num-
bering of the positions in the purine and pyrimidine rings. The bases are
attached to the deoxyribose by glycosidic linkages at N1 of the pyrimidines
or at N9 of the purines.

Each of the bases exists in two alternative tautomeric states, which are in
equilibrium with each other. The equilibrium lies far to the side of the con-
ventional structures shown in Figure 4-4, which are the predominant states
and the ones important for base pairing. The nitrogen atoms attached to the
purine and pyrimidine rings are in the amino form in the predominant state
and only rarely assume the imino configuration. Likewise, the oxygen atoms
attached to the guanine and thymine normally have the keto form and only
rarely take on the enol configuration. As examples, Figure 4-5 shows tauto-
merization of cytosine into the imino form (Fig. 4-5a) and guanine into the
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enol form (Fig. 4-5b). As we shall see, the capacity to form an alternative tau-
tomer is a frequent source of errors during DNA synthesis.

The Two Strands of the Double Helix Are Wound around
Each Other in an Antiparallel Orientation

The double helix consists of two polynucleotide chains that are aligned in
opposite orientation. The two chains have the same helical geometry but
have opposite 5’ to 3’ orientations. Thatis, the 5 to 3’ orientation of one chain
is antiparallel to the 5’ to 3’ orientation of the other strand, as shown in
Figures 4-1 and 4-3. The two chains interact with each other by pairing
between the bases, with adenine on one chain pairing with thymine on
the other chain and, likewise, guanine pairing with cytosine. Thus, the
base at the 5’ end of one strand is paired with the base at the 3’ end of the
other strand. The antiparallel orientation of the double helix is a stereo-
chemical consequence of the way that adenine and thymine, and guanine
and cytosine, pair with each together.

The Two Chains of the Double Helix Have Complementary Sequences

The pairing between adenine and thymine, and between guanine and cyto-
sine, results in a complementary relationship between the sequence of bases
on the two intertwined chains and gives DNA its self-encoding character.
For example, if we have the sequence 5'-ATGTC-3’ on one chain, the oppo-
site chain must have the complementary sequence 3’-TACAG-5'.

The strictness of the rules for this “Watson—Crick” pairing derives
from the complementarity both of shape and of hydrogen-bonding proper-
ties between adenine and thymine and between guanine and cytosine
(Fig. 4-6). Adenine and thymine match up so that a hydrogen bond can
form between the exocyclic amino group at C6 on adenine and the carbonyl
at C4 in thymine; and likewise, a hydrogen bond can form between N1 of
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FIGURE 4-5 Base tautomers. Amino
= imino and keto = enol tautomerism.
(a) Cytosine is usually in the amino form
but rarely forms the imino configuration.
(b) Guanine is usually in the keto form but
is rarely found in the enol configuration.
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FIGURE 4-6 A:Tand G:Cbase pairs. The
figure shows hydrogen bonding between
the bases.
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adenine and N3 of thymine. A corresponding arrangement can be drawn
between a guanine and a cytosine, so that there is both hydrogen bonding
and shape complementarity in this base pair as well. A G:C base pair has
three hydrogen bonds, because the exocyclic NH, at C2 on guanine lies
opposite to, and can hydrogen-bond with, a carbonyl at C2 on cytosine. Like-
wise, a hydrogen bond can form between N1 of guanine and N3 of cytosine
and between the carbonyl at C6 of guanine and the exocyclic NH, at C4 of
cytosine. Watson—Crick base pairing requires that the bases be in their pre-
ferred tautomeric states.

An important feature of the double helix is that the two base pairs have
exactly the same geometry; having an A:T base pair or a G:C base pair
between the two sugars does not perturb the arrangement of the sugars
because the distance between the sugar attachment points is the same
for both base pairs. Neither does T:A or C:G. In other words, there is an
approximately twofold axis of symmetry that relates the two sugars, and
all four base pairs can be accommodated within the same arrangement
without any distortion of the overall structure of the DNA. In addition,
the base pairs can stack neatly on top of each other between the two
helical sugar—phosphate backbones. Thus, the irregularity in the order
of base pairs in DNA is embedded in an overall architecture that is rela-
tively regular. This is in contrast to proteins (see Chapter 6) in which
the irregular order of amino acids results in enormous diversity in protein
structures.

The Double Helix Is Stabilized by Base Pairing and Base Stacking

The hydrogen bonds between complementary bases are a fundamental fea-
ture of the double helix, contributing to the thermodynamic stability of the
helix and the specificity of base pairing. Hydrogen bonding might not, at first
glance, appear to contribute importantly to the stability of DNA for the fol-
lowing reason: An organic molecule in aqueous solution has all of its
hydrogen-bonding properties satisfied by water molecules that come on
and off very rapidly. As a result, for every hydrogen bond that is made
when a base pair forms, a hydrogen bond with water is broken that was there
before the base pair formed. Thus, the net energetic contribution of hydro-
gen bonds to the stability of the double helix would appear to be modest.
However, when polynucleotide strands are separate, water molecules are
lined up on the bases. When strands come together in the double helix,
the water molecules are displaced from the bases. This creates disorder
and increases entropy, thereby stabilizing the double helix. Hydrogen bonds
are not the only force that stabilizes the double helix.

A second important contribution comes from stacking interactions
between the bases. The bases are flat, relatively water-insoluble molecules,
and they tend to stack above each other roughly perpendicular to the direc-
tion of the helical axis. Electron cloud interactions (w—1) between bases in
the helical stacks contribute significantly to the stability of the double helix.
The stacked bases are attracted to each other by transient, induced dipoles
between the electron clouds, a phenomenon known as van der Waals inter-
actions. Base stacking also contributes to the stability of the double helix,
a hydrophobic effect. Briefly put, water molecules interact more favorably
with each other than with the “greasy” or hydrophobic surfaces of the bases.
These hydrophobic surfaces are buried by base stacking in the double helix
(as compared with the relative lack of stacking in single-stranded DNA),
minimizing the exposure of base surfaces to water molecules and hence low-
ering the free energy of the double helix.



Hydrogen Bonding Is Important for the Specificity of Base Pairing

As we have seen, hydrogen bonding per se does not contribute importantly
to the stability of DNA. It is, however, particularly important for the speci-
ficity of base pairing. Suppose we tried to pair an adenine with a cytosine.
If so, we would have a hydrogen-bond acceptor (N1 of adenine) lying
opposite a hydrogen-bond acceptor (N3 of cytosine) with no room to put
a water molecule in between to satisfy the two acceptors (Fig. 4-7). Likewise,
two hydrogen-bond donors, the NH, groups at C6 of adenine and C4
of cytosine, would lie opposite each other. Thus, an A:C base pair would
be unstable because water would have to be stripped off the donor and
acceptor groups without restoring the hydrogen bond formed within the
base pair.

Bases Can Flip Out from the Double Helix

As we have seen, the energetics of the double helix favor the pairing of each
base on one polynucleotide strand with the complementary base on the
other strand. Sometimes, however, individual bases can protrude from
the double helix in a remarkable phenomenon known as base flipping
(Fig. 4-8). As we shall see in Chapter 10, certain enzymes that methylate
bases or remove damaged bases do so with the base in an extrahelical con-
figuration in which it is flipped out from the double helix, enabling the
base to sit in the catalytic cavity of the enzyme. Furthermore, enzymes
involved in homologous recombination and DNA repair are believed to
scan DNA for homology or lesions by flipping out one base after another.
This is not energetically expensive because only one base is flipped out at
a time. Clearly, DNA is more flexible than might be assumed at first glance.

DNA Is Usually a Right-Handed Double Helix

Applying the handedness rule from physics, we can see that each of the
polynucleotide chains in the double helix is right-handed. In your mind’s
eye, hold your right hand up to the DNA molecule in Figure 4-9 with your
thumb pointing up and along the long axis of the helix and your fingers
following the grooves in the helix. Trace along one strand of the helix in
the direction in which your thumb is pointing. Notice that you go around
the helix in the same direction as your fingers are pointing. This does not
work if you use your left hand. Try it!

right-handed left-handed

FIGURE 4-9 Left- and right-handed helices. The two polynucleotide chains in the double
helix wrap around one another in a right-handed manner.

The Structure of DNA 83

sugar

FIGURE 4-7 A:C incompatibility. The
structure shows the inability of adenine to
form the proper hydrogen bonds with cyto-
sine. The base pair is therefore unstable.

FIGURE 4-8 Base flipping. Structure of
isolated DNA from the methylase structure,
showing the flipped cytosine residue and
the small distortions to the adjacent base
pairs. (Klimasauskas S. et al. 1994. Cell 76:
357.) Image prepared with BobScript, Mol-
Script, and Raster3D.
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» KEY EXPERIMENTS

B o X 4-1 DNA Has 10.5 bp per Turn of the Helix in Solution: The Mica Experiment

Thevalue of 10 bp per turn varies somewhat under different con-
ditions. A classic experiment that was performed in the 1970s
showed that DNA absorbed on a surface has somewhat greater
than 10 bp per turn. Short segments of DNA were allowed to
bind to a mica surface. The presence of 5'-terminal phosphates
on the DNAs held them in a fixed orientation on the mica. The

which is the number of base pairs per turn. This value of
10.5 bp per turn is close to that of DNA in solution as inferred
by other methods (see the section titled The Double Helix
Exists in Multiple Conformations). The strategy of using DNase
to probe the structure of DNA is now used to analyze the inter-
action of DNA with proteins (see Chapter 7).

mica-bound DNAs were then exposed to DNase |, an enzyme
(a deoxyribonuclease) that cleaves the phosphodiester bonds
in the DNA backbone. Because the enzyme is bulky, it is able to

cleave phosphodiester bonds only on the DNA surface furthest bp

from the mica (think of the DNA as a cylinder lying down on a

flat surface) because of the steric difficulty of reaching the sides

or bottom surface of the DNA. As aresult, the length of the result-

ing fragments should reflect the periodicity of the DNA, the B =
number of base pairs per turn.

After the mica-bound DNA was exposed to DNase, the re- S
sulting fragments were separated by electrophoresis in a poly- A=
acrylamide gel, a jelly-like matrix (Box 4-1 Fig. 1; see also
Chapter 7 for an explanation of gel electrophoresis). Because
DNA is negatively charged, it migrates through the gel toward =

the positive pole of the electric field. The gel matrix impedes
movement of the fragments in a manner that is proportional
to their length such that larger fragments migrate more slowly
than smaller fragments. When the experiment is performed,
we see clusters of DNA fragments of average sizes 10 and 11,
21, 31, and 32 bp and so forth, that is, in multiples of 10.5,

BOX 4-1 FIGURE 1 The mica experiment.

A consequence of the helical nature of DNA is its periodicity. Each base
pair is displaced (twisted) from the previous one by ~36°. Thus, in the X-ray
crystal structure of DNA, it takes a stack of ~10 base pairs to go completely
around the helix (360°) (Fig. 4-1a). That is, the helical periodicity is gener-
ally 10 base pairs per turn of the helix. (For further discussion, see
Box 4-1, DNA Has 10.5 bp per Turn of the Helix in Solution: The Mica
Experiment.)

The Double Helix Has Minor and Major Grooves

As a result of the double-helical structure of the two chains, the DNA mol-
ecule is a long, extended polymer with two grooves that are not equal in
size to each other. Why are there a minor groove and a major groove? It
is a simple consequence of the geometry of the base pair. The angle at
which the two sugars protrude from the base pairs (i.e., the angle between
the glycosidic bonds) is ~120° (for the narrow angle) or 240° (for the wide
angle) (see Figs. 4-1b and 4-6). As a result, as more and more base pairs
stack on top of each other, the narrow angle between the sugars on one
edge of the base pairs generates a minor groove and the large angle on
the other edge generates a major groove. (If the sugars pointed away
from each other in a straight line, i.e., at an angle of 180°, then the two
grooves would be of equal dimensions and there would be no minor and
major grooves.)



The Major Groove Is Rich in Chemical Information

The edges of each base pair are exposed in the major and minor grooves, cre-
ating a pattern of hydrogen-bond donors and acceptors and of hydrophobic
groups (allowing for van der Waals interactions) that identifies the base pair
(see Fig. 4-10). The edge of an A:T base pair displays the following chemical
groups in the following order in the major groove: a hydrogen-bond acceptor
(the N7 of adenine), a hydrogen-bond donor (the exocyclic amino group
on C6 of adenine), a hydrogen-bond acceptor (the carbonyl group on C4 of
thymine), and a bulky hydrophobic surface (the methyl group on C5 of
thymine). Similarly, the edge of a G:C base pair displays the following
groups in the major groove: a hydrogen-bond acceptor (at N7 of guanine),
a hydrogen-bond acceptor (the carbonyl on C6 of guanine), a hydrogen-bond
donor (the exocyclic amino group on C4 of cytosine), and a small nonpolar
hydrogen (the hydrogen at C5 of cytosine).

Thus, there are characteristic patterns of hydrogen bonding and of over-
all shape that are exposed in the major groove that distinguish an A:T base
pair from a G:C base pair, and, for that matter, A:T from T:A, and G:C from
C:G. We can think of these features as a code in which A represents a
hydrogen-bond acceptor, D a hydrogen-bond donor, M a methyl group,
and H a nonpolar hydrogen. In such a code, ADAM in the major groove sig-
nifies an A:T base pair, and AADH stands for a G:C base pair. Likewise,
MADA stands for a T:A base pair, and HDAA is characteristic of a C:G
base pair. In all cases, this code of chemical groups in the major groove
specifies the identity of the base pair. These patterns are important because

major groove major groove
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FIGURE 4-10 Chemical groups ex-
posed in the major and minor grooves
along the edges of the base pairs. The let-
ters in red identify hydrogen-bond acceptors
(A), hydrogen-bond donors (D), nonpolar
hydrogens (H), and methyl groups (M).
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they allow proteins to unambiguously recognize DNA sequences without
having to open and thereby disrupt the double helix. Indeed, as we shall
see, a principal decoding mechanism relies on the ability of amino acid
side chains to protrude into the major groove and to recognize and bind
to specific DNA sequences (see Chapter 6).

The minor groove is not as rich in chemical information, and what infor-
mation is available is less useful for distinguishing between base pairs. The
small size of the minor groove is less able to accommodate amino acid side
chains. In addition, A:T and T:A base pairs and G:C and C:G base pairs
look similar to one another in the minor groove. An A:T base pair has a
hydrogen-bond acceptor (at N3 of adenine), a nonpolar hydrogen (at N2 of
adenine), and a hydrogen-bond acceptor (the carbonyl on C2 of thymine).
Thus, its code is AHA. But this code is the same ifread in the opposite direc-
tion, and hence an A:T base pair does not look very different from a T:A base
pair from the point of view of the hydrogen-bonding properties of a protein
poking its side chains into the minor groove. Likewise, a G:C base pair exhib-
itsahydrogen-bond acceptor (at N3 of guanine), a hydrogen-bond donor (the
exocyclicamino group on C2 of guanine), and a hydrogen-bond acceptor (the
carbonyl on C2 of cytosine), representing the code ADA. Thus, from the point
of view of hydrogen bonding, C:G and G:C base pairs do not look very differ-
ent from each other either. The minor groove does look different when com-
paring an A:T base pair with a G:C base pair, but G:C and C:G, or A:T and T:A,
cannot be easily distinguished (see Fig. 4-10). Although the minor groove is
lessuseful in distinguishing one base pair from another, the identical pattern
of hydrogen-bond acceptors displayed in the minor groove of all Watson—
Crick base pairs is frequently exploited by proteins to recognize correctly
base-paired, B-form DNA (e.g., DNA polymerases; see Chapter 9).

The Double Helix Exists in Multiple Conformations

Early X-ray diffraction studies of DNA, which were performed using concen-
trated solutions of DNA that had been drawn out into thin fibers, revealed
two kinds of structures, the B and the A forms of DNA (Fig. 4-11; see Box
4-2, How Spots on an X-Ray Film Reveal the Structure of DNA). The B
form, which is observed at high humidity, most closely corresponds to the
average structure of DNA under physiological conditions. It has 10 bp per
turn and a wide major groove and a narrow minor groove. The A form, which
is observed under conditions of low humidity, has 11 bp per turn. Its major
groove is narrower and much deeper than that of the B form, and its minor
groove is broader and shallower. The vast majority of the DNA in the cell
isin the B form, but DNA does adopt the A structure in certain DNA —protein
complexes. In addition, as we shall see, the A form is similar to the structure
that RNA adopts when double-helical.

The B form of DNA represents an ideal structure that deviates in two
respects from the DNA in cells. First, DNA in solution, as we have seen, is
somewhat more twisted on average than the B form, having on average
10.5 bp per turn of the helix. Second, the B form is an average structure,
whereas real DNA is not perfectly regular. Rather, it shows variations in its
precise structure from base pairtobase pair. This wasrevealed by comparison
ofthe crystal structures of individual DNAs of different sequences. For exam-
ple, the two members of each base pair do not always lie exactly in the same
plane. Rather, they can display a “propeller twist” arrangement in which the
two flat bases counterrotate relative to each other along the long axis of
the base pair, giving the base paira propeller-like character (Fig. 4-12). More-
over, the precise rotation per base pairis not a constant. As aresult, the width
of the major and minor grooves varies locally. Thus, DNA molecules are



never perfectly regular double helices. Instead, their exact conformation
depends on which base pair (A:T, T:A, G:C, or C:G) is present at each posi-
tion along the double helix and on the identity of neighboring base pairs.
Still, the B form is for many purposes a good first approximation of the struc-
ture of DNA in cells.

DNA Can Sometimes Form a Left-Handed Helix

DNA containing alternative purine and pyrimidine residues can fold into
left-handed as well as right-handed helices. To understand how DNA can
form a left-handed helix, we need to consider the glycosidic bond that con-
nects the base to the 1’ position of 2’-deoxyribose. This bond can be in one
of two conformations called syn and anti (Fig. 4-13). In right-handed DNA,
the glycosidic bond is always in the anti conformation. In the left-handed

©1988 AAAS
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FIGURE 4-11 Models of the B, A, and
Z forms of DNA. The sugar-phosphate
backbone of each chain is on the outside
in all structures (one purple and one green)
with the bases (silver) oriented inward.
Side views are shown at the top, and views
along the helical axis at the bottom. (a)
The B form of DNA, the usual form found
in cells, is characterized by a helical turn
every 10 base pairs (3.4 nm); adjacent
stacked base pairs are 0.34 nm apart. The
major and minor grooves are also visible.
(b) The more compact A form of DNA has
11 bp per turn and shows a large tilt of the
base pairs with respect to the helix axis. In
addition, the A form has a central hole
(bottom). This helical form is adopted by
RNA-DNA and RNA-RNA helices. (c) Z
DNA is a left-handed helix and has a zig-
zag (hence “Z") appearance. (Courtesy of
C. Kielkopf and P.B. Dervan.)

FIGURE 4-12 The propeller twist be-
tween the purine and pyrimidine base
pairs of aright-handed helix. (a) The struc-
ture shows a sequence of three consecutive
A:T base pairs with normal Watson—Crick
bonding. (b) A propeller twist causes rota-
tion of the bases about their long axes.
(Adapted, with permission, from Aggarwal
AK. et al. 1988. Science 242: 899-907,
Fig. 5b. © AAAS.)
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» KEY EXPERIMENTS

B OX 4-2 How Spots on an X-Ray Film Reveal the Structure of DNA

One of the most enduring images in the history of molecular
biology is the famous photograph taken by Rosalind Franklin
of the X-ray diffraction pattern of an oriented fiber of DNA mol-
ecules. Franklin’s image is of great historic significance because
it provided critical evidence in support of the Watson—Crick
model for B-form DNA. In addition, Francis Crick, who had
helped develop the theory of the diffraction of helical molecules,
was able to infer from the pattern of spots that the strands of
DNA are twisted around each other. At first glance, Franklin’s
image shows no recognizable relationship to a double helix.
How then did this mysterious pattern of spots help unravel the
atomic structure of the genetic material?

As seen in the figure, Franklin’s image consists of a central
“Maltese” cross (highlighted in red in Box 4-2 Fig. 1), which
is composed of broad spots (the breadth of the spots reflecting
disorder in the fiber). The spots are evenly spaced along hori-
zontal “layer” lines (numbered in the figure). Notice that
counting up and down from the center of the cross, the
spots at the fourth layer line are missing. Notice also that the
Maltese cross and the intensely dark regions at the top and
bottom of the image create a series of four diamond-shaped
areas (two examples of which are highlighted in blue). As we
now explain, it can be understood in qualitative terms from a
few simple considerations about the nature of wave diffraction
that this seemingly arcane pattern of spots corresponds to the
structure of the double helix.

The principle underlying X-ray diffraction is that when waves
pass through a periodic array, interference occurs between the
waves if the wavelength of the waves is similar to the repeat
distance of the array. (Hence, X-rays, which have a very short
wavelength of 0.15 nm, are used for revealing atomic structure.)
If the oscillations of the waves are aligned, the waves reinforce
each other (“constructive interference”), but if the troughs of
one set of waves are aligned with the peaks of another set of

BOX 4-2 FIGURE 1 Rosalind Franklin’s X-ray diffraction
image of DNA revealing the Maltese cross. (Modified, with per-
mission, from Franklin R.E. and Gosling R.G. 1953. Nature 171:
740-741. © Macmillan.)
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BOX 4-2 FIGURE 2 Diffraction pattern of waves passing
through parallel lines.

waves, the waves cancel each other out (“destructive interfer-
ence”). Thus, a beam of waves passing through an array consist-
ing of a horizontal set of lines would generate a row of spots
perpendicular (vertical) to the lines (Box 4-2 Fig. 2). Now
suppose that the horizontal lines are tilted. This would result in
a tilted row of spots (again, perpendicular to the tilt of the
lines). Next, suppose that waves are passing through two sets
of tilted lines linked to each other in zigzag fashion as in the
figure: this results in a cross composed of two tilted rows of spots.

Now let us turn our attention to DNA. Imagine the backbone
of one strand of the double helix projected onto a flat surface.
Loosely speaking, this would create a linked series of zigs and
zags (or, more properly, a sinusoidal curve). If we think of the
zZigs as generating one set of tilted lines and the zags as generat-
ing another set, then waves passing through the zigs and zags
will generate two rows of spots that cross each other as in the
example above. This is the basis for the Maltese cross in the
Franklin photograph, and hence the cross reveals that DNA is
helical. Knowledge of the wavelength of X-rays and measure-
ments of the spacing between the layer lines further reveals
that the helix has a periodicity of 3.4 nm. Of course, DNA con-
sists of two helical backbones, not one. This, too, is revealed in
the Franklin photograph. The helices of DNA are out of register
with each other by three-eighths of a helical repeat. It turns out
that this offset between the helices creates an additional de-
structive interference that obliterates the fourth layer line.
Thus, the missing fourth layer line shows that DNA is a double
helix and tells us how the two helices are aligned relative to
each other.

Finally, the DNA backbone is not a smooth line as in our
imaginary example. Rather, it is granular at the atomic level,
consisting of sugar—phosphate units. This granularity results in
additional intensities, particularly north and south of the
center of the cross, to create a pattern of four diamonds. In
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higher-resolution photographs than the one shown here, one
can count 10 layer lines from the center of the cross to the
north and south poles. This feature of the diffraction pattern
reveals that the periodicity of the double helix (3.4 nm) is 10
times the atomic periodicity, corresponding to 10 repeating
units at a spacing of 0.34 nm. Because there is one base per

helix, the fundamental repeating unit usually is a purine—pyrimidine dinu-
cleotide, with the glycosidic bond in the anti conformation at pyrimidine
residues and in the syn conformation at purine residues. It is this syn
conformation at the purine nucleotides that is responsible for the left-
handedness of the helix. The change to the syn position in the purine
residues to alternating anti—syn conformations gives the backbone of left-
handed DNA a zigzag look (hence its designation of Z DNA) (see Fig.
4-11), which distinguishes it from right-handed forms. The rotation that
effects the change from anti to syn also causes the sugar group to undergo
a change in its pucker. Note, as shown in Figure 4-13, that C3’ and C2’ can
switch locations. In solution, alternating purine—pyrimidine residues
assume the left-handed conformation only in the presence of high concen-
trations of positively charged ions (e.g., Na*) that shield the negatively
charged phosphate groups. At lower salt concentrations, they form typical
right-handed conformations. The physiological significance of Z DNA is
uncertain, and left-handed helices probably account at most for only a
small proportion of a cell’s DNA. Further details of the A, B, and Z forms
of DNA are presented in Table 4-2.

DNA Strands Can Separate (Denature) and Reassociate

Because the two strands of the double helix are held together by relatively
weak (noncovalent) forces, you might expect that the two strands could
come apart easily. Indeed, the original structure for the double helix sug-
gested that DNA replication would occur in just this manner. The comple-
mentary strands of the double helix can also be made to come apart when
a solution of DNA is heated above physiological temperatures (to near
100°C) or under conditions of high pH, a process known as denaturation.
However, this complete separation of DNA strands by denaturation is rever-
sible. When heated solutions of denatured DNA are slowly cooled, single
strands often meet their complementary strands and re-form regular double
helices (Fig. 4-14). The capacity to renature denatured DNA molecules per-
mits artificial hybrid DNA molecules to be formed by slowly cooling mix-
tures of denatured DNA from two different sources. Likewise, hybrids can
be formed between complementary strands of DNA and RNA. As we shall
see in Chapter 7, the ability to form hybrids between two single-stranded
nucleic acids, called hybridization, is the basis for several indispensable
techniques in molecular biology, such as Southern blot hybridization and
DNA microarray analysis (see Chapter 7).

Important insights into the properties of the double helix were obtained
from classic experiments performed in the 1950s in which the denaturation
of DNA was studied under a variety of conditions. In these experiments,
DNA denaturation was monitored by measuring the absorbance of ultra-
violet light passed through a solution of DNA. DNA maximally absorbs

sugar—phosphate unit, the B form of DNA consists of 10 base
pairs per helical period (turn of the helix).

Thus, a rudimentary understanding of wave diffraction
makes it possible to coax out of a simple pattern of spots on
an X-ray film the principal features of the structure of DNA.
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FIGURE 4-13 Syn and anti positions
of guanine in B and Z DNA. In right-
handed B DNA, the glycosyl bond (red) con-
necting the base to the deoxyribose group is
always in the anti position, whereas in left-
handed Z DNA, it rotates in the direction
of the arrow, forming the syn conformation
at the purine (here guanine) residues, but
remains in the regular anti position (no rota-
tion) in the pyrimidine residues. (Adapted,
with permission, from Wang A.J.H. et al.
1982. Cold Spring Harbor Symp. Quant. Biol.
47: 41. © Cold Spring Harbor Laboratory
Press.)
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TABLE 4-2 AComparison of the Structural Properties of A, B, and Z DNAs as Derived from Single-Crystal X-Ray Analysis

Helix Type

A B z
Overall proportions Short and broad Longer and thinner Elongated and slim
Rise per base pair 23A 3.32A 3.8A
Helix-packing diameter 25.5A 23.7A 18.4A
Helix rotation sense Right-handed Right-handed Left-handed
Base pairs per helix repeat 1 1 2
Base pairs per turn of helix ~11 ~10 12
Rotation per base pair 33.6° 35.9° —60° per 2 bp
Pitch per turn of helix 24.6 A 33.2A 45.6 A
Tilt of base normals to helix axis ~ +19° -1.2° -9°
Base-pair mean propeller twist +18° +16° ~0°
Helix axis location Major groove Through base pairs Minor groove
Major-groove proportions Extremely narrow but very deep ~ Wide and of intermediate depth Flattened out on helix surface
Minor-groove proportions Very broad but shallow Narrow and of intermediate depth Extremely narrow but very deep
Glycosyl-bond conformation anti anti antiat C, synat G

Adapted, with permission, from Dickerson R.E. et al. 1982. Cold Spring Harbor Symp. Quant. Biol. 47: 14. © Cold Spring Harbor Laboratory Press.

ultraviolet light at a wavelength of ~260 nm. It is the bases that are princi-
pally responsible for this absorption. When the temperature of a solution
of DNA is raised to near the boiling point of water, the optical density,
(called absorbance) at 260 nm markedly increases, a phenomenon known
as hyperchromicity. The explanation for this increase is that duplex DNA
absorbs less ultraviolet light by ~40% than do individual DNA chains.
This hypochromicity is due to base stacking, which diminishes the capacity
of the bases in duplex DNA to absorb ultraviolet light.

If we plot the optical density of DNA as a function of temperature, we
observe that the increase in absorption occurs abruptly over a relatively nar-
row temperature range. The midpoint of this transition is the melting point
or T, (Fig. 4-15). Like ice, DNA melts: It undergoes a transition from a
highly ordered double-helical structure to a much less ordered structure
of individual strands. The sharpness of the increase in absorbance at the
melting temperature tells us that the denaturation and renaturation of com-
plementary DNA strands is a highly cooperative, zippering-like process.
Renaturation, for example, probably occurs by means of a slow nucleation
process in which a relatively small stretch of bases on one strand finds and
pairs with their complement on the complementary strand (middle panel
of Fig. 4-14). The remainder of the two strands then rapidly zipper up
from the nucleation site to re-form an extended double helix (lower panel
of Fig. 4-14).

The melting temperature of DNA is a characteristic of each DNA that is
largely determined by the G:C content of the DNA and the ionic strength
of the solution. The higher the percent of G:C base pairs in the DNA (and
hence the lower the content of A:T base pairs), the higher is the melting point
(Fig. 4-16). Likewise, the higher the salt concentration of the solution, the
greater is the temperature at which the DNA denatures. How do we explain
this behavior? G:C base pairs contribute more to the stability of DNA than do
A:T base pairs because of the greater number of hydrogen bonds for the for-
mer (three in a G:C base pair vs. two for A:T), but also, importantly, because
the stacking interactions of G:C base pairs with adjacent base pairs are
more favorable than the corresponding interactions of A:T base pairs with
their neighboring base pairs. The effect of ionic strength reflects another
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W"g;\mpe DNA molecules denatured by heating

DNA molecule
missing region a

cool slowly and start to renature

continue to renature

FIGURE 4-14 Reannealing and hybridization. A mixture of two otherwise identical double-
stranded DNA molecules, one a normal wild-type DNA and the other a mutant missing a short
stretch of nucleotides (marked as region a in red), is denatured by heating. The denatured DNA mol-
ecules are allowed to renature by incubation just below the melting temperature. This treatment
results in two types of renatured molecules. One type is composed of completely renatured mole-
cules in which two complementary wild-type strands re-form a helix and two complementary
mutant strands re-form a helix. The other type is hybrid molecules, composed of a wild-type and
a mutant strand, showing a short unpaired loop of DNA (region a).

fundamental feature of the double helix. The backbones of the two DNA
strands contain phosphoryl groups that carry a negative charge. These neg-
ative charges are close enough across the two strands that, if not shielded,
they tend to cause the strands to repel each other, facilitating their sep-
aration. At high ionic strength, the negative charges are shielded by cat-
ions, thereby stabilizing the helix. Conversely, at low ionic strength, the
unshielded negative charges render the helix less stable.
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FIGURE 4-16 Dependence of DNA
denaturation on G+C content and on
salt concentration. The greater the G+C
content, the higher the temperature must
be to denature the DNA strand. DNA from
different sources was dissolved in solutions
of low (red line) and high (green line) con-
centrations of salt at pH 7.0. The points rep-
resent the temperature at which the DNA
denatured graphed against the G+C
content. (Data from Marmur J. and Doty
P. 1962. J. Mol. Biol. 5: 120. © Elsevier.)
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FIGURE 4-15 DNA denaturation curve.

Some DNA Molecules Are Circles

It was initially believed that all DNA molecules are linear and have two free
ends. Indeed, the chromosomes of eukaryotic cells each contain a single
(extremely long) DNA molecule. But now we know that some DNAs are
circles. For example, the chromosome of the small monkey DNA virus
SV40 is a circular, double-helical DNA molecule of ~5000 bp. In addition,
most (but not all) bacterial chromosomes are circular; Escherichia coli has a
circular chromosome of ~5 million base pairs. Additionally, many bacteria
have small autonomously replicating genetic elements known as plasmids,
which are generally circular DNA molecules.

Interestingly, some DNA molecules are sometimes linear and sometimes
circular. The most well-known example is that of the bacteriophage A, a DNA
virus of E. coli. The phage \ genome is a linear double-stranded molecule in
the virion particle. However, when the \ genome is injected into an E. coli
cell during infection, the DNA circularizes. This occurs by base pairing
between single-stranded regions that protrude from the ends of the DNA
and that have complementary sequences, also known as “sticky ends.”
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DNA TOPOLOGY

Because DNA is a flexible structure, its exact molecular parameters are a
function of both the surrounding ionic environment and the nature of the
DNA-binding proteins with which it is complexed. Because their ends are
free, linear DNA molecules can freely rotate to accommodate changes in
the number of times the two chains of the double helix twist about each
other. But if the two ends are covalently linked to form a circular DNA mol-
ecule and if there are no interruptions in the sugar—phosphate backbones of
the two strands, then the absolute number of times the chains can twist
about each other cannot change. Such a covalently closed, circular DNA
(cccDNA) is said to be topologically constrained. Even the linear DNA mol-
ecules of eukaryotic chromosomes are subject to topological constraints
because of their extreme length, entrainment in chromatin, and interaction
with other cellular components (see Chapter 8). Despite these constraints,
DNA participates in numerous dynamic processes in the cell. For example,
the two strands of the double helix, which are twisted around each other,
must rapidly separate in order for DNA to be duplicated and to be tran-
scribed into RNA. Thus, understanding the topology of DNA and how the
cell both accommodates and exploits topological constraints during DNA
replication, transcription, and other chromosomal transactions is of funda-
mental importance in molecular biology.

Linking Number Is an Invariant Topological Property
of Covalently Closed, Circular DNA

Let us consider the topological properties of covalently closed, circular
DNA, which is referred to as cccDNA. Because there are no interruptions
in either polynucleotide chain, the two strands of cccDNA cannot be sepa-
rated from each other without the breaking of a covalent bond. If we wished
to separate the two circular strands without permanently breaking any
bonds in the sugar—phosphate backbones, we would have to pass one strand
through the other strand repeatedly (we will encounter an enzyme that can
perform just this feat!). The number of times one strand would have to be
passed through the other strand in order for the two strands to be entirely
separated from each other is called the linking number (Fig. 4-17). The link-
ing number, which is always an integer, is an invariant topological property
of cccDNA, no matter how much the shape of the DNA molecule is distorted.

Linking Number Is Composed of Twist and Writhe

The linking number is the sum of two geometric components called the twist
and the writhe (see Interactive Animation 4-1). Let us consider twist first.
Twist is simply the number of helical turns of one strand about the other,
that is, the number of times one strand completely wraps around the other
strand. Consider a cccDNA that is lying flat on a plane. In this flat conforma-
tion, the linking number is fully composed of twist. Indeed, the twist can be
easily determined by counting the number of times the two strands cross
each other (see Fig. 4-17a). The helical crossovers (twist) in a right-handed
helix are defined as positive such that the linking number of DNA will
have a positive value.

But cccDNA is generally not lying flat on a plane. Rather, it is usually
stressed torsionally such that the long axis of the double helix crosses over
itself, often repeatedly, in three-dimensional space (Fig. 4-17b). This is
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FIGURE 4-17 Topological states of covalently closed, circular (ccc) DNA. The figure shows
conversion of the relaxed (a) to the negatively supercoiled (b) form of DNA. The strain in the super-
coiled form may be taken up by supertwisting (b) or by local disruption of base pairing (c). (Adapted
from a diagram provided by Dr. M. Gellert.) (Modified, with permission, from Kornberg A. and
Baker T.A. 1992. DNA replication, 2nd ed., Fig 1.21, p. 32. © W.H. Freeman.)

called writhe. To visualize the distortions caused by torsional stress, think of
the coiling of a telephone cord that has been overtwisted.

Writhe can take two forms. One form is the interwound or plectonemic
writhe, in which the long axis is twisted around itself, as depicted in
Figures 4-17b and 4-18a. The other form of writhe is a toroid or spiral in
which the long axis is wound in a cylindrical manner, as often occurs
when DNA wraps around protein (Fig. 4-18b). The writhing number (Wr)
is the total number of interwound and/or spiral writhes in cccDNA. For
example, the molecule shown in Figure 4-17b has a writhing number of 4.

Interwound writhe and spiral writhe are topologically equivalent to each
other and are readily interconvertible geometric properties of cccDNA. In
addition, twist and writhe are interconvertible. A molecule of cccDNA
can readily undergo distortions that convert some of its twist to writhe or
some of its writhe to twist without the breakage of any covalent bonds.
The only constraint is that the sum of the twist number (Tw) and the writh-
ing number (Wr) must remain equal to the linking number (Lk). This con-
straint is described by the equation

Lk = Tw + Wr.

Lk® Is the Linking Number of Fully Relaxed cccDNA under
Physiological Conditions

Consider cccDNA that is free of supercoiling (i.e., it is said to be relaxed) and
whose twist corresponds to that of the B form of DNA in solution under phys-
iological conditions (~10.5 bp per turn of the helix). The linking number
(LK) of such cccDNA under physiological conditions is assigned the symbol
Lk°. Lk° for such amolecule is the number of base pairs divided by 10.5. Fora
cccDNA of 10,500 base pairs, Lk = +1000. (The sign is positive because the
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twists of DNA areright-handed.) One way to see thisisto imagine pulling one
strand of the 10,500-bp cccDNA out into a flat circle. If we did this, then the
other strand would cross the flat circular strand 1000 times.

How can we remove supercoils from cccDNA if it is not already relaxed?
One procedure is to treat the DNA mildly with the enzyme DNase [, so as to
break on average one phosphodiester bond (or a small number of bonds) in
each DNA molecule. Once the DNA has been “nicked” in this manner, it is
no longer topologically constrained, and the strands can rotate freely, allow-
ing writhe to dissipate (Fig. 4-19). If the nick is then repaired, the resulting
cccDNA molecules will be relaxed and will have on average an Lk that is
equal to Lk°. (Because of rotational fluctuation at the time the nick is
repaired, some of the resulting cccDNAs will have an Lk that is somewhat
higher than Lk°, and others will have an Lk that is somewhat lower. Thus,
the relaxation procedure will generate a narrow spectrum of cccDNAs
whose average Lk is equal to Lk°.)

DNA in Cells Is Negatively Supercoiled

The extent of supercoiling is measured by the difference between Lk and
Lk°, which is called the linking difference:

ALk = Lk — LK°.

ick )

nick L pivot ) -
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-

FIGURE 4-19 Relaxing DNA with DNase .
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FIGURE 4-18 Two forms of writhe of
supercoiled DNA. The figure shows inter-
wound (a) and toroidal (b) writhe of
cccDNA of the same length. (a) The inter-
wound or plectonemic writhe is formed by
twisting of the double-helical DNA molecule
over itself as depicted in the example of a
branched molecule. (b) Toroidal or spiral
writhe is depicted in this example by cylin-
drical coils. (Modified, with permission,
from Kornberg A. and Baker T.A. 1992.
DNA replication, 1 1-22, p. 33. © W.H.
Freeman. Used by permission of Dr.
Nicholas Cozzarelli.)
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If the ALk of a cccDNA is significantly different from 0, then the DNA is
torsionally strained, and hence it is supercoiled. If Lk < Lk° and ALk < 0,
then the DNA is said to be “negatively supercoiled.” Conversely, if Lk >
Lk® and ALk > 0, then the DNA is “positively supercoiled.” For example,
the molecule shown in Figure 4-17b is negatively supercoiled and has a link-
ing difference of —4 because its Lk (32) is 4 less than that (36) for the relaxed
form of the molecule shown in Figure 4-17a.

Because ALk and Lk are dependent on the length of the DNA molecule,
it is more convenient to refer to a normalized measure of supercoiling.

This is the superhelical density, which is assigned the symbol o and is
defined as

o = ALK/LK°.

Circular DNA molecules purified from both bacteria and eukaryotes are
usually negatively supercoiled, having values of o of approximately
—0.06. The electron micrograph shown in Figure 4-20 compares the struc-
tures of bacteriophage DNA in its relaxed form with its supercoiled form.

What does superhelical density mean biologically? Negative supercoils
can be thought of as a store of free energy that aids in processes that require
strand separation, such as DNA replication and transcription. Because Lk =
Tw+ Wr, negative supercoils can be converted into untwisting of the double
helix (cf. Fig. 4-17a with 4-17b). Regions of negatively supercoiled DNA,
therefore, have a tendency to unwind partially. Thus, strand separation
can be accomplished more easily in negatively supercoiled DNA than in
relaxed DNA.

The only organisms that have been found to have positively supercoiled
DNA are certain thermophiles, microorganisms that live under conditions
of extreme high temperatures, such as in hot springs. In this case, the posi-
tive supercoils can be thought of as a store of free energy that helps keep the
DNA from denaturing at the elevated temperatures. Insofar as positive
supercoils can be converted into more twist (positively supercoiled DNA
can be thought of as being overwound), strand separation requires more
energy in thermophiles than in organisms whose DNA is negatively
supercoiled.

Nucleosomes Introduce Negative Supercoiling in Eukaryotes

As we shall see in Chapter 8, DNA in the nucleus of eukaryotic cells is
packaged in small particles known as nucleosomes in which the double
helix is wrapped almost two times around the outside circumference of a
protein core. You will be able to recognize this wrapping as the toroid or
spiral form of writhe. Importantly, it occurs in a left-handed manner.

FIGURE 4-20 Electron micrograph of supercoiled DNA. The left electron micrograph is a
relaxed (nonsupercoiled) DNA molecule of bacteriophage PM2. The right electron micrograph
shows the phage in its supertwisted form. (Electron micrographs courtesy of Wang J.C. 1982. Sci.
Am. 247:97.)



(Convince yourself of this by applying the handedness rule in your mind’s
eye to DNA wrapped around the nucleosome in Chapter 8, Fig. 8-18.) It
turns out that writhe in the form of left-handed spirals is equivalent to neg-
ative supercoils. Thus, the packaging of DNA into nucleosomes introduces
negative superhelical density.

Topoisomerases Can Relax Supercoiled DNA

As we have seen, the linking number is an invariant property of DNA that is
topologically constrained. It can be changed only by introducing interrup-
tions into the sugar—phosphate backbone. A remarkable class of enzymes
known as topoisomerases are able to do just this by introducing transient
single-strand or double-strand breaks into the DNA (see Interactive Anima-
tion 4-2).

Topoisomerases are of two general types. Type Il topoisomerases change
the linking number in steps of two. They make transient double-strand
breaks in the DNA through which they pass a segment of uncut duplex
DNA before resealing the break. This type of reaction is shown schematically
in Figure 4-21. Type Il topoisomerases require the energy of ATP hydrolysis
for their action. Type I topoisomerases, in contrast, change the linking
number of DNA in steps of one. They make transient single-strand breaks
in the DNA, allowing the uncut strand to pass through the break before
resealing the nick (Fig. 4-22). In contrast to the type II topoisomerases,
type I topoisomerases do not require ATP. How topoisomerases relax DNA
and promote other related reactions in a controlled and concerted manner
is explained below.

Prokaryotes Have a Special Topoisomerase That Introduces
Supercoils into DNA

Both prokaryotes and eukaryotes have type I and type II topoisomerases
that are capable of removing supercoils from DNA. In addition, however,
prokaryotes have a special type II topoisomerase known as “DNA gyrase”
that introduces, rather than removes, negative supercoils. DNA gyrase is
responsible for the negative supercoiling of chromosomes in prokaryotes.
This negative supercoiling facilitates the unwinding of the DNA duplex,
which stimulates many reactions of DNA including initiation of both tran-
scription and DNA replication.

cut pass back duplex reseal
top duplex through break break
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FIGURE 4-21 Schematicfor changing
the linking number in DNA with topo-
isomerase Il. Topoisomerase Il binds to
DNA, creates a double-strand break, passes
uncut DNA through the gap, and then
reseals the break.
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FIGURE 4-22 Schematic mechanism of action for topoisomerase I. The enzyme cuts a single
strand of the DNA duplex, passes the uncut strand through the break, and then reseals the break.
The process increases the linking number by +1.

Topoisomerases Also Unknot and Disentangle DNA Molecules

In addition to relaxing supercoiled DNA, topoisomerases promote several
other reactions important to maintaining the proper DNA structure within
cells. The enzymes use the same transient DNA break and strand passage
reaction that they use to relax DNA to perform these reactions.

Topoisomerases can both catenate and decatenate circular DNA mole-
cules. Circular DNA molecules are said to be catenated if they are linked
together like two rings of a chain (Fig. 4-23a). Of these two activities,
the ability of topoisomerases to decatenate DNA is of clear biological
importance. As we shall see in Chapter 9, catenated DNA molecules
are commonly produced as a round of DNA replication is finished (see
Chapter 9, Fig. 9-36). Topoisomerases play the essential role of unlinking
these DNA molecules to allow them to separate into the two daughter cells
for cell division. Decatenation of two covalently closed, circular DNA
molecules requires passage of the two DNA strands of one molecule
through a double-strand break in the second DNA molecule. This reaction
therefore depends on a type II topoisomerase. The requirement for decate-
nation explains why type II topoisomerases are essential cellular proteins.
However, if at least one of the two catenated DNA molecules carries a
nick or a gap, then a type I enzyme may also unlink the two molecules
(Fig. 4-23b).

Although we often focus on circular DNA molecules when considering
topological issues, the long linear chromosomes of eukaryotic organisms
also experience topological problems. For example, during a round of
DNA replication, the two double-stranded daughter DNA molecules will
often become entangled (Fig. 4-23c). These sites of entanglement, just like
the links between catenated DNA molecules, block the separation of the
daughter chromosomes during mitosis. Therefore, DNA disentanglement,
generally catalyzed by a type Il topoisomerase, is also required for a success-
ful round of DNA replication and cell division in eukaryotes.

On occasion, a DNA molecule becomes knotted (Fig. 4-23d). For ex-
ample, some site-specific recombination reactions (which we shall dis-
cuss in detail in Chapter 12) give rise to knotted DNA products. Once
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again, a type II topoisomerase can “untie” a knot in duplex DNA. If the
DNA molecule is nicked or gapped, then a type I enzyme also can do
this job.

Topoisomerases Use a Covalent Protein—-DNA Linkage
to Cleave and Rejoin DNA Strands

To perform their functions, topoisomerases must cleave a DNA strand
(or two strands) and then rejoin the cleaved strand (or strands). Topo-
isomerases are able to promote both DNA cleavage and rejoining without
the assistance of other proteins or high-energy co-factors (e.g., ATP;
also see below) because they use a covalent-intermediate mechanism.
DNA cleavage occurs when a tyrosine residue in the active site of the topoi-
somerase attacks a phosphodiester bond in the backbone of the target DNA
(Fig. 4-24). This attack generates a break in the DNA, whereby the topoiso-
merase is covalently joined to one of the broken ends via a phosphotyrosine
linkage. The other end of the DNA terminates with a free OH group. This end
is also held tightly by the enzyme, as we shall see below.

The phospho-tyrosine linkage conserves the energy of the phospho-
diester bond that was cleaved. Therefore, the DNA can be resealed simply
by reversing the original reaction: The OH group from one broken DNA
end attacks the phospho-tyrosine bond re-forming the DNA phospho-
diester bond. This reaction rejoins the DNA strand and releases the
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FIGURE 4-23 Topoisomerases deca-
tenate, disentangle, and unknot DNA.
(a) Type Il topoisomerases can catenate
and decatenate covalently closed, circular
DNA molecules by introducing a double-
strand break in one DNA and passing the
other DNA molecule through the break.
(b) Type | topoisomerases can catenate
and decatenate molecules only if one DNA
strand has a nick or a gap because these
enzymes cleave only one DNA strand at a
time. (c) Entangled long linear DNA mole-
cules, generated, for example, during the
replication of eukaryotic chromosomes,
can be disentangled by a topoisomerase.
(d) DNA knots can also be unknotted by
topoisomerase action.
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FIGURE 4-24 Topoisomerases cleave DNA using a covalent tyrosine—DNA intermediate.
(a) Schematic of the cleavage and rejoining reaction. For simplicity, only a single strand of DNA is
shown. See Figure 4-25 for a more realistic picture. The same mechanism is used by type Il topo-
isomerases, although two enzyme subunits are required, one to cleave each of the two DNA
strands. Topoisomerases sometimes cut to the 5’ side and sometimes to the 3’ side. (b) Close-up
view of the phosphotyrosine covalent intermediate.

topoisomerase, which can then go on to catalyze another reaction cycle.
Although as noted above, type II topoisomerases require ATP hydrolysis
for activity, the energy released by this hydrolysis is used to promote con-
formational changes in the topoisomerase—DNA complex rather than to
cleave or rejoin DNA.

Topoisomerases Form an Enzyme Bridge and Pass
DNA Segments through Each Other

Between the steps of DNA cleavage and DNA rejoining, the topoisomerase
promotes passage of a second segment of DNA through the break. Topo-
isomerase function thus requires that DNA cleavage, strand passage, and
DNA rejoining all occur in a highly coordinated manner. Structures of
several different topoisomerases have provided insight into how the reac-
tion cycle occurs. Here we explain a model for how a type I topoisomerase
relaxes DNA.

To initiate a relaxation cycle, the topoisomerase binds to a segment of
duplex DNA in which the two strands are melted (Fig. 4-25a). Melting of the
DNA strands is favored in highly negatively supercoiled DNA (see above),
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FIGURE 4-25 Model for the reaction cycle catalyzed by a type | topoisomerase. A series of
proposed steps for the relaxation of one turn of a negatively supercoiled plasmid DNA. The two
strands of DNA are dark gray (not drawn to scale). The four domains of the protein are labeled in
panel a: (red) Domain I; (blue) II; (green) Ill; (orange) IV. (Adapted, with permission, from
Champoux J. 2001. Annu. Rev. Biochem. 70: 369-413. © Annual Reviews.)

making this DNA an excellent substrate for relaxation. One of the DNA strands
binds in a cleft in the enzyme that places it near the active-site tyrosine. This
strand is cleaved to generate the covalent DNA—tyrosine intermediate (Fig.
4-25b). The success of the reaction requires that the other end of the newly
cleaved DNA also be tightly bound by the enzyme. After cleavage, the topoi-
somerase undergoes a large conformational change to open up a gap in the
cleaved strand, with the enzyme bridging the gap. The second (uncleaved)
DNA strand then passes through the gap and binds to a DNA-binding site in
an internal “donut-shaped” hole in the protein (Fig. 4-25c). After strand pas-
sage occurs, a second conformational change in the topoisomerase—DNA
complex brings the cleaved DNA ends back together (Fig. 4-25d); rejoining
of the DNA strand occurs by attack of the OH end on the phospho-tyrosine
bond (see above). After rejoining, the enzyme must open up one final time
to release the DNA (Fig. 4-25€). This product DNA is identical to the starting
DNA molecule, except that the linking number has been increased by 1.

This general mechanism, in which the enzyme provides a “protein
bridge” during the strand passage reaction, can also be applied to the type
IT topoisomerases. The type II enzymes, however, are dimeric (or in some
cases, tetrameric). Two topoisomerase subunits, with their active-site tyro-
sine residues, are required to cleave the two DNA strands and make the
double-stranded DNA break that is an essential feature of the type Il topoiso-
merase mechanism.
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FIGURE 4-26 Schematic of electro-
phoretic separation of DNA topoisomers.
(Lane A) Relaxed or nicked circular DNA;
(lane B) linear DNA; (lane C) highly super-
coiled cccDNA; (lane D) a ladder of topo-
isomers.

Relaxed

Supercoiled

FIGURE 4-27 Separation of relaxed
and supercoiled DNA by gel electropho-
resis. Relaxed and supercoiled DNA topo-
isomers are resolved by gel electrophoresis.
The speed with which the DNA molecules
migrate increases as the number of superhel-
ical turns increases. (Courtesy of ].C. Wang.)

FIGURE 4-28 Intercalation of ethid-
ium into DNA. Ethidium increases the
spacing of successive base pairs, distorts
the regular sugar—phosphate backbone,
and decreases the twist of the helix.

DNA Topoisomers Can Be Separated by Electrophoresis

Covalently closed, circular DNA molecules of the same length but of differ-
ent linking numbers are called DNA topoisomers. Even though topoisomers
have the same molecular weight, they can be separated from each other by
electrophoresis through a gel of agarose (see Chapter 7 for an explanation
of gel electrophoresis). The basis for this separation is that the greater the
writhe, the more compact the shape of a cccDNA. Once again, think of
how supercoiling a telephone cord causes it to become more compact.
The more compact the DNA, the more easily (up to a point) it is able to
migrate through the gel matrix (Fig. 4-26). Thus, a fully relaxed cccDNA
migrates more slowly than a highly supercoiled topoisomer of the same cir-
cular DNA. Figure 4-27 shows a ladder of DNA topoisomers resolved by gel
electrophoresis. Molecules in adjacent rungs of the ladder differ from each
other by a linking number difference of just 1. Obviously, electrophoretic
mobility is highly sensitive to the topological state of DNA (see Box 4-3,
Proving that DNA Has a Helical Periodicity of ~10.5 bp per Turn from the
Topological Properties of DNA Rings).

Ethidium Ions Cause DNA to Unwind

Ethidium is a large, flat, multiringed cation. Its planar shape enables ethi-
dium to slip, or intercalate, between the stacked base pairs of DNA (Fig.
4-28). Because it fluoresces when exposed to ultraviolet light and because
its fluorescence increases dramatically after intercalation, ethidium is
used as a stain to visualize DNA.

When an ethidium ion intercalates between two base pairs, it causes the
DNA to unwind by 26°, reducing the normal rotation per base pair from
~36°to ~10°. In other words, ethidium decreases the twist of DNA. Imagine
the extreme case of a DNA molecule that has an ethidium ion between every
base pair. Instead of 10 bp per turn, it would have 36! When ethidium binds
to linear DNA or to a nicked circle, it simply causes the helical pitch to
increase. But consider what happens when ethidium binds to covalently
closed, circular DNA. The linking number of the cccDNA does not change
(no covalent bonds are broken and resealed), but the twist decreases by
26° for each molecule of ethidium that has bound to the DNA. Because
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» KEY EXPERIMENTS

B o x 4-3 Proving that DNA Has a Helical Periodicity of ~10.5 bp per Turn from the Topological Properties of DNA Rings

The observation that DNA topoisomers can be separated from
each otherelectrophoretically is the basis fora simple experiment
that proves that DNA has a helical periodicity of ~10.5 bp per
turn in solution. Consider three cccDNAs of sizes 3990, 3995,
and 4011 bp that were relaxed to completion by treatment
with type | topoisomerase. When subjected to electrophoresis
through agarose, the 3990-and 401 1-bp DNAs show essentially
identical mobilities. Because of thermal fluctuation, topoisomer-
ase treatment actually generates a narrow spectrum of topo-
isomers, but for simplicity, let us consider the mobility of only
the most abundant topoisomer (that corresponding to the
cccDNA in its most relaxed state). The mobilities of the most
abundant topoisomers for the 3990- and 4011-bp DNAs are in-
distinguishable because the 21-bp difference between them is
negligible compared with the sizes of the rings. The most abun-
dant topoisomer for the 3995-bp ring, however, is found to
migrate slightly more rapidly than the other two rings even
though it is only 5 bp larger than the 3990-bp ring. How are

we to explain this anomaly? The 3990- and 4011-bp rings in
their most relaxed states are expected to have linking numbers
equalto Lk ©, thatis, 380 in the case of the 3990-bp ring (dividing
the size by 10.5 bp) and 382 in the case of the 4011-bp ring.
Because Lk is equal to Lk®, the linking difference (ALk = Lk —
Lk®) in both cases is 0, and there is no writhe. But because the
linking number must be an integer, the most relaxed state for
the 3995-bp ring would be either of two topoisomers having
linking numbers of 380 or 381. However, Lk® for the 3995-bp
ring is 380.5. Thus, even in its most relaxed state, a covalently
closed circle of 3995 bp would necessarily have about half a
unit of writhe (its linking difference would be 0.5), and hence it
would migrate more rapidly than the 3990- and 4011-bp
circles. In other words, to explain how rings that differ in
length by 21 bp (two turns of the helix) have the same mobility,
whereas a ring that differs in length by only 5 bp (about half a
helical turn) shows a different mobility, we must conclude that
DNA in solution has a helical periodicity of ~10.5 bp per turn.

Lk = Tw+ Wr, this decrease in Twmust be compensated for by a correspond-
ing increase in Wr. If the circular DNA is initially negatively supercoiled (as
is normally the case for circular DNAs isolated from cells), then the addition
of ethidium will increase Wr. In other words, the addition of ethidium will
relax the DNA. If enough ethidium is added, the negative supercoiling will
be brought to 0, and if even more ethidium is added, Wr will increase above
0, and the DNA will become positively supercoiled.

Because the binding of ethidium increases Wr, its presence greatly affects
the migration of cccDNA during gel electrophoresis. In the presence of non-
saturating amounts of ethidium, negatively supercoiled circular DNAs are
more relaxed and migrate more slowly, whereas relaxed cccDNAs become

positively supercoiled and migrate more rapidly.

SUMMARY

DNA is usually in the form of a right-handed double helix.
The helix consists of two polydeoxynucleotide chains.
Each chain is an alternating polymer of deoxyribose sugars
and phosphates that are joined together via phosphodiester
linkages. One of four bases protrudes from each sugar:
adenine and guanine, which are purines, and thymine and
cytosine, which are pyrimidines. Although the sugar—phos-
phate backbone is regular, the order of bases is irregular, and
this is responsible for the information content of DNA. Each
chain has a 5 to 3’ polarity, and the two chains of the double
helix are oriented in an antiparallel manner—that is, they run
in opposite directions.

The polynucleotide chains are held together by base
pairing and base stacking. Pairing is mediated by hydrogen
bonds and results in the release of water molecules, in-
creasing entropy. Base stacking also contributes to the
stability of the double helix by favorable electron cloud

interactions between the bases (van der Waals forces) and
by burying the hydrophobic surfaces of the bases (the hydro-
phobic effect).

Hydrogen bonding is specific: Adenine on one chain is
paired with thymine on the other chain, whereas guanine is
paired with cytosine. This strict base pairing reflects the fixed
locations of hydrogen atoms in the purine and pyrimidine
bases in the forms of those bases found in DNA. Adenine
and cytosine almost always exist in the amino as opposed
to the imino tautomeric form, whereas guanine and thymine
almost always exist in the keto as opposed to enol form. The
complementarity between the bases on the two strands gives
DNA its self-coding character.

The two strands of the double helix fall apart (denature)
upon exposure to high temperature, extremes of pH, or any
agent that causes the breakage of hydrogen bonds. Following
slow return to normal cellular conditions, the denatured
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single strands can specifically reassociate to biologically
active double helices (renature or anneal).

DNA in solution has a helical periodicity of ~10.5 bp per
turn of the helix. The stacking of base pairs upon each other
creates a helix with two grooves. Because the sugars protrude
from the bases at an angle of ~120°, the grooves are unequal
in size. The edges of each base pair are exposed in the
grooves, creating a pattern of hydrogen-bond donors and
acceptors and of hydrophobic groups that identifies the
base pair. The wider—or major—groove is richer in chemical
information than the narrow—or minor—groove and is more
important for recognition by nucleotide sequence-specific
binding proteins.

Almost all cellular DNAs are extremely long molecules,
with only one DNA molecule within a given chromosome.
Eukaryotic cells accommodate this extreme length in part
by wrapping the DNA around protein particles known as
nucleosomes. Most DNA molecules are linear, but some
DNAs are circles, as is often the case for the chromosomes
of prokaryotes and for certain viruses.

DNA is flexible. Unless the molecule is topologically con-
strained, it can freely rotate to accommodate changes in the
number of times the two strands twist about each other.
DNA is topologically constrained when it is in the form of a
covalently closed circle or when it is entrained in chromatin.
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For answers to even-numbered questions, see Appendix 2:
Answers.

Question 1. Explain what is meant by the following adjectives
assigned to double-stranded DNA or the two strands that make
up DNA.

A. Polar
B. Antiparallel

C. Complementary

Question 2.

A. Calculate the approximate number of base pairs in four heli-
cal turns of the B-form DNA (based on the values from early
X-ray diffraction structures). Calculate the approximate
number of base pairs in four helical turns of the B-form
DNA (based on the values for DNA in solution). Calculate
the vertical length of the four helical turns in the B form of
DNA.



B. Calculate the approximate number of base pairs in four heli-
cal turns of the A-form DNA (based on the values from early
X-ray diffraction structures).

Question 3. True or False. If false, rewrite the sentence to be true.

A. A DNA sequence with a higher percentage of G:C base

pairs than percentage of A:T base pairs has a higher melt-

ing temperature (T;,) primarily because of the three hydro-

gen bonds found in G:C base pairs compared to the two
hydrogen bonds found in A:T base pairs.

B. Entropy and base stacking are the primary factors contribu-
ting to the stability of double-stranded DNA.

C. Base stacking determines the specificity of base pairing in
DNA.

Question 4. For each base-pair set, state if the two pairs are distin-
guishable using the minor groove, the major groove, both, or
neither.

G:C versus C:G
A:T versus G:C
A:T versus T:A

Question 5. Structural analogs of nucleosides vary slightly in the
chemical structure compared to the primary four nucleosides
found in DNA. The structures of two nucleoside analogs used
in DNA synthesis experiments are shown below.

A. Onthe lines labeled 1 and 2, name the dexoynucleoside that
these structures mimic.

OH OH

B. Circle the chemical group(s) on each analog that differs from
the conventional deoxynucleoside.

Question 6.

A. You isolate a supercoiled 10,000-bp plasmid from E. coli
cells. Assume the plasmid is covalently closed circular
DNA (cccDNA). You treat the 10,000-bp plasmid with
DNase I under conditions such that the DNase I nicks on
average once per DNA molecule.

i. Name the bond that DNase I breaks.

ii. How does this treatment change the topological state of
the 10,000-bp plasmid?
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B. Youthen inactivate the DNase I and treat the DNA with DNA
ligase plus ATP to create anew population of cccDNA. (DNA
ligase is an enzyme that seals the nicks and requires ATP for
enzymatic activity.) Briefly describe the topological state of
the resulting cccDNAs. Explain your reasoning with respect
to Lk (linking number) and Lk°.

Question 7. You isolated a 10,500-bp plasmid (supercoiled,
cccDNA) from E. coli. The plasmid contains one unique re-
cognition site for EcoRI, a restriction enzyme. Restriction
enzymes recognize a specific sequence and cut both strands of
the DNA at that sequence (Chapter 21). You briefly incubated
the cccDNA at 37°C in four separate reactions containing the
components listed below. You ran the reaction on an agarose
gel and visualized the DNA using ethidium bromide and UV
light. The reactions included the appropriate buffer and ATP
when required. An agarose gel containing four lanes of possible
products is given below. For each reaction, indicate which lane
on the gel contains the products that you would expect to see
on your agarose gel.

1 2 3 4
—_ J— |
-
| |
|
|
|
- —_

i. Buffer alone
ii. DNase I (brief treatment)
iii. Topoisomerase I

iv. EcoRI

Question 8. Use your knowledge of X-ray diffraction to match the
letter below with its corresponding diffraction pattern. Assume
that the diffraction pattern is based on a repeating pattern (or
array) of that letter, but for simplicity only a single letter is shown.
(Hint: Break each letter down into its component lines and think
of the diffraction pattern each line would generate. Then, com-
bine the patterns from the individual lines to get the final diffrac-
tion pattern. An example has been completed for you.)
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CHAPTER 5

The Structure and
Versatility of RNA

T FIRST GLANCE, RNA APPEARS VERY SIMILAR TO DNA. Certainly, its
Achemical composition only differs from that of DNA in seemingly

minor respects: a hydroxyl group in place of a hydrogen atom in its
backbone and the absence of a methyl group on one of its four bases. Indeed,
for many years, RNA was seen as simply playing a supporting role to DNA in
information transfer. Certain viruses have RNA genomes, but in the main,
DNA is the repository of genetic information in Nature. Instead, RNA was
largely seen as the shuttle that transferred genetic information from DNA
to the ribosome, the adaptor that decoded that information, and as a struc-
tural component of the ribosome. We now recognize, however, that RNA
is far richer and more intricate in structure than DNA and far more versatile
in function than first appreciated.

RNA is principally found as a single-stranded molecule. Yet by means of
intrastrand base pairing, RNA exhibits extensive double-helical character
and is capable of folding into a wealth of diverse tertiary structures. These
structures are full of surprises, such as nonclassical base pairs, base—back-
bone interactions, and knot-like configurations. Most remarkable of all,
some RNA molecules are enzymes, one of which performs a reaction that
is at the core of information transfer from nucleic acid to protein and hence
is of profound evolutionary significance.

RNA CONTAINS RIBOSE AND URACIL AND IS USUALLY
SINGLE-STRANDED

RNA differs from DNA in three respects (Fig. 5-1). First, the backbone of
RNA contains ribose rather than 2’-deoxyribose. That is, ribose has a
hydroxyl group at the 2’ position. Second, RNA contains uracil in place of
thymine. Uracil has the same single-ringed structure as thymine, except
that it lacks the methyl group at position 5 (the 5 methyl group). Thymine
is in effect 5 methyl-uracil. In addition, like thymine, uracil pairs with
adenine (see Fig. 5-2). Given the similarity of the two bases, why has evolu-
tion selected for the presence of an extra methyl group in DNA? As we shall
see in Chapter 10, the base cytosine undergoes spontaneous deamination to
yield uracil, which repair systems can recognize as foreign to DNA and
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FIGURE 5-1 Structural features of
RNA. The figure shows the structure of the
backbone of RNA, composed of alternating
phosphate and ribose moieties. The features
of RNA that distinguish it from DNA are
highlighted in red.

ribose

FIGURE 5-2 Uracil pairs with adenine.
Notice that the 5 position where uracil
differs from thymine is not involved in base

pairing.
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restore to cytosine. If the genetic material contained uracil, then uracil aris-
ing from cytosine deamination would go undetected by the surveillance sys-
tems that maintain the genome.

Third, RNA is usually found as a single polynucleotide chain. Except for
certain viruses, such as those that cause influenza and acquired immune
deficiency syndrome, RNA is not the genetic material and does not need
to be capable of serving as a template for its own replication. Rather, RNA
functions as the intermediate, the messenger RNA (mRNA), between the
gene and the protein-synthesizing machinery. Another function of RNA is
as an adaptor, the transfer RNA (tRNA), between the codons in the mRNA
and amino acids. RNA can also play a structural role, as in the case of the
RNA components of the ribosome. Yet another role for RNA is as a
regulatory molecule, which through sequence complementarity binds to,
and interferes with the translation of, certain mRNAs (see Chapter 20).
Finally, some RNAs (including one of the structural RNAs of the ribosome)
are enzymes that catalyze essential reactions in the cell. In all of these cases,
the RNA is copied as a single strand off only one of the two strands of the
DNA template, and its complementary strand does not exist. RNA is capable
of forming long double helices, but these are unusual in nature.

RNA CHAINS FOLD BACK ON THEMSELVES
TO FORM LOCAL REGIONS OF DOUBLE
HELIX SIMILAR TO A-FORM DNA

Despite being single-stranded, RNA molecules often exhibit a great deal
of double-helical character (Fig. 5-3). This is because RNA chains frequently
fold back on themselves to form base-paired segments between short
stretches of complementary sequences. If the two stretches of complementary
sequence are near each other, the RNA may adopt a stem-loop structure
in which the intervening RNA is looped out from the end of the double-
helical segment (Fig. 5-3). Stretches of double-helical RNA may also exhibit
internal loops (unpaired nucleotides on either side of the stem), bulges (an
unpaired nucleotide on one side of the bulge), or junctions (Fig. 5-3).
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hairpin

single internal
strands

FIGURE 5-3 Double-helical characteristics of RNA. In an RNA molecule having regions of
complementary sequences, the intervening (noncomplementary) stretches of RNA may become
“looped out” to form one of the structures illustrated in the figure: a bulge, an internal loop, or a
hairpin loop.

The stability of such stem-loop structures is in some instances enhanced
by the special properties of the loop. For example, a stem-loop with the “tet-
raloop” sequence UUCG is unexpectedly stable because of special base-
stacking interactions in the loop (Fig. 5-4). Base pairing can also take place
between sequences that are not contiguous to form complex structures aptly
named pseudoknots (Fig. 5-5). The regions of base pairing in RNA can be a
regular double helix or they can contain discontinuities, such as noncom-
plementary nucleotides that bulge out from the helix.

A feature of RNA that adds to its propensity to form double-helical struc-
tures is additional non-Watson—Crick base pairs. One such example is the
G:U base pair, which has hydrogen bonds between N3 of uracil and the
carbonyl on C6 of guanine, and between the carbonyl on C2 of uracil and
N1 of guanine (Fig. 5-6). Non-Watson—Crick base pairs can be found in all
combinations in RNA (GA and GU are the most abundant in ribosomal
RNA). Because such noncanonical base pairs can occur as well as the two
conventional Watson—Crick base pairs, RNA chains have an enhanced
capacity for self-complementarity. Thus, RNA frequently exhibits local
regions of base pairing but not the long-range, regular helicity of DNA.

The presence of 2’-hydroxyls in the RNA backbone prevents RNA from
adopting a B-form helix. Rather, double-helical RNA resembles the A-form
structure of DNA. As such, the minor groove is wide and shallow, and hence
accessible; but recall that the minor groove offers little sequence-specific
information. Meanwhile, the major groove is so narrow and deep that it is
not very accessible to amino acid side chains from interacting proteins.
Thus, the RNA double helix is quite distinct from the DNA double helix in
its detailed atomic structure and less well suited for sequence-specific inter-
actions with proteins. However, there are many examples of proteins that do

C(UUCG)G tetraloop

FIGURE 5-4 Tetraloop. Base-stacking in-
teractions promote and stabilize the tetra-
loop structure. The gray circles between
the riboses shown in purple represent the
phosphate moieties of the RNA backbone.
Horizontal lines represent base-stacking in-
teractions.
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FIGURE 5-5 Pseudoknot. The pseudo-
knot structure is formed by base pairing
between noncontiguous complementary
sequences.
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FIGURE 5-6 G:U base pair. The struc-
ture shows hydrogen bonds that allow
base pairing to occur between guanine
and uracil.
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bind to RNA in a sequence-specific manner, often relying for recognition on
hairpin loops, bulges, and distortions caused by noncanonical base pairs.
Examples are tRNA synthetases with their respective tRNAs; the notorious
plant protein toxin ricin, which cleaves a critical glycosidic bond in the “sar-
cin/ricin” loop of the large RNA of the large subunit of the eukaryotic ribo-
some; and the human U1A protein, which binds to the U-shaped, U1A
polyadenylation inhibition element in mRNA, blocking poly(A) polymerase
and limiting the length of the poly(A) tail.

Sometimes RNA secondary structures can have important biological
functions without the intervention of proteins. A striking example comes
from the field of bacterial pathogenesis. Pathogenic bacteria express viru-
lence genes that are responsible for causing disease in animals. Typically,
virulence genes are not expressed outside the host; rather, expression is
induced by stimuli in the infected animal. One such stimulus is tempera-
ture, which is higher inside than outside the animal. How is this increase
in temperature detected by the pathogen and how does the thermosensor
activate virulence genes? The answer is known for the food-borne pathogen
Listeria monocytogenes, which causes severe illness in immune-compro-
mised individuals and pregnant women. Virulence genes in L. monocyto-
genes are turned on by a transcription factor called PrfA, whose synthesis
is, in turn, controlled at the level of translation by an upstream region in
its mRNA that contains the ribosome-binding site (see Fig. 5-7). As we shall
see in Chapter 15, the ribosome-binding site is a sequence that is recognized
by the ribosome in the initiation of protein synthesis. The upstream region
folds back on itself to form a temperature-sensitive secondary RNA structure
that masks the ribosome-binding site, such that it is inaccessible to the ribo-
some at 30°C. At 37°C, however, the structure melts, allowing the translation
machinery to gain access to the ribosome-binding site and produce PrfA. A
demonstration that the secondary structure is necessary and sufficient for
thermoregulation comes from the use of a fusion of the upstream region to
the gene for the green fluorescence protein (see Box 5-2). When transplanted
into E. coli, the fusion causes fluorescence at 37°C but not 30°C.

RNA CAN FOLD UP INTO COMPLEX
TERTIARY STRUCTURES

Freed of the constraint of forming long-range regular helices, RNA can adopt
a wealth of tertiary structures. This is because RNA has enormous rotational
freedom in the backbone of its non-base-paired regions. Thus, RNA can fold
up into complex tertiary structures frequently involving unconventional
base pairing, such as the base triples and base—backbone interactions seen
in tRNAs (see, e.g., the illustration of the U:A:U base triple in Fig. 5-8). Pro-
teins can assist the formation of tertiary structures by large RNA molecules,



The Structure and Versatility of RNA 111

RBS
high T
—_—
_—
<
PIfA- ATG low T

mRNA

no PrfA

FIGURE 5-7 A thermosensor for virulence gene expression. The prfA regulatory gene in
L. monocytogenes is controlled at the level of translation by temperature-dependent unmasking
of the ribosome-binding site (RBS). The blue ellipses represent ribosome subunits. (Adapted,
with permission from Elsevier, from Johannson J. et al. 2002. Cell 110: 551-561, Fig. 7.)

such as those found in the ribosome. Proteins shield the negative charges of
backbone phosphates, whose electrostatic repulsive forces would otherwise
destabilize the structure.

The tertiary structures formed by RNA are not necessarily static. Rather,
the same RNA molecule might exist in one or more alternative conforma-
tions. This capacity to switch between alternative structures can sometimes
be of important biological significance, as in the case of riboswitches (below
and Chapter 20) and the mRNA for the murine leukemia virus (see Box 5-1).

NUCLEOTIDE SUBSTITUTIONS IN COMBINATION WITH
CHEMICAL PROBING PREDICT RNA STRUCTURE

As we have seen, RNA molecules exhibit diverse structures involving
stretches of helix, bulges, loops, and long-range, tertiary interactions. How
are these structures determined? Traditional approaches include nuclear
magnetic resonance (NMR) and X-ray crystallography, but solving structures
by these methods is challenging and NMR cannot be used for large RNA mol-
ecules. Analternative approach isto probe the secondary structure ofan RNA
molecule with chemicals that react with unpaired bases in combination with
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FIGURE 5-8 U:A:U base triple. The
structure shows one example of hydrogen
bonding that allows unusual triple base

pairing.
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Chapter 5

» MEDICALCONNECTIONS

B ox 5-1 AnRNA Switch Controls Protein Synthesis by Murine Leukemia Virus

Murine leukemia virus (MLV) is an RNA virus that causes cancer
in mice and certain other vertebrates. Like human immunodefi-
ciency virus (HIV), it is a member of a class of RNA viruses known
as retroviruses that replicate via a DNA intermediate. The RNA
genome is copied into DNA by the enzyme reverse transcrip-
tase. The RNA genome, which is also the mRNA, encodes a
structural protein of the virus called Gag and a polyprotein com-
posed of Gag and the enzyme reverse transcriptase called Pol.
The gene for Gag is immediately upstream of the gene for Pol.
Gag is either produced by itself or as a fusion protein, Gag—
Pol, by extended translation into the downstream Pol gene.
When Gag is produced by itself, the ribosome stops translation
at a stop codon (see Chapter 15) located at the end of the Gag
coding sequence. When the fusion protein is produced, the ri-
bosome reads through the stop codon, continuing translation
through the Pol coding sequence to create Gag—Pol. Because
the structural protein is needed in greater abundance than the
enzyme, it is important for the virus to maintain a proper ratio
of the two proteins. The virus does this by limiting readthrough
to 5%-10% of the translating ribosomes.

This design has many advantages. It eliminates the need for
additional promoter elements in an already compact genome
and links production of the viral enzyme to synthesis of the
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stop
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structural component, allowing easy incorporation into the
virus during viral budding.

How is MLV able to control translational readthrough of its
mRNA? Victoria D’Souza and Steven Goff and their colleagues
solved this problem by using nuclear magnetic resonance to
determine the 3D structure of the MLV mRNA sequence
downstream from the stop codon for the Gag coding sequence
(Houck-Loomis et al. 2011). What they discovered is that the
downstream sequence has a pseudoknot and that the pseu-
doknot does not have one structure but, rather, is in dynamic
equilibrium with two conformations. One conformation limits
translation to the synthesis of Gag—the inactive conforma-
tion—and the other allows readthrough to create Gag—Pol—
the active conformation (see Box 5-1 Fig. 1).

To ensure that only a limited number of mRNAs read through
the stop codon, the pseudoknot acts as a proton sensor. At
physiological pH, the concentration of protons is such that
only 5%-10% of the pseudoknots sense the protons and
fold into the active conformation. To achieve this, the mole-
cule uses the N1 nitrogen atom of an adenine, which is not
generally protonated, to acquire a proton and to form a triple
base in the molecule and change its conformation to the
active form.

BOX5-1 FIGURE 1 An equilibrium between two pseudoknot conformations controls translation through a stop codon.
Ribosomes translating MLV RNA encounter a stop codon (UAG) just downstream from the Gag open reading frame. When the pseudoknot
is in the inactive conformation (top), translation terminates at the stop codon, resulting in the synthesis of Gag protein. When, however,
the pseudoknot is in the active conformation (bottom), the ribosome is able to read through the stop codon, resulting in the synthesis of
the Gag—Pol fusion protein. The equilibrium between the two conformations dictates the ratios of Gag and Gag—Pol. The adenine in the
unprotonated and protonated forms are shown in red and green, respectively. (Figure kindly provided by V. D’Souza.)
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algorithms that predict structure from the known energetics of stacking and
hydrogen bond interactions. Such chemical approaches are often unreliable.
In a striking innovation, a “mutate-and-map” strategy has been devised that
allows predictions of RNA structures to be made with high confidence.

Mutate-and-map is a two-dimensional procedure that combines muta-
tional and chemical modification approaches. First, a library of nucleotide
substitutions is made in which each nucleotide is replaced with its comple-
ment within a selected RNA sequence. Next, each mutant RNA is chemi-
cally modified by a procedure known as SHAPE (for selective 2’-hydroxyl
acylation analyzed by primer extension). In SHAPE, RNAs are treated
with a chemical reagent (e.g., N-methylisatoic anhydride) that preferentially
acylates the 2’-OH of nucleotides that are unpaired. The position of unpaired
nucleotides isthen determined by a primer extension strategy in which DNA
primers are elongated with reverse transcriptase (see Chapter 12). The
reverse transcriptase ceases elongation when it encounters a chemical mod-
ification, and the positions of chemical modification are then determined
from the size of the primer extension products.

Figure 5-9 shows the results of applying mutate-and-map to a type of RNA
known as ariboswitch (as we shall see in Chapter 20, riboswitches are RNAs
that bind to specific small molecules). The horizontal axis indicates posi-
tions along the RNA (from 5’ to 3’) and the vertical axis indicates the nucleo-
tide substitution mutation for each mutant RNA (with the mutation at the 5’
end at the top and the 3’ end at the bottom). Boxes identify nucleotides that
had reacted with the acylating reagent and hence are inferred to be unpaired.
The conspicuous diagonal corresponds to unpaired nucleotides at positions
that had been mutated. That is, each position of acylation along the diagonal
matches each position of mutation. Boxes off the diagonal are nucleotides
that had become unpaired as a direct consequence of a mutation at a differ-
ent nucleotide. These often represent nucleotides that had become unpaired
as a consequence of a nucleotide substitution in the complementary mem-
ber of a base pair. In some cases, however, mutations are seen to destabilize
an entire helix, causing several adjacent nucleotides to become unpaired. In
afinal step the data are analyzed using an RNA structure modeling algorithm
(such as RNAstructure). Not only is the algorithm able to predict helices but
also long-range interactions involving a very small number of adjacent
nucleotides. As a consequence, the mutate-and-map strategy makes it possi-
ble to predict secondary as well as tertiary interactions. Applications of
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FIGURE 5-9 A two-dimensional strat-
egy for predicting RNA secondary and
tertiary structure. Shown is the mutate-
and-map data for a ribozyme in which the
horizontal axis shows sites of acetylation
along the RNA and the vertical axis shows
sites of mutation. Sites of acylation are indi-
cated by the gray and black boxes (with the
degree of darkness indicating the extent of
modification). Only the most significant
data are shown based on the use of a statis-
tical analysis algorithm. (Adapted, with per-
mission, from Kladwang W. et al. 2011. Nat.
Chem. 3: 954-962, Fig. 2A, p. 956. ©
MacMiillan.)
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mutate-and-map to RNAs whose structures are independently known (such
as the riboswitch example shown in Fig. 5-9) have established the reliability
of the method.

DIRECTED EVOLUTION SELECTS RNAs THAT
BIND SMALL MOLECULES

Researchers have taken advantage of the potential structural complexity of
RNA to generate novel RNA species (not found in Nature) that have specific
desirable properties by a process of directed evolution known as SELEX
(for systematic evolution of ligands by exponential enrichment). By synthe-
sizing RNA molecules with randomized sequences, it is possible to generate
mixtures of oligonucleotides representing enormous sequence diversity. For
example, a mixture of oligoribonucleotides of length 20 and having four pos-
sible nucleotides at each position would have a potential complexity of 4*°
sequences, or 10"'* sequences! From mixtures of diverse oligoribonucleotides,
RNA molecules can be selected biochemically (e.g., by affinity chromatogra-
phy) that have particular properties, such as an affinity for a specific small
molecule or protein. Such RNAs are known as aptamers. Successive rounds
of amplification by the polymerase chain reaction (Chapter 7) and sequence
diversification achieved by use of a mutagenic polymerase followed by
rounds of selection can enrich for aptamers with progressively higher and
higher affinities for the small molecule or protein ligand (Fig. 5-10). Examples
of ligands recognized by RNA aptamers are ATP, kanamycin, tobramycin,
neomycin, cyanocobalamine, the prion protein PrP, and the coagulation fac-
tor X11a. A clever strategy, based on rounds of SELEX, has produced yet
another example—RNA molecules having a high affinity for a fluorophore
in a manner similar to that of the green fluorescent protein (see Box 5-2).

Indeed, Nature has done just this, as we shall see in Chapter 20. Metabolic
operons in bacteria are sometimes under the control of regulatory RNA ele-
ments known as riboswitches that bind and respond to small molecule
ligands in controlling gene transcription and translation. Examples of
metabolites that are recognized by these riboswitches are the amino acid
lysine, the nucleobase guanine, the enzyme co-factor co-enzyme B12, and
the metabolite glucosamine-6-phosphate, as we discuss below.

SOME RNAs ARE ENZYMES

It was widely believed for many years that only proteins could be enzymes.
An enzyme must be able to bind a substrate, perform a chemical reaction,
release the product, and repeat this sequence of events many times. Proteins
are well-suited to this task because they are composed of many different
kinds of amino acids (20) and they can fold into complex tertiary structures
with binding pockets for the substrate and small molecule co-factors and an
active site for catalysis. Now we know that RNAs, which as we have seen can
similarly adopt complex tertiary structures, can also be biological catalysts
(see Interactive Animation 5-1). Such RNA enzymes are known as ribo-
zymes, and they exhibit many of the features of a classical enzyme, such
as an active site, a binding site for a substrate, and a binding site for a
co-factor, such as a metal ion.

One of the first ribozymes to be discovered was RNase P, an endoribonu-
clease that is involved in generating tRNA molecules from larger, precursor
RNAs. Specifically, RNase P cleaves off a leader segment from the 5’ end of
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» TECHNIQUES

B 0X5-2 Creating an RNA Mimetic of the Green Fluorescent Protein by Directed Evolution

One of the most useful proteins in molecular biology is the green
fluorescent protein (GFP), which emits green light when excited
by ultraviolet light. The green fluorescent protein, which self-
generates a covalently bound fluorophore, was discovered in
the jellyfish Aequorea victoria. The ability to express functional
GFP in a variety of organisms, ranging from bacteria to fish
and mice, has enabled researchers to use GFP for numerous sci-
entific applications. For example, the protein can be used as a
reporter for gene expression in living cells and even for visualiz-
ing the locations within cells of proteins to which it is fused. As
we have seen, the enormous diversity of RNA, its capacity to
fold up into complex tertiary structures, and the invention of
SELEX have made it possible to create tailor-made aptamers
with many kinds of useful properties. A particularly striking
recent application of SELEX is the creation of RNA aptamers
that bind to small molecule fluorophores to create mimetics of
GFP, developed by Jeremy Paige and colleagues (see Paige
et al. 2011. Science 333: 642-646). These RNA—fluorophore
complexes are similar in color and brightness to GFP but with
additional useful features as we explain.

The self-generated fluorophore in GFP is 4-hydroxybenzli-
dene imidazolinone, whose fluorescence is enabled by specific
contacts with the protein moiety of GFP by suppressing intra-
molecular movement, which prevents fluorescence in the free
fluorophore. As a starting point, Paige et al. used a derivative
(3,5-dimethoxy-4-hydroxybenzylidene imidazolinone) of the
natural fluorophore in GFP that similarly requires suppression
of intramolecular movement in order to fluoresce. Ten rounds
of SELEX yielded RNA molecules that bound to 3,5-di-
methoxy-4-hydroxybenzylidene imidazolinone that had been
immobilized on agarose. One of the evolved RNAs, called
Spinach, induced bright green fluorescence when bound to
the free fluorophore. Using other fluorophores and additional
rounds of SELEX, the authors generated RNA-fluorophore
complexes exhibiting a palette of colors ranging from blue to
red (Box 5-2 Fig. 1). As a demonstration of the utility of these
aptamers, Paige et al. fused the Spinach-coding sequence to
the 3’ end of the gene for 55 RNA, a noncoding component

minimal
fluorescence

target binding
reinforces structure

BOX 5-2 FIGURE 1 RNA-fluorophore complexes exhib-
iting a range of different colors. (Reproduced, with permission,
from Paige ).S. etal. 2011. Science 333: 642-646, Fig. 2D. © AAAS.)

of the large subunit of the ribosome, which is synthesized by
RNA polymerase Il (see Chapter 15). Using the 5S-Spinach
construct, the authors were able to visualize the movement
of the ribosomal RNA from the nucleus into the cytosol of
the cell.

More recently, Spinach has been further modified to serve as
a sensor for cellular metabolites. This was accomplished by
joining Spinach to an aptamer that binds a metabolite, such
as S-adenosyl methionine (SAM) or ATP (Box 5-2 Fig. 2). The re-
sulting sensor RNA, which is composed of Spinach and a metab-
olite binding-domain, is designed such that it is unable to bind
the fluorophore unless the structure is also stabilized by the
binding of the metabolite. One such sensor RNA was used to
image SAM in living E. coli cells. Sensor-containing cells that
had been deprived of methionine (a biosynthetic precursor for
SAM) were treated with the fluorophore, followed by addition
of methionine to the growth medium, resulting in a marked
stimulation in cellular fluorescence. Sensors of this kind may
provide a powerful new way to monitor changes in the levels
of metabolites in real time in living cells.

These examples underscore the remarkable versatility of
RNA. Nature has exploited this versatility in natural selection
to create riboswitches, ribozymes, tRNA molecules, and regula-
tory RNAs, which we shall consider in Chapters 15 and 20. But
now molecular biologists are also beginning to exploit this ver-
satility to create a wide variety of RNA molecules that promise to
be useful for humanity.

fluorescent complex
formation

©2012 AAAS

BOX 5-2

FIGURE 2 Using SELEX to create metabolite sensors. The metabolite sensor contains bonding domains for a fluorophore

(shown in green) and a metabolite (shown in purple). A stable, fluorescent complex is only formed when the RNA has bound both small
molecules. (Adapted, with permission, from Paige J.S. et al. 2012. Science 335: 1194, Fig. 1A. © AAAS.)
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5'precursor

FIGURE 5-11 RNase P cleaves a seg-
ment of RNA from the 5’ end of a precur-
sor to tRNA molecules.

FIGURE 5-12 Structure of RNase P.
The crystal structure of a bacterial ribo-
nuclease P holoenzyme, illustrated here,
shows the RNA subunit (in purple) and the
protein subunit (in blue) in complex with
tRNA (in yellow). Metal ions in the catalytic
center are shown as small red spheres.
(This structure, assembled from coordinates
in the Protein Data Base [PDB: 3QI1R], is
based on the description by Reiter N.J.
et al. 2010. Nature 468: 784—-789.)

the precursor RNA in helping to generate the mature and functional tRNA,
as depicted in Figure 5-11. RNase P is composed of both RNA and protein;
however, the RNA moiety alone is the catalyst. The protein moiety of RNase
P facilitates the reaction by shielding the negative charges on the RNA so that
it can bind effectively to its negatively charged substrate. The RNA moiety is
able to catalyze cleavage of the tRNA precursor in the absence of the protein
ifa small, positively charged counterion, such as the peptide spermidine, is
used to shield the repulsive, negative charges.

As we see below, tRNA molecules fold into an L-shaped tertiary structure
with the 5" and 3’ termini of the molecule at one end. The crystal structure of
RNase P reveals that the site of cleavage of the phosphodiester backbone is
located within the catalytic center of the RNaseP RNA moiety, with the pro-
tein moiety interacting with the leader (Fig. 5-12).

An example of an RNA that is both a ribozyme and a riboswitch is a struc-
ture found in the 5’-untranslated region of the mRNA for the protein enzyme
GImS. GImS catalyzes the synthesis of the metabolite glucosamine-6-
phosphate. The RNA is a ribozyme that degrades the mRNA for GlmS, but
the activity of the ribozyme is dependent on glucosamine-6-phosphate;
hence, it is also a riboswitch. Thus, when glucosamine-6-phosphate levels
are high, the mRNA is degraded, curtailing synthesis of the metabolite.

Other ribozymes perform trans-esterification reactions involved in the
removal of intervening sequences known as introns from precursors to cer-
tain mRNAs, tRNAs, and ribosomal RNAs (rRNAs) in a process known as
RNA splicing (see Chapter 14).

The Hammerhead Ribozyme Cleaves RNA by the Formation
of a 2/, 3’ Cyclic Phosphate

Let us look in more detail at the structure and function of one particular ribo-
zyme, the hammerhead (see Structural Tutorial 5-1). The hammerhead is a
sequence-specific ribonuclease that is found in certain infectious RNA
agents of plants known as viroeids, which depend on self-cleavage to propa-
gate. When the viroid replicates, it produces multiple copies of itself in one
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continuous RNA chain. Single viroids arise by cleavage, and this cleavage
reaction is performed by the RNA sequence around the junction. One
such self-cleaving sequence is called the “hammerhead” because of the
shape of its secondary structure, which consists of three base-paired
stems (I, II, and III) surrounding a core of noncomplementary nucleotides
required for cleavage (Fig. 5-13). The cleavage reaction takes place at cyto-
sine 17. The tertiary structure of the hammerhead shows that the catalytic
center is located near the junction of the three stems at the core of the ribo-
zyme (Fig. 5-13).

To understand how the hammerhead works, let us first look at how RNA
undergoes hydrolysis under alkaline conditions. At high pH, the 2’-hy-
droxyl of the ribose in the RNA backbone can become deprotonated, and
the resulting negatively charged oxygen can attack the scissile phosphate
atthe 3’ position of the same ribose. This reaction breaks the RNA chain, pro-
ducinga 2',3’ cyclic phosphate and a free 5’-hydroxyl. Each ribose in an RNA
chain can undergo this reaction, completely cleaving the parent molecule
into nucleotides. (Why is DNA not similarly susceptible to alkaline hydrol-
ysis?) Many protein ribonucleases also cleave their RNA substrates via the
formation of a 2/,3’ cyclic phosphate. Working at normal cellular pH, these
protein enzymes use a metal ion, bound at their active site, to activate the
2'-hydroxyl of the RNA. The hammerhead also cleaves RNA via the forma-
tion of a 2/,3’ cyclic phosphate. Interestingly, the three-dimensional (3D)
structure reveals a magnesium ion near the catalytic center, but the exact
mechanism of the cleavage reaction and the significance of the metal ion
are not yet understood.

Because the normal reaction of the hammerhead is self-cleavage, it is not
really a catalyst; each molecule normally promotes a reaction one time only,
thus having a turnover number of 1. But the hammerhead can be engineered
to function as a true ribozyme by dividing the molecule into two portions—
one, the ribozyme, that contains the catalytic core; and the other, the sub-
strate, that contains the cleavage site. The substrate binds to the ribozyme
at stems I and III. After cleavage, the substrate is released and replaced by
a fresh uncut substrate, thereby allowing repeated rounds of cleavage.

FIGURE 5-13 Structure ofthe hammer-
head ribozyme. (Upper left) A cartoon of the
hammerhead secondary structure with its
three stems highlighted in color. (Dotted
lines) Watson—Crick base-pair interactions;
(orange with arrow) the scissile bond at C17.
(Diagonal lines) Extrahelical interactions.
(Adapted, with permission, from McKay
D.B. and Wedekind J.E. 1999. The RNA
world, 2nd ed. [ed. Gesteland R.F. et al.],
p. 267, Fig. T1A. © Cold Spring Harbor Lab-
oratory Press.) (Right) The 3D structure of
the hammerhead with a magnesium (red) in
the catalytic center. This view of the structure
shows stem | (top right), stem Il (middle left),
and stemloop Il (bottom) with the colors cor-
responding tothoseinthe cartoon. Itisuncer-
tain whether the manganese ion participates
in catalysis (site shown in orange with arrow).
The site of cleavage is at cytosine 17 (C17).
(Image kindly prepared by V. D’Souza using
PyMOL, from coordinates in the Protein
Data Base [PDB: 20EU] based on the descrip-
tion by Martick M. et al. 2008. Chem Biol. 15:
332-342)
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A Ribozyme at the Heart of the Ribosome Acts on a Carbon Center

All of the examples considered so far are ribozymes that act on phosphorous
centers. But as we see in Chapter 15, one of the RNA components of the ribo-
some, which was traditionally thought to serve only a structural role, is now
known to be the enzyme peptidyl transferase, which is responsible for
peptide-bond formation during protein synthesis. In this case, the ribozyme
acts on a carbon center rather than a phosphorous center in catalyzing the
reaction. In addition, and as we consider in Chapter 17, the discovery that
one of the most fundamental enzymatic reactions in living cells is catalyzed
by an RNA molecule has been taken as support for the hypothesis that con-
temporary, protein-based life arose from an earlier RNA World.

SUMMARY

RNA differs from DNA in the following ways: Its backbone
contains ribose rather than 2’-deoxyribose; it contains the
pyrimidine uracil in place of thymine; and it usually exists
as a single polynucleotide chain, without a complementary
chain. As a consequence of being a single strand, RNA can
fold back on itself to form short stretches of double helix
between regions that are complementary to each other. RNA
allows a greater range of base pairing than does DNA. Thus,
as well as A:U and C:G pairing, non-Watson—Crick pairing
is also seen, such as U pairing with G. This capacity to form
noncanonical base pairs adds to the propensity of RNA to
form double-helical segments. Freed of the constraint of form-
inglong-rangeregularhelices, RNA can form complex tertiary
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For answers to even-numbered questions, see Appendix 2:
Answers.

Question 1.

A. Draw the structure of deoxyguanosine. Circle and label the
appropriate hydrogen bond donors (D) or acceptors (A) that

participate in hydrogen bonding when a base pair with deox-
ycytidine forms in DNA.

B. Draw the structure of guanosine. Circle and label the appro-
priate hydrogen bond donors (D) or acceptors (A) that partic-
ipate in hydrogen bonding when a base pair with uridine
forms in RNA.



Question 2. Researchers discovered a new virus and character-
ized its genome by determining the base composition and the
percentage of each base. You want to categorize the virus by its
genetic material. Remember that viruses may contain single-
stranded DNA or RNA or double-stranded DNA or RNA as the
genetic material. Given just the sequence information, propose
a way to distinguish if the genetic material is RNA or DNA. Pro-
pose a way to distinguish if the genetic information is single-
stranded or double-stranded.

Question 3. Explain why the helical structure of DNA differs from
the helical structure of double-stranded RNA and how that dif-
ference in structure affects the ability of proteins to interact with
helical RNA.

Question 4. Justify the biological reason for the presence of uracil
in RNA but not in DNA.

Question 5. Given the following sequence of RNA, propose the
potential hairpin structure for this RNA. Indicate base pairing
with a dotted line.

5’-AGGACCCUUCGGGGUUCU-3'

Question 6. The yeast alanine tRNA is shown below (adapted
from Chapter 2, Fig. 2-14). Identify the type(s) of secondary
structure present in this tRNA. Identify any noncanonical base
pairing.

anticodon

Question 7. Researchers want to find a way to confer antibiotic
resistance to selected bacterial cells. To do so, they decide to
identify a sequence of RNA (aptamer) by SELEX that specifically
binds to the antibiotic of interest and expresses that RNA aptamer
in the selected cells to confer antibiotic resistance.

A. Given what you know about RNA, hypothesize what general
properties of the RNA aptamer allow for specific binding to
the antibiotic.

B. Instead of using SELEX, the researchers could start with an
isolated pool of RNAs encoded by the bacterial genome and
select for the RNA(s) that bind the antibiotic to identify their
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desired RNA. Give two advantages of using SELEX rather
than this method.

Question 8. Describe the properties shared between an enzyme
and a ribozyme.

Question 9. Some RNAs act as plant pathogens or viroids. Some
viroids are capable of carrying out a catalytic reaction. You are
given a sequence of RNA isolated as a viroid to a specific plant
species. Identify some characteristics that would indicate that
this viroid acts as a catalytic hammerhead.

Question 10. Scientists design modified versions of the self-
cleaving hammerhead as potential therapeutics. To target cleav-
age of another RNA molecule, describe how the engineered
structure of the hammerhead is modified. Why does this change
make the hammerhead a true ribozyme?

Question 11. Some ribozymes like those found in the hepatitis
delta virus and the ribozyme/riboswitch found in the glmS
mRNA are capable of folding into a nested double pseudoknot.
Discuss several advantages to pseudoknot formation in ribo-
zymes and riboswitches.

Question 12. The structure given below is a nucleoside analog.

NH,
N
N
LY
N

A. Name the nucleoside that the structure mimics.

B. Imagine a strand of RNA containing this nucleoside analog
(linked by phosphodiester bonds as in normal RNA). In a
high-pH environment, is the RNA strand subject to hydrolysis
where the nucleoside analog is present? Explain why or why
not.

Question 13. DNA serves as the genetic material. Give three
cellular roles for RNA.

Question 14. You find a complex composed of a protein moiety
and an RNA moiety that is capable of cleaving an RNA substrate.
You want to know which moiety is responsible for catalysis.
You perform an in vitro cleavage assay in the proper buffer condi-
tions containing a low concentration of Mg*". The table below
summarizes theresults from performing seven separate reactions.
The+symbol indicates the included reaction components. Sper-
midineisa positively charged peptide notspecific to thisreaction.

Protein moeity - + - o+ 4+ - +
RNA moiety - - 4+ 4+ - 4+ +
Spermidine - - - - 4+ 4+ +

Percent cleavage 0O 0 0 9 o0 50 90




120 Chapter 5

A. Doesthe protein or RNA moiety act as the catalyst in this reac-
tion? Explain which reactions helped you make your
conclusion.

B. Propose the function of spermidine in the last two reactions.

Question 15. The genome of the bacteriophage QB consists of
about 4000 nucleotides of single-stranded RNA. Inside the
E. colihost, replication of this genome requires a RNA-dependent
RNA polymerase made up of phage and bacterial proteins. Inter-
estingly, the replicase binds to a region in the center of the RNA
genome, yet must start copying the 3’ end of the RNA template
to produce a new strand of RNA in the 5’ to 3’ direction. Research-
ers hypothesized that the presence of a predicted pseudoknot in
the QB genome allowed thereplicase to gain access to the 3’ end of
the RNA. To test their hypothesis, they measured the replication
efficiency in vitro using wild-type replicase and different ver-
sions of the QB RNA containing mutations in a region key to the
predicted pseudoknot formation. They specifically focused on
an eight-nucleotide region from the center of the RNA that was
complementary to the 3'-terminal hairpin. The wild-type and
mutant sequences and replication data are given below.

Wild type 5-UAAAGCAG-3’
GuuucGuC

Mutant A 5-UAAACGAG-3’
GUUUCGUC

Mutant B 5'-UAAAGCAG-3’
GUUUGCUC

Mutant C 5'-UAAACGAG-3'
GUUUGCUC

In vitro replication efficiency (relative to wild type)
Wild type: 100%

Mutant A: 1.6%

Mutant B: 0.6%

Mutant C: 42%

A. Predict why the replication efficiency so low in Mutant A.

B. Predict why the replication efficiency is restored to almost
half of wild-type levels in Mutant C?

C. Do you think the results support or refute the hypothesis that
the presence of a pseudoknot affects replication?

Data adapted from Klovins and van Duin (1999. J. Mol. Biol.
294: 875—884.)



CHAPTER 6

The Structure of
Proteins

copies of a smaller building block, covalently linked. The building

blocks of proteins are a-amino acids, of which there are 20 that occur
regularly in the proteins of living organisms and that are specified by the
genetic code. Some of these amino acids can undergo modification when
already part of a protein, so the actual variety in proteins isolated from cells
or tissues is somewhat greater.

PROTEINS ARE POLYMERS. THAT IS, THEY ARE molecules that contain many

THE BASICS

Amino Acids

The a-carbon (C,) of an amino acid has four substituents (Fig. 6-1), distinct
from each other except in the case of the simplest amino acid, glycine. An
amino group, a carboxyl group, and a proton are three of these substituents
on all of the naturally occurring amino acids. The fourth, often symbolized
by R and sometimes called the “R group,” is the only distinguishing feature.
The R-group is also called the “side chain,” for reasons that will be clear in
the next section. Because its four substituents are distinct (except for
glycine), the C, is a chiral center. Amino acids that occur in ordinary pro-
teins all have the L-configuration at that center; b-amino acids are present
in other kinds of molecules (including small protein-like polypeptides in
microorganisms).

The properties of its R group determine the specific characteristics of an
amino acid. The polarity of the group, which correlates with its solubility in
water, is one critical property; size is another. It is useful to cluster the R
groups of the 20 genetically encoded amino acids into the following catego-
ries: (1) neutral (i.e., uncharged) and nonpolar; (2) neutral and polar; and (3)
charged (Fig. 6-2). The size (volume) of the side chain is of particular conse-
quence for nonpolar amino acids because, as we shall see later, these side
chains pack into the compact interior of a protein, and therefore the func-
tional roles in proteins of glycine and alanine are quite different from those
of phenylalanine and tryptophan. Note also that tryptophan, although
largely nonpolar, has a hydrogen-bonding group that gives it a degree of
polar character, and that tyrosine, although classified in Figure 6-2 as polar
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FIGURE 6-1 Structural features of an
amino acid.

because ofits OH group, is much less so than serine. In short, the boundaries
between groups are less sharp than nomenclature might imply. The charged
R groups are either negatively charged at neutral pH (aspartic acid and glu-
tamic acid) or positively charged at neutral pH (lysine, arginine, and histi-
dine). The pK, of histidine is ~6.5, so even at neutral pH, histidine loses
most of its charge. This property is particularly important for its role at the
catalytic site of many enzymes.

The Peptide Bond

Peptide bonds are the covalent links between amino acids in a protein.
A peptide bond forms by a condensation reaction, with elimination of a
water molecule (Fig. 6-3a). It is a special case of an amide bond. Each amino
acid can form two such bonds, so that successive links of the same kind can
create a linear (i.e., unbranched) polypeptide chain. Because formation of
each peptide bond includes elimination of a water, the components of the
chain are known as amino acid residues, or sometimes just “residues”
when “amino acid” is evident from context. The peptide bond has partial
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FIGURE 6-2 The 20 naturally occurring amino acids in proteins. Commonly used abbrevia-
tions for amino acids, including the single-letter code, are shown in parentheses.
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FIGURE 6-3 Peptide-bond formation.

double-bond character; the carbonyl and amide components are nearly
coplanar and almost always in a trans configuration (Fig. 6-4).

Polypeptide Chains

The word conformation describes an arrangement of chemically bonded
atoms in three dimensions, and we therefore speak of the conformation of
a polypeptide chain, or more simply, of its “folded structure” or fold. If
we follow the sequence of covalent linkages along a polypeptide chain,
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FIGURE 6-4 The backbone torsion
angles ¢ and ¥. (a) This diagram shows
the swivel points of the peptide backbone.
(b) The ¢ torsion angle corresponds to the
rotation about the N—C, bond; here the
conformation corresponds to a value of
¢ = 180°. (c) The ¢ torsion angle corre-
sponds to the rotation about the C,—C
bond; the conformation shown here repre-
sents $=0°. (Adapted, with permission,
from Kuriyan J. et al. 2012. The molecules of
life. © Garland Science/Taylor & Francis
LLC; Branden C. and Tooze . 1999. An in-
troduction to protein structure, p. 8, Fig. 1.6.
© Garland Science/Taylor & Francis LLC.)
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there are three bonds per amino acid residue—one that joins the NH group to
the C,, another that joins the C, to the carbonyl, and finally the peptide bond
to the next residue in the chain. The first two are single bonds with relatively
free torsional rotation about them (Fig. 6-4). But the peptide bond has very
little rotational freedom, because of its partial double-bond character. The
polypeptide chain conformation is therefore specified by the values of the
torsion angles about the first two backbone bonds of each residue, plus the
torsion angles for each single bond in each side chain. The two backbone
angles are conventionally denoted ¢ and {. Many combinations of these
two angles lead to atomic collisions, restricting the conformational freedom
of a polypeptide chain to certain ranges of each angle (see Box 6-1, Rama-
chandran Plot).

Three Amino Acids with Special Conformational Properties

Glycine, proline, and cysteine have special properties. Because its R group is
just a proton, glycine is not chiral, and it has much more conformational
freedom than any other amino acid. Conversely, proline, in which the side
chain has a covalent bond with N as well as C, (making it, strictly speaking,
an imino acid), has less conformational freedom than many other amino
acids. Moreover, absence of the hydrogen-bonding potential of an NH group
restricts its participation in secondary structures (see the section Protein
Structure Can Be Described at Four Levels).

Cysteine, with a sulfhydryl group (—SH) on its side chain, is the one
amino acid that is sensitive to oxidation—reduction under roughly physio-
logical conditions. Two cysteines, correctly positioned across from each
other in a folded protein, can form a disulfide bond by oxidation of the
two —SH groups to S—S (Fig. 6-5). (The resulting pair of amino acids, linked
by the S—S covalent bridge, is sometimes called cystine.) Proteins on the
cell surface and proteins secreted into the extracellular space are exposed

) ADVANCED CONCEPTS

B ox 6-1 Ramachandran Plot: Permitted Combinations of Main-Chain Torsion Angles ¢ and Us

G.N. Ramachandran and coworkers (1963) studied all possible
combinations of the torsion angles ¢ and i (shown in
Fig. 6-4) and determined which combinations avoided atomic
collisions (“allowed”) and which combinations led to clashes
(“forbidden”). The two-dimensional plot that shows the
allowed and forbidden combinations is now known as a
“Ramachandran plot” (Box 6-1 Fig. 1). The backbone confor- '
mations of regular secondary structures have the ¢ and s . J
values indicated: right-handed « helix; B strand; polyproline N
helix (a threefold screw structure adopted preferentially by con- v
tinuous stretches of proline); 310 helix (a helix with 3.3 residues

per turn, closely related to the a helix, which has 3.6 residues per S .
turn); and left-handed o helix, Lo (permitted for glycine only, J :

because it has no side chain). [T

poly-
proline

N

e
Q

’
’

BOX 6-1 FIGURE 1 The Ramachandran plot. The “allowed”
areas are shown shaded in blue. (Modified, with permission, from

Ramachandran G.N., et al. 1963. Stereochemistry of polypeptide gl N
chain configurations. /. Mol. Biol. 7: 95-99.) - (0] T

©1963 Elsevier
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FIGURE 6-5 Formation of the disulfide bond. (Adapted, with permission, from Kuriyan
J. et al. 2012. The molecules of life. © Garland Science/Taylor & Francis LLC.)

to an environment with a redox potential that favors disulfide formation;
most such proteins have disulfide bonds and no unoxidized cysteines. Liv-
ing cells maintain a more reducing internal environment, and intracellular
proteins very rarely have disulfide bonds.

Disulfide bonds enhance the stability of a folded protein by adding cova-
lent cross-links. They are particularly critical for stabilizing small, secreted
proteins, such as some hormones, and for reinforcing the extracellular
domains of membrane proteins, which face a much less controlled environ-
ment than do proteins that remain in the cell interior.

IMPORTANCE OF WATER

All molecular phenomena in living systems depend on their aqueous
environment. The importance of the distinction between polar and nonpo-
lar amino acid side chains comes from their properties with respect to
water as a solvent. Compare the side chains of aspartic acid and phenyl-
alanine, which resemble acetic acid and toluene, respectively, linked to
the peptide main chain. Acetic acid is very soluble in water; toluene is
very insoluble. An aspartic acid side chain is therefore called hydrophilic,
and a phenylalanyl side chain hydrophobic. Even hydrophilic side chains
can have hydrophobic parts (e.g., the three methylene groups of a lysyl
side chain).

Water is an extensively hydrogen-bonded liquid (Fig. 6-6). Each water
molecule can donate two hydrogen bonds and accept two hydrogen bonds.
The way in which a solute affects the hydrogen bonding of the surrounding
water determines its hydrophilic or hydrophobic character. Hydrophobic
molecules perturb the network of hydrogen bonds; hydrophilic molecules
participate in it. Thus, it is more favorable for hydrophobic molecules to
remain adjacent to each other (insolubility) than to disperse into an aqueous
medium (solubility). The hydrophobic character of many amino acid side
chains makes it favorable for them to cluster away from water, and the hydro-
philic character of others allows them to project into water. The sequence of
amino acids in a real protein has evolved so that these tendencies cause the
polypeptide chain to fold up, sequestering residues of the former kind and
exposing residues of the latter. Many of the huge number of possible sequen-
ces for an average-sized polypeptide chain cannot fold up in this way—if

The Structure of Proteins
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FIGURE 6-6 Water: the hydrogen-
bonded structure of ice. In ice, each water
molecule donates two hydrogen bonds
(from its two protons [lavender]) to lone-
pair electrons on an oxygen of its neighbor
(red) and accepts two hydrogen bonds at
lone pairs of its own oxygen. The hydrogen
bonds are shown as dashed red lines. When
ice melts, the network of hydrogen bonds
fluctuates and breaks apart transiently,
but individual water molecules retain (on
average) most of the four hydrogen bonds
with their neighbors. Thus, the structure of
liquid water resembles a fluctuating and dis-
torted version of the ice lattice shown here.

T

made, they either remain as randomly fluctuating, extended chains in solu-
tion (sometimes called random coils) or else they aggregate because the
hydrophobic groups on one polypeptide chain cluster together with hydro-
phobic groups on other chains.

PROTEIN STRUCTURE CAN BE DESCRIBED AT FOUR LEVELS

In analyzing and describing the structure of proteins, it is useful to distin-
guish four levels of organization (Fig. 6-7). The first level, the primary struc-
ture of a protein, is simply the sequence of amino acid residues in the
polypeptide chain. As we have seen, the genetic code specifies the primary
structure of a protein directly. The primary structure is thus just a
one-dimensional (1D) string, specifying a pattern of chemical bonds; the
remaining three levels depend on a protein’s three-dimensional (3D)
characteristics.

The secondary structure of a protein refers to the local conformation of
its polypeptide chain—the 3D arrangement of a short stretch of amino acid
residues. There are two very regular secondary structures found frequently
in naturally occurring proteins, because these two local conformations are
particularly stable ones for a chain of L-amino acids (Box 6-1). One of these
is called the « helix (Fig. 6-8a). The polypeptide backbone spirals in a right-
handed sense around a helical axis, so that hydrogen bonds form between
the main-chain carbonyl group of one residue and the main-chain amide
group of a residue four positions further along in the chain. The other reg-
ular conformation is called a B strand (Fig. 6-8b). It is an extended confor-
mation, in which the side chains project alternately to either side of the
backbone, and the amide and carbonyl groups project laterally, also alter-
nating. The backbone is not quite fully stretched, so that the strand has a
slightly zigzag or pleated character. In folded proteins, B strands form
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FIGURE 6-7 Levels of protein structure, illustrated by hemoglobin. “Primary structure”
refers to the sequence of amino acids in the polypeptide chain. The primary structure of a
segment of a hemoglobin subunit is shown in single-letter code. “Secondary structure” refers to
regular local structures, with repeated backbone hydrogen bonds. Shown here is a part of one of
the long « helices from the hemoglobin subunit. “Tertiary structure” refers to the folded structure
of an entire polypeptide chain (or of a single domain of a multidomain protein). The drawing shows
one of the four hemoglobin protein subunits. Dashed lines demarcate the segment of « helix cor-
responding to the primary and secondary structures shown to the left. “Quaternary structure” refers
to the arrangement of multiple protein subunits in a larger complex. Hemoglobin is a tetramer of
two “a chains” and two “ chains,” but the two kinds of chain have very similar tertiary structures,
as can be seen in the drawing. (Modified from an illustration by Irving Geis. Rights owned by the
Howard Hughes Medical Institute.)

sheets joined by main-chain hydrogen bonds. Either parallel or antiparallel
hydrogen-bonding patterns are possible, sometimes called parallel or anti-
parallel B-pleated sheets, respectively. In real proteins, various mixed
sheets are often found—rather than either strictly alternating strand direc-
tions or strictly unidirectional ones.

The tertiary structure of a protein refers to the usually compact, three-
dimensionally folded arrangement that the polypeptide chain adopts
under physiological conditions. Segments of the chain may be « helices
or B strands; the rest have less regular conformations (e.g., turns or loops
between secondary-structure elements that allow these elements to pack
tightly against each other). We will outline ways to describe and classify
possible tertiary structures in a subsequent section. Usually, the stabilities
of the secondary and tertiary structures of a polypeptide chain depend on
each other.

Many proteins are composed of more than one polypeptide chain: qua-
ternary structure refers to the way individual, folded chains associate with
each other. We can distinguish cases in which there are a defined number
of copies of a single type of polypeptide chain (generally called a “subunit”
in this context, or a “protomer”) and cases in which there are defined num-
bers of each of more than one type of subunit. In simple cases, the way
in which the subunits associate does not change how the individual

The Structure of Proteins
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FIGURE 6-8 Protein secondary structures. (a) An « helix. Hydrogen bonds are represented by
the series of broken red lines. (b) B sheets. Hydrogen bonds are represented by the series of broken red
lines. On the top, a B sheetis shown from above. On the bottom, a 8 sheet is shown from the side. (c) A
parallel B sheet, showing the hydrogen-bonding pattern, in which the chains run in the same
amino-to-carboxyl direction. (d) An antiparallel B sheet, showing the hydrogen-bonding pattern, in
which the chains run in opposite directions. (a, Modified from illustration by Irving Geis. b,c,
lllustrations by Irving Geis. Rights owned by Howard Hughes Medical Institute. Not to be reproduced
without permission. d, Adapted, with permission, from Branden C. and Tooze |. 1999. Introduction to
protein structure, 2nd ed., p. 19, Fig 2.6aand p. 18, Fig 2.5b. © Garland Science/Taylor & Francis LLC.)



polypeptides fold. Often, however, the tertiary or even secondary structures
of the components of a protein oligomer (i.e., a protein composed of a small
number of subunits) depend on their association with each other. In other
words, the individual subunits acquire secondary or tertiary structure only
as they also acquire quaternary structure. One common example is the
a-helical coiled-coil: two (or sometimes three or even four) polypeptide
chains, either identical or different, adopt a-helical conformations and
wrap very gently around each other (Fig. 6-9a). The individual chains are
not, in general, stable as « helices on their own—if the oligomeric interac-
tion is lost, the separated helices unravel into disordered polypeptide
chains.
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FIGURE 6-9 The yeast transcription
factor GCNA4. (a) Three views of the structure
of the GNC4 coiled-coil. (Left) Representation
that shows chemical bonds as sticks and
atoms as junction, with carbon in gray,
oxygen in red, and nitrogen in blue. The car-
boxyl termini of the two identical polypep-
tide chains are at the top. Note the ladder of
hydrophobic side chains (mostly gray) at the
interface between the two helices. (Center)
Representation with polypeptide backbone
as an idealized ribbon and side chains as
sticks. Note that the two chains coil very
gently around each other. (Right) The same
representation as in the center, but viewed
end-on from the top. (b) Structure of the
GCN4 complex with DNA, illustrating the
disorder-to-order transition of the so-called
“basic region”—the segment amino-termi-
nal to the coiled-coil, which, upon binding,
folds into an « helix in the major groove
of DNA. Images prepared with PyMOL
(Schrédinger, LLC).
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PROTEIN DOMAINS

Polypeptide Chains Typically Fold into One or More Domains

Folding of a polypeptide chain creates an “inside” and an “outside” and thus
generates buried and exposed amino acid side chains, respectively. If the
polypeptide chain is too short, there are no conformations that bury enough
hydrophobic groupsto stabilize a folded structure. If the chain istoo long, the
complexity of the folding process is likely to generate errors. As a result of
these restrictions, most stably folded conformations include between about
50 and 300 amino acid residues. Longer polypeptide chains generally fold
into discrete modules known as domains (see Box 6-2, Glossary of Terms);
each domain generally falls within the 50- to 300-residue range just men-
tioned. The structures of individual domains of such a protein are similar
to the structures of smaller, single-domain proteins (Fig. 6-10a).

Each of the two or more domains of a folded polypeptide chain some-
times contains a continuous sequence of amino acid residues. Often,

) ADVANCED CONCEPTS

B oXx 6-2 Glossary of Terms

Primary structure: Amino acid sequence of a polypeptide chain.

Secondary structure: Elements of regular polypeptide-chain
structure with main-chain hydrogen bonds satisfied. The sec-
ondary structures that occur frequently in proteins are the a
helix and the parallel and antiparallel B sheets.

Tertiary structure: The folded, three-dimensional conforma-
tion of a polypeptide chain.

Quaternary structure: Multi-subunit organization of an oligo-
meric protein or protein assembly.

Domain: A part of a polypeptide chain with a folded structure
that does not depend for its stability on any of the remaining
parts of the protein.

Motif (sequence): A short amino acid sequence with character-
istic properties, often those suitable for association with a
specific kind of domain on another protein. (Note that the
term “domain” is sometimes incorrectly applied to such se-
guence motifs.)

Motif (structural): A domain substructure that occurs in many
different proteins, often having some characteristic amino
acid sequences properties (e.g., the helix-turn-helix motif
in many DNA-recognition domains).

Topology (or fold): The structure of most protein domains can
be represented schematically by the connectivity in three di-
mensions of their constituent secondary-structural elements
and the packing of those elements against each other. Jane
Richardson introduced “ribbon diagrams,” such as those in
many of the figures in this chapter, as convenient ways to vi-
sualize the fold of a domain (see the caption to Fig. 6-10).
Not all folds are found in naturally occurring proteins (e.g.,
knotted folds are not found), and some folds are more
common than others.

Homologous domains (or proteins): Domains (or proteins)
that derive from a common ancestor. They necessarily have
the same fold, and they often (but not always) have recogniz-
ably similar amino acid sequences.

Homology modeling: Modeling the structure of a domain
based on that of a homologous domain.

Ectodomain: The part of a single-pass membrane protein that
lies on the exterior side of the cell membrane.

Glycosylation: Addition of a chain, sometimes branched, of one
or more sugars (glycans) to a protein side chain. The glycans
can be N-linked (attached to the side-chain amide of aspar-
agine) or O-linked (attached to the side-chain hydroxyl of
serine or threonine).

Denaturation: Unfolding a protein or a domain of a protein,
either by elevated temperature or by agents such as urea,
guanidinium hydrochloride, or strong detergent (“denatur-
ants”).

Chaperone: A protein that increases the probability of native
folding of another protein, usually by preventing aggrega-
tion or by unfolding a misfolded polypeptide chain so that
it can “try again” to fold correctly.

Active site (or catalytic site): The site on an enzyme that binds
the substrate(s), often in a configuration resembling the tran-
sition state of the reaction catalyzed.

Allosteric regulation: Control of affinity or of the rate of an en-
zymatic reaction by a ligand that binds at a site distinct from
that of the substrate(s). The mechanism of allosteric regula-
tion often involves a change in quarternary structure—that
is, a reorientation or repositioning of subunits with respect
to each other.
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however, at least one of the domains folds from two (or more) noncontiguous
segment(s), and the intervening part of the chain forms a distinct domain
(Fig. 6-10b). The intervening domain then looks like an insertion into the
domain that folds from the flanking segments.

Basic Lessons from the Study of Protein Structures

The large number of domain structures that have been determined experi-
mentally allows us to draw the following conclusions. First, most hydropho-
bic side chains are, indeed, buried, and most polar side chains are exposed.
Second, if a functional group that can donate or accept a hydrogen bond is
buried, it almost always has a hydrogen-bonding partner. The reason for
this property is easy to grasp, when we recall that were the polar group
exposed on the domain surface, it would make a similar hydrogen bond
with water (which can both donate and accept). If the hydrogen bond
were missing in the folded conformation, a favorable energetic contribution
would have been lost when water was stripped away from that group as
the polypeptide chain folded. Even hydrophobic amino acid residues have
two hydrogen-bonding groups, an NH and a CO, in their peptide backbone.
These hydrogen bonds are also satisfied in folded structures, in considerable
part by formation of secondary structures. Both « helices and B sheets satisfy
the main-chain hydrogen bonds of all of the residues within them.
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FIGURE 6-10 Protein domains. Poly-
peptide chains are shown here schematically
as “ribbons”—a representation, introduced
by Jane Richardson, that emphasizes the
role of secondary structural elements in the
folded conformation of a domain: « helices
are curled ribbons; B strands are gently
curved arrows, pointing toward the carboxyl
terminus. Intervening loops between sec-
ondary structural elements are shown as
“worms.” (a) Two of the four domains of
the protein CD4, which is found on the
surface of certain T-cells and macrophages.
Each of these domains is a B-sandwich with
an immunoglobulin fold (see Box 6-3); the
B strands of each domain are designated by
letters in the order in which they follow in
the polypeptide chain. Each domain has a
single disulfide bond, shown in a stick repre-
sentation with bonds to sulfur atoms in
yellow. (b) Two enzymes: triose phosphate
isomerase (TIM; left) and pyruvate kinase
(PK; right). The figure shows one monomer
of the TIM dimer. The TIM subunit is the pro-
totype of a domain called a “TIM barrel”—a
short cylinder in which the eight strands that
form the inner barrel alternate with helices
that cover the periphery. The two views are
along the barrel axis (top) and from the
side (bottom). The colors run from dark
blue at the amino terminus to green at the
carboxyl terminus. PK folds into three do-
mains. The central domain is a TIM barrel
(compare with the side view of TIM). The
“rainbow” colors run from dark blue at the
amino terminus to red at the carboxyl termi-
nus. The light blue domain at the top folds
from residues that follow strand 3 of the
TIM barrel. The orange-red domain at the
bottom contains residues carboxy-terminal
to the last TIM-barrel helix. The comparison
of TIM and PK shows that a domain found
as an isolated unit in one protein can join
with additional domains in another protein.
Moreover, one or more of those additional
domains can fold from a polypeptide chain
“inserted” between secondary structural ele-
ments of the principal domain. Images pre-
pared with PyMOL (Schrédinger, LLC).
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Fulfilling main-chain hydrogen bonding is probably an important reason
for the prevalence of regular secondary structures, even within compactly
folded protein domains. Asaresult, itis useful to classify the observed domain
structures according to the kinds of secondary structures present within them.
We observe that even a relatively short polypeptide chain could, in principle,
have an astronomically large number of folded conformations. Only a
restricted number of these appear in the large catalog of known 3D protein
structures. These not only have a substantial proportion of their amino acid
residues in « helices or B sheets (rather than in irregular loops, which would
bemuch lesslikely to allow main-chain hydrogen bonding),butalso have arel-
atively simple 3D folding pattern. For example, the Ig domains in CD4 (Fig.
6-10a) are composed of two (3 sheets—a  sandwich—with four or five strands
in one sheet and four in the other. Although there would be many ways for the
polypeptide chain to pass from one of these eight or nine strands to the next,
the observed patternis one in which the chain makes eithera sharp turn within
one sheet, linking two adjacent strands, or passes across the top or bottom of
the domain to the other sheet. One very important property of all known
domain structures is that the chain does not form a knot—that is, if you imag-
ined pulling on its ends, the whole thing would open into a straight line.

Classes of Protein Domains

Classifications of protein domains allow simple, summary descriptions.
One widely used classification hierarchy, embodied in a database called
CATH, starts with separation of proteins into classes according to their prin-
cipal secondary structures (mostly a helix, mostly B strand, a mixture of the
two, and a fourth class for the usually small domains with very little sec-
ondary structure). The most important levels in the classifica