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One of my most exciting educational experiences was my
introductory molecular biology course in graduate school.
My professor used no textbook, but assigned us readings
directly from the scientific literature. It was challenging,
but I found it immensely satisfying to meet the challenge
and understand, not only the conclusions, but how the
evidence supported those conclusions.

When T started teaching my own molecular biology
course, I adopted this same approach, but tried to reduce
the challenge to a level more appropriate for undergradu-
ate students. I did this by narrowing the focus to the most
important experiments in each article, and explaining
those carefully in class. T used hand-drawn cartoons and
photocopies of the figures as illustrations.

This approach worked well, and the students enjoyed
it, but I really wanted a textbook that presented the con-
cepts of molecular biology, along with experiments that
led to those concepts. I wanted clear explanations that
showed students the relationship between the experiments
and the concepts. So, I finally decided that the best way to
get such a book would be to write it myself. I had already
coauthored a successful introductory genetics text in
which I took an experimental approach—as much as pos-
sible with a book at that level. That gave me the courage
to try writing an entire book by myself and to treat the
subject as an adventure in discovery.

Organization

The book begins with a four-chapter sequence that should
be a review for most students. Chapter 1 is a brief history
of genetics. Chapter 2 discusses the structure and chemical
properties of DNA. Chapter 3 is an overview of gene ex-
pression, and Chapter 4 deals with the nuts and bolts of
gene cloning. All these are topics that the great majority
of molecular biology students have already learned in an
introductory genetics course. Still, students of molecular
biology need to have a grasp of these concepts and may
need to refresh their understanding of them. I do not deal
specifically with these chapters in class; instead, I suggest
students consult them if they need more work on these topics.
These chapters are written at a more basic level than the
rest of the book.

Chapter 5 describes a number of common techniques
used by molecular biologists. It would not have been pos-
sible to include all the techniques described in this book in
one chapter, so I tried to include the most common or, in a

few cases, valuable techniques that are not mentioned else-
where in the book. When I teach this course, I do not pre-
sent Chapter 5 as such. Instead, I refer students to it when
we first encounter a technique in a later chapter. I do it that
way to avoid boring my students with technique after tech-
nique. I also realize that the concepts behind some of these
techniques are rather sophisticated, and the students’ ap-
preciation of them is much deeper after they’ve acquired
more experience in molecular biology.

Chapters 6-9 describe transcription in bacteria. Chap-
ter 6 introduces the basic transcription apparatus, includ-
ing promoters, terminators, and RNA polymerase, and
shows how transcripts are initiated, elongated, and termi-
nated. Chapter 7 describes the control of transcription in
three different operons, then Chapter 8 shows how bacte-
ria and their phages control transcription of many genes at
a time, often by providing alternative sigma factors. Chap-
ter 9 discusses the interaction between bacterial DNA-
binding proteins, mostly helix-turn-helix proteins, and
their DNA targets.

Chapters 10-13 present control of transcription in eu-
karyotes. Chapter 10 deals with the three eukaryotic RNA
polymerases and the promoters they recognize. Chapter 11
introduces the general transcription factors that collabo-
rate with the three RNA polymerases and points out the
unifying theme of the TATA-box-binding protein, which
participates in transcription by all three polymerases.
Chapter 12 explains the functions of gene-specific tran-
scription factors, or activators. This chapter also illustrates
the structures of several representative activators and
shows how they interact with their DNA targets. Chapter 13
describes the structure of eukaryotic chromatin and shows
how activators and silencers can interact with coactivators
and corepressors to modify histones, and thereby to activate
or repress transcription.

Chapters 14-16 introduce some of the posttranscrip-
tional events that occur in eukaryotes. Chapter 14 deals
with RNA splicing. Chapter 15 describes capping and
polyadenylation, and Chapter 16 introduces a collection of
fascinating “other posttranscriptional events,” including
rRNA and tRNA processing, trans-splicing, and RNA edit-
ing. This chapter also discusses four kinds of posttranscrip-
tional control of gene expression: (1) RNA interference;
(2) modulating mRNA stability (using the transferrin receptor
mRNA as the prime example); (3) control by microRNAs,
and (4) control of transposons in germ cells by Piwi-interacting
RNAs (piRNAs).

xiii
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Chapters 17-19 describe the translation process in both
bacteria and eukaryotes. Chapter 17 deals with initiation
of translation, including the control of translation at the
initiation step. Chapter 18 shows how polypeptides are
elongated, with the emphasis on elongation in bacteria.
Chapter 19 provides details on the structure and function of
two of the key players in translation: ribosomes and tRNA.

Chapters 20-23 describe the mechanisms of DNA rep-
lication, recombination, and translocation. Chapter 20 in-
troduces the basic mechanisms of DNA replication and
repair, and some of the proteins (including the DNA poly-
merases) involved in replication. Chapter 21 provides de-
tails of the initiation, elongation, and termination steps in
DNA replication in bacteria and eukaryotes. Chapters 22
and 23 describe DNA rearrangements that occur naturally
in cells. Chapter 22 discusses homologous recombination
and Chapter 23 deals with translocation.

Chapters 24 and 25 present concepts of genomics, pro-
teomics, and bioinformatics. Chapter 24 begins with an old-
fashioned positional cloning story involving the Huntington
disease gene and contrasts this lengthy and heroic quest
with the relative ease of performing positional cloning with
the human genome (and other genomes). Chapter 25 deals
with functional genomics (transcriptomics), proteomics,
and bioinformatics.

New to the Fifth Edition

The most obvious change in the fifth edition is the splitting
of old Chapter 24 (Genomics, Proteomics, and Bioinformat-
ics) in two. This chapter was already the longest in the book,
and the field it represents is growing explosively, so a split
was inevitable. The new Chapter 24 deals with classical ge-
nomics: the sequencing and comparison of genomes. New
material in Chapter 24 includes an analysis of the similarity
between the human and chimpanzee genomes, and a look at
the even closer similarity between the human and Neander-
thal genomes, including recent evidence for interbreeding
between humans and Neanderthals. It also includes an up-
date on the new field of synthetic biology, made possible by
genomic work on microorganisms, and contains a report of
the recent success by Craig Venter and colleagues in creating
a living Mycoplasma cell with a synthetic genome.

Chapter 25 deals with fields allied with Genomics:
Functional Genomics, Proteomics, and Bioinformatics.
New material in Chapter 25 includes new applications of
the ChIP-chip and ChIP-seq techniques—the latter using
next-generation DNA sequencing; collision-induced disso-
ciation mass spectrometry, which can be used to sequence
proteins; and the use of isotope-coded affinity tags (ICATs)
and stable isotope labeling by amino acids (SILAC) to
make mass spectrometry (MS) quantitative. Quantitative
MS in turn enables comparative proteomics, in which the
concentrations of large numbers of proteins can be com-
pared between species.

All but the introductory chapters of this fifth edition
have been updated. Here are a few highlights:

e Chapter 5: Introduces high-throughput (next
generation) DNA sequencing techniques. These have
revolutionized the field of genomics. Chromatin
immunoprecipitation (ChIP) and the yeast two-hybrid
assay have been moved to Chapter 5, in light of their
broad applicabilities. A treatment of the energies of
the B-electrons from 3H, 14C, 3%S, and 3P has been
added, and the fluorography technique, which cap-
tures information from the lower-energy emissions,
is discussed.

® Chapter 6: Adds a discussion of FRET-ALEX (FRET
with alternating laser excitation), along with a de-
scription of how this technique has been used to
support (1) the stochastic release model of the
o-cycle and (2) the scrunching hypothesis to explain
abortive transcription. This chapter also updates
the structure of the bacterial elongation complex,
including a discussion of a two-state model for
nucleotide addition.

e Chapter 7: Introduces the riboswitch in the mRNA
from the glmS gene of B. subtilis, in which the end
product of the gene turns expression of the gene off
by stimulating the mRNA to destroy itself. This
chapter also introduces a hammerhead ribozyme as
a possible mammalian riboswitch that may operate
by a similar mechanism.

e Chapter 8: Introduces the concepts of anti-o-factors
and anti-anti-o-factors as controllers of transcription
during sporulation in B. subtilis.

e Chapter 9: Emphasizes the dynamic nature of pro-
tein structure, and points out that a given crystal
structure represents just one of a range of different
possible protein conformations.

e Chapter 10: Presents a new study by Roger Korn-
berg’s group that identifies the RNA polymerase II
trigger loop as a key determinant in transcription
specificity, along with a discussion of how the
enzyme distinguishes between ribonuncleotides and
deoxyribonucleotides. This chapter also introduces
the concepts of core promoter and proximal pro-
moter, where the core promoter contains any com-
bination of TFIIB recognition element, TATA box,
initiator, downstream promoter element, down-
stream core element, and motif ten element, and
the proximal promoter contains upstream
promoter elements.

¢ Chapter 11: Introduces the concept of core TAFs—
those associated with class II preinitiation complexes
from a wide variety of eukaryotes, and introduces
the new nomenclature (TAF1-TAF13), which
replaces the old, confusing nomenclature that was



based on molecular masses (e.g., TAF;250). This
chapter also describes an experiment that shows the
importance of TFIIB in setting the start site of tran-
scription. It also shows that a similar mechanism
applies in the archaea, which use a TFIIB homolog
known as transcription factor B.

Chapter 12: Introduces the technique of chromosome
conformation capture (3C) and shows how it can be
used to detect DNA looping between an enhancer
and a promoter. This chapter also introduces the con-
cept of imprinting during gametogenesis, and explains
the role of methylation in imprinting, particularly
methylation of the imprinting control region of the
mouse Igf2/H19 locus. It also introduces the concept
of transcription factories, where transcription of mul-
tiple genes occurs. Finally, this chapter refines and
updates the concept of the enhanceosome.

Chapter 13: Presents a new table showing all the
ways histones can be modified in vivo; brings back
the solenoid, alongside the two-start helix, as a
candidate for the 30-nm fiber structure; and presents
evidence that chromatin adopts one or the other
structure, depending on its nucleosome repeat
length. This chapter also introduces the concept of
specific histone methylations as markers for tran-
scription initiation and elongation, and shows how
this information can be used to infer that RNA poly-
merase Il is poised between initiation and elongation
on many human protein-encoding genes. It also
emphasizes the importance of histone modifications
in affecting not only histone-DNA interactions, but
also nucleosome-nucleosome interactions and
recruitment of histone-modifying and chromatin-
remodeling proteins. Finally, this chapter shows how
PARP1 (poly[ADP-ribose] polymerase-1) can
facilitate nucleosome loss from chromatin by
poly(ADP-ribosyl)ating itself.

Chapter 14: Introduces the exon junction complex
(EJC), which is added to mRNAs during splicing in
the nucleus, and shows how the EJC can stimulate
transcription by facilitating the association of
mRNAs with ribosomes. This chapter also intro-
duces exon and intron definition modes of splicing
and shows how they can be distinguished experi-
mentally. This test has revealed that higher eukary-
otes primarily use exon definition and lower
eukaryotes primarily use intron definition.

Chapter 15: Demonstrates that a subunit of CPSF
(CPSF-73) is responsible for cutting a pre-mRNA at
a polyadenylation signal. It also shows that serine 7,
in addition to serines 2 and 5 in the repeating
heptad in the CTD of the largest RNA polymerase
subunit, can be phosphorylated, and shows that this
serine 7 phosphorylation controls the expression of
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certain genes (e.g., the U2 snRNA gene) by control-
ling the 3'-end processing of their mRNAs.

Chapter 16: Identifies a single enzyme, tRNA 3’ pro-
cessing endoribonuclease, as the agent that cleaves
excess nucleotides from the 3'-end of a eukaryotic
tRNA precursor; points out the overwhelming prev-
alence of trans-splicing in C. elegans; presents a new
model for removal of the passenger strand of a
double-stranded siRNA—cleavage of the passenger
strand by Ago2; introduces Piwi-interacting RNAs
(piRNAs) and presents the ping-pong model by
which they are assumed to amplify themselves and
inactivate transposons in germ cells; introduces
plant RNA polymerases IV and V, and describes
their roles in gene silencing. This chapter also greatly
expands the coverage of miRNAs, and points out
that hundreds of miRNAs control thousands of
plant and animal genes, and that mutations in
miRNA genes typically have very deleterious effects.
Chapter 16 also updates the biogenesis of miRNAs,
introducing two pathways to miRNA production:
the Drosha and mirtron pathways. Finally, this
chapter introduces P-bodies, which are involved in
mRNA decay and translational repression.

Chapter 17: Updates the section on eukaryotic
viral internal ribosome entry sequences (IRESs).
Some viruses cleave elF4G, leaving a remnant
called p100. Poliovirus IRESs bind to p100 and
thereby gain access to ribosomes, but hepatitis C
virus IRESs bind directly to elF3, while hepatitis A
virus IRESs bind even more directly to ribosomes.
This chapter also refines the model describing how
the cleavage of elF4G affects mammalian host
mRNA translation. Different cell types respond
differently to this cleavage. Finally, this chapter
introduces the concept of the pioneer round of
translation, and points out that different initiation
factors are used in the pioneer round than in all
subsequent rounds.

Chapter 18: Introduces the concept of superwobble,
which holds that a single tRNA with a U in its wob-
ble position can recognize codons ending in any of
the four bases, and presents evidence that superwob-
ble works. This chapter also introduces the hybrid P/I
state as the initial ribosomal binding state for fMet-
tRNA ?Aet. In this state, the anticodon is in the P site,
but the fMet and acceptor stem are in an “initiator”
site between the P site and the E site. This chapter
also describes no-go decay, which degrades mRNA
containing a stalled ribosome, and introduces the
concept of codon bias to explain inefficiency of
translation. Finally, this chapter explains how the
slowing of translation by rare codons can influence
protein folding both negatively and positively.
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e Chapter 19: Includes a new section based on recent

crystal structures of the ribosome in complex with
various elongation factors. One of these structures
involves aminoacyl-tRNA and EF-Tu, and has
shown that the tRNA is bent by about 30 degrees in
forming an A/T complex. This bend is important in
fidelity of translation, and also facilitates the GTP
hydrolysis that permits EF-Tu to leave the ribosome.
Another crystal structure involves EF-G-GDP and
shows the ribosome in the post-translocation E/E,
P/P state, as opposed to the spontaneously achieved
pre-translocation P/E, A/P hybrid state. This chapter
also provides links to two excellent new movies de-
scribing the elongation process and an overview of
translation initiation, elongation, and termination.
Finally, this chapter describes crystal structures that
illustrate the functions of two critical parts of RF1
and RF2 in stop codon recognition and cleavage of
polypeptides from their tRNAs.

Chapter 20: Introduces the controversial proposal,
with evidence, that DNA replication in E. coli is dis-
continuous on both strands. This chapter also intro-
duces ACL1, a chromatin remodeler recruited via its
macrodomain to sites of double-strand breaks by
poly(ADP-ribose) formed at these sites by poly(ADP-
ribose) polymerase 1 (PARP-1).

Chapter 21: Presents a co-crystal structure of a B di-
mer bound to a primed DNA template, showing that
the B clamp really does encircle the DNA, but that
the DNA runs through the circle at an angle of

20 degrees with respect to the horizontal. This chapter
also includes a corrected and updated Figure 21.17
(model of the pollll* subassembly) to show a single
~v-subunit and the two 7-subunits joined to the core
polymerases through their flexible C-terminal do-
mains. This section also clarifies that the y- and
7-subunits are products of the same gene, but the
former lacks the C-terminal domain of the latter.
This chapter also introduces the complex of telomere-
binding proteins known as shelterin, and focuses on
the six shelterin proteins of mammals and their roles
in protecting telomeres, and in preventing inappro-
priate repair and cell cycle arrest in response to
normal chromosome ends.

Chapter 22: Adds a new figure (Figure 22.3) to
show how different nicking patterns to resolve the
Holliday junction in the RecBCD pathway lead to
different recombination products (crossover or
noncrossover recombinants).

Chapter 23: Reports that piRNAs targeting P element
transposons are likely to be the transposition
suppressors in the P-M system. Similarly, piRNAs
appear to play the suppressor role in the I-R trans-
poson system.
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Technique Chapter Page Technique Chapter Page
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Affinity labeling 6 145 Fluorescence resonance energy transfer (FRET) 6 129
Allele-specific RNAi 18 592 Fluorography 5 83
Autoradiography S 82 FRET-ALEX 6 135
Baculovirus expression vectors 4 70 Footprinting (protein) 21 691
Cap analysis of gene expression (CAGE) 25 796 Functional SELEX 5 114
c¢DNA cloning 4 60 Gel electrophoresis (DNA) S 76
ChIP-chip analysis 25 803 Gel electrophoresis (protein) 5 78
ChIP-seq analysis 25 804 Gel filtration chromatography S 80
C}zré)}rlrll;)tin Immunoprecipitation S ' Gel mobility shift assay S 109
Chromosome conformation capture (3C) 12 331 gzzz 32222 zizi CBOAS(nilsid vectors 2:: 7?3
Colony hybridization 4 61 Gene cloning with \ phage vectors 4 55
CsCl gradient ultracentrifugation 20 637 Gene cloning with M13 phage vectors 4 57
Designing a probe by protein Gene cloning with phagemid vectors 4 58
microsequencing 18 588 . .
Detecting DNA bending by Gene clon%ng w%th plant Yectors 4 71
electrophoresis 7 181 Gene cloning with plasmid vectors 4 53
DMS footprinting 5 109 Gene cloning with YACs 24 769
DNA fingerprinting 5 86 G-less cassette transcription S 104
DNA helicase assay 20 651 Hybridization 2 26
DNA microarrays 25 790 Hydroxyl radical probing 18 596
DNA microchips 25 790 Immunoblotting (Western blotting) 5 89
DNA sequencing (automated) S 91 Immunoprecipitation 5 106
DNA Sequencing (next generation, In situ Exirecslsion analysis 25 808
high throughput) S 93 In situ hybridization S 88
DNA sequencing (Sanger chain Ion-exchange chromatography 5 80
termination) 5 90 Isoelectric focusing 5 79
DNA typing 5 87 Isotope coded affinity tags (ICAT) 25 814
DNase footprinting 5 109 Knockout mice 5 115
Dot blotting 5 105 Linker scanning mutagenesis 10 261
End-filling 5 101 Liquid scintillation counting 5 84
Epitope tagging 10 249 Mass spectrometry 25 813
Exon trapping 24 761 Microsatellites 24 771
Expressed sequence tags (ESTs) 24 773 Nick translation 4 60
Expression vectors 4 65 Northern blotting ) 99
Far Western blotting 15 457 Oligonucleotide-directed RNA
Filter-binding assay (DNA-protein degradation 14 407
interaction) 5 108 Oligonucleotide probe design 4 59
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Phage display 25 818 Run-off transcription 5 103
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Positional cloning 24 760 SELEX (systematic evolution of
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A Brief History

Garden pea flowers. Flower color (purple or white) was one of the
traits Mendel studied in his classic examination of inheritance in
the pea plant. © Shape‘n’colour/Alamy, RF.

hat is molecular biology? The
term has more than one definition. Some
define it very broadly as the attempt to
understand biological phenomena in
molecular terms. But this definition makes
molecular biology difficult to distinguish
from another well-known discipline, bio-
chemistry. Another definition is more
restrictive and therefore more useful: the
study of gene structure and function at
the molecular level. This attempt to explain
genes and their activities in molecular
terms is the subject matter of this book.
Molecular biology grew out of the disci-
plines of genetics and biochemistry. In
this chapter we will review the major early

developments in the history of this hybrid
discipline, beginning with the earliest
genetic experiments performed by Gregor
Mendel in the mid-nineteenth century.



2 Chapter 1/ A Brief History

In Chapters 2 and 3 we will add more substance to this
brief outline. By definition, the early work on genes can-
not be considered molecular biology, or even molecular
genetics, because early geneticists did not know the
molecular nature of genes. Instead, we call it transmission
genetics because it deals with the transmission of traits
from parental organisms to their offspring. In fact, the
chemical composition of genes was not known until 1944.
At that point, it became possible to study genes as mol-
ecules, and the discipline of molecular biology began.

1.1 Transmission Genetics

In 1865, Gregor Mendel (Figure 1.1) published his findings
on the inheritance of seven different traits in the garden
pea. Before Mendel’s research, scientists thought inheri-
tance occurred through a blending of each trait of the
parents in the offspring. Mendel concluded instead that
inheritance is particulate. That is, each parent contributes
particles, or genetic units, to the offspring. We now call
these particles genes. Furthermore, by carefully counting
the number of progeny plants having a given phenotype, or
observable characteristic (e.g., yellow seeds, white flowers),
Mendel was able to make some important generalizations.
The word phenotype, by the way, comes from the same
Greek root as phenomenon, meaning appearance. Thus, a
tall pea plant exhibits the tall phenotype, or appearance.
Phenotype can also refer to the whole set of observable
characteristics of an organism.

Mendel’s Laws of Inheritance

Mendel saw that a gene can exist in different forms called
alleles. For example, the pea can have either yellow or
green seeds. One allele of the gene for seed color gives rise
to yellow seeds, the other to green. Moreover, one allele can
be dominant over the other, recessive, allele. Mendel dem-
onstrated that the allele for yellow seeds was dominant
when he mated a green-seeded pea with a yellow-seeded
pea. All of the progeny in the first filial generation (F;) had
yellow seeds. However, when these F; yellow peas were al-
lowed to self-fertilize, some green-seeded peas reappeared.
The ratio of yellow to green seeds in the second filial gen-
eration (F,) was very close to 3:1.

The term filial comes from the Latin: filius, meaning
son; filia, meaning daughter. Therefore, the first filial gen-
eration (Fq) contains the offspring (sons and daughters) of
the original parents. The second filial generation (F,) is the
offspring of the F; individuals.

Mendel concluded that the allele for green seeds must
have been preserved in the F; generation, even though it
did not affect the seed color of those peas. His explanation

Figure 1.1 Gregor Mendel. (Source: © Pixtal/age Fotostock RF.)

was that each parent plant carried two copies of the gene;
that is, the parents were diploid, at least for the charac-
teristics he was studying. According to this concept,
homozygotes have two copies of the same allele, either two
alleles for yellow seeds or two alleles for green seeds.
Heterozygotes have one copy of each allele. The two par-
ents in the first mating were homozygotes; the resulting Fy
peas were all heterozygotes. Further, Mendel reasoned that
sex cells contain only one copy of the gene; that is, they
are haploid. Homozygotes can therefore produce sex cells,
or gametes, that have only one allele, but heterozygotes can
produce gametes having either allele.

This is what happened in the matings of yellow with
green peas: The yellow parent contributed a gamete with a
gene for yellow seeds; the green parent, a gamete with
a gene for green seeds. Therefore, all the F{ peas got one
allele for yellow seeds and one allele for green seeds. They
had not lost the allele for green seeds at all, but because
yellow is dominant, all the seeds were yellow. However,
when these heterozygous peas were self-fertilized, they pro-
duced gametes containing alleles for yellow and green color
in equal numbers, and this allowed the green phenotype to
reappear.

Here is how that happened. Assume that we have two
sacks, each containing equal numbers of green and yellow
marbles. If we take one marble at a time out of one sack
and pair it with a marble from the other sack, we will
wind up with the following results: one-quarter of the
pairs will be yellow/yellow; one-quarter will be green/green;
and the remaining one-half will be yellow/green. The
alleles for yellow and green peas work the same way.



Recalling that yellow is dominant, you can see that only
one-quarter of the progeny (the green/green ones) will
be green. The other three-quarters will be yellow because
they have at least one allele for yellow seeds. Hence, the
ratio of yellow to green peas in the second (F,) genera-
tion is 3:1.

Mendel also found that the genes for the seven different
characteristics he chose to study operate independently of
one another. Therefore, combinations of alleles of two dif-
ferent genes (e.g., yellow or green peas with round or
wrinkled seeds, where yellow and round are dominant
and green and wrinkled are recessive) gave ratios of
9:3:3:1 for yellow/round, yellow/wrinkled, green/round,
and green/wrinkled, respectively. Inheritance that follows
the simple laws that Mendel discovered can be called
Mendelian inheritance.

SUMMARY Genes can exist in several different
forms, or alleles. One allele can be dominant over
another, so heterozygotes having two different
alleles of one gene will generally exhibit the charac-
teristic dictated by the dominant allele. The reces-
sive allele is not lost; it can still exert its influence
when paired with another recessive allele in a
homozygote.

The Chromosome Theory of Inheritance

Other scientists either did not know about or uniformly
ignored the implications of Mendel’s work until 1900
when three botanists, who had arrived at similar conclu-
sions independently, rediscovered it. After 1900, most ge-
neticists accepted the particulate nature of genes, and the
field of genetics began to blossom. One factor that made
it easier for geneticists to accept Mendel’s ideas was a
growing understanding of the nature of chromosomes,
which had begun in the latter half of the nineteenth cen-
tury. Mendel had predicted that gametes would contain
only one allele of each gene instead of two. If chromo-
somes carry the genes, their numbers should also be re-
duced by half in the gametes—and they are. Chromosomes
therefore appeared to be the discrete physical entities that
carry the genes.

This notion that chromosomes carry genes is the
chromosome theory of inheritance. It was a crucial new
step in genetic thinking. No longer were genes disem-
bodied factors; now they were observable objects in the
cell nucleus. Some geneticists, particularly Thomas Hunt
Morgan (Figure 1.2), remained skeptical of this idea.
Ironically, in 1910 Morgan himself provided the first
definitive evidence for the chromosome theory.

Morgan worked with the fruit fly (Drosophila
melanogaster), which was in many respects a much more
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Figure 1.2 Thomas Hunt Morgan. (Source: National Library of Medicine.)

convenient organism than the garden pea for genetic stud-
ies because of its small size, short generation time, and
large number of offspring. When he mated red-eyed flies
(dominant) with white-eyed flies (recessive), most, but not
all, of the F{ progeny were red-eyed. Furthermore, when
Morgan mated the red-eyed males of the F; generation
with their red-eyed sisters, they produced about one-
quarter white-eyed males, but no white-eyed females. In
other words, the eye color phenotype was sex-linked. It
was transmitted along with sex in these experiments.
How could this be?

We now realize that sex and eye color are transmitted
together because the genes governing these characteristics
are located on the same chromosome—the X chromo-
some. (Most chromosomes, called autosomes, occur in
pairs in a given individual, but the X chromosome is an
example of a sex chromosome, of which the female fly
has two copies and the male has one.) However, Morgan
was reluctant to draw this conclusion until he observed
the same sex linkage with two more phenotypes, minia-
ture wing and yellow body, also in 1910. That was
enough to convince him of the validity of the chromo-
some theory of inheritance.

Before we leave this topic, let us make two crucial
points. First, every gene has its place, or locus, on a chro-
mosome. Figure 1.3 depicts a hypothetical chromosome
and the positions of three of its genes, called A, B, and C.
Second, diploid organisms such as human beings nor-
mally have two copies of all chromosomes (except sex
chromosomes). That means that they have two copies of
most genes, and that these copies can be the same alleles,
in which case the organism is homozygous, or different
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(a) (b)

Figure 1.3 Location of genes on chromosomes. (a) A schematic
diagram of a chromosome, indicating the positions of three genes:
A, B, and C. (b) A schematic diagram of a diploid pair of chromo-
somes, indicating the positions of the three genes—A, B, and
C—on each, and the genotype (A or a; B or b; and C or c) at

each locus.

alleles, in which case it is heterozygous. For example,
Figure 1.3b shows a diploid pair of chromosomes with
different alleles at one locus (Aa) and the same alleles at
the other two loci (BB and cc). The genotype, or allelic
constitution, of this organism with respect to these three
genes, is AaBBcc. Because this organism has two differ-
ent alleles (A and a) in its two chromosomes at the A
locus, it is heterozygous at that locus (Greek: hetero,
meaning different). Since it has the same, dominant B
allele in both chromosomes at the B locus, it is homozy-
gous dominant at that locus (Greek: homo, meaning
same). And because it has the same, recessive c allele in
both chromosomes at the C locus, it is homozygous rece-
ssive there. Finally, because the A allele is dominant over
the a allele, the phenotype of this organism would be the
dominant phenotype at the A and B loci and the recessive
phenotype at the C locus.

This discussion of varying phenotypes in Drosophila
gives us an opportunity to introduce another important
genetic concept: wild-type versus mutant. The wild-type
phenotype is the most common, or at least the generally
accepted standard, phenotype of an organism. To avoid
the mistaken impression that a wild organism is auto-
matically a wild-type, some geneticists prefer the term
standard type. In Drosopbhila, red eyes and full-size wings
are wild-type. Mutations in the white and miniature genes
result in mutant flies with white eyes and miniature wings,
respectively. Mutant alleles are usually recessive, as in
these two examples, but not always.

Genetic Recombination and Mapping

It is easy to understand that genes on separate chromo-
somes behave independently in genetic experiments, and
that genes on the same chromosome—like the genes for
miniature wing (miniature) and white eye (white)—behave

m* w m* w
m w — m w*

Figure 1.4 Recombination in Drosophila. The two X chromo-
somes of the female are shown schematically. One of them (red)
carries two wild-type genes: (m™), which results in normal wings,
and (w"), which gives red eyes. The other (blue) carries two mutant
genes: miniature (m) and white (w). During egg formation, a recom-
bination, or crossing over, indicated by the crossed lines, occurs
between these two genes on the two chromosomes. The result is
two recombinant chromosomes with mixtures of the two parental
alleles. One is m™* w, the otheris m w*.

as if they are linked. However, genes on the same chromo-
some usually do not show perfect genetic linkage. In fact,
Morgan discovered this phenomenon when he examined
the behavior of the sex-linked genes he had found. For
example, although white and miniature are both on the X
chromosome, they remain linked in offspring only 65.5%
of the time. The other offspring have a new combination
of alleles not seen in the parents and are therefore called
recombinants.

How are these recombinants produced? The answer
was already apparent by 1910, because microscopic ex-
amination of chromosomes during meiosis (gamete forma-
tion) had shown crossing over between homologous
chromosomes (chromosomes carrying the same genes, or
alleles of the same genes). This resulted in the exchange of
genes between the two homologous chromosomes. In the
previous example, during formation of eggs in the female,
an X chromosome bearing the white and miniature alleles
experienced crossing over with a chromosome bearing the
red eye and normal wing alleles (Figure 1.4). Because the
crossing-over event occurred between these two genes, it
brought together the white and normal wing alleles on one
chromosome and the red (normal eye) and miniature al-
leles on the other. Because it produced a new combination
of alleles, we call this process recombination.

Morgan assumed that genes are arranged in a linear
fashion on chromosomes, like beads on a string. This, to-
gether with his awareness of recombination, led him to
propose that the farther apart two genes are on a chromo-
some, the more likely they are to recombine. This makes
sense because there is simply more room between widely
spaced genes for crossing over to occur. A.H. Sturtevant
extended this hypothesis to predict that a mathematical
relationship exists between the distance separating two
genes on a chromosome and the frequency of recombina-
tion between these two genes. Sturtevant collected data on
recombination in the fruit fly that supported his hypothe-
sis. This established the rationale for genetic mapping tech-
niques still in use today. Simply stated, if two loci recombine
with a frequency of 1%, we say that they are separated by
a map distance of one centimorgan (named for Morgan
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Figure 1.5 Barbara McClintock. (Source: Bettmann Archive/Corbis.)

himself). By the 1930s, other investigators found that the
same rules applied to other eukaryotes (nucleus-containing
organisms), including the mold Neurospora, the garden
pea, maize (corn), and even human beings. These rules also
apply to prokaryotes, organisms in which the genetic mate-
rial is not confined to a nuclear compartment.

Physical Evidence for Recombination

Barbara McClintock (Figure 1.5) and Harriet Creighton
provided a direct physical demonstration of recombination
in 1931. By examining maize chromosomes microscopi-
cally, they could detect recombinations between two easily
identifiable features of a particular chromosome (a knob at
one end and a long extension at the other). Furthermore,
whenever this physical recombination occurred, they could
also detect recombination genetically. Thus, they estab-
lished a direct relationship between a region of a chromo-
some and a gene. Shortly after McClintock and Creighton
performed this work on maize, Curt Stern observed the
same phenomenon in Drosophila. So recombination could
be detected both physically and genetically in animals as
well as plants. McClintock later performed even more notable
work when she discovered transposons, moveable genetic
elements (Chapter 23), in maize.

SUMMARY The chromosome theory of inheritance
holds that genes are arranged in linear fashion on
chromosomes. The reason that certain traits tend
to be inherited together is that the genes governing
these traits are on the same chromosome. However,
recombination between two homologous chromo-
somes during meiosis can scramble the parental
alleles to give nonparental combinations. The
farther apart two genes are on a chromosome the
more likely such recombination between them

will be.

Figure 1.6 Friedrich Miescher. (Source: National Library of Medicine.)

1.2 Molecular Genetics

The studies just discussed tell us important things about
the transmission of genes and even about how to map
genes on chromosomes, but they do not tell us what genes
are made of or how they work. This has been the province
of molecular genetics, which also happens to have its roots
in Mendel’s era.

The Discovery of DNA

In 1869, Friedrich Miescher (Figure 1.6) discovered in the
cell nucleus a mixture of compounds that he called nuclein.
The major component of nuclein is deoxyribonucleic acid
(DNA). By the end of the nineteenth century, chemists had
learned the general structure of DNA and of a related com-
pound, ribonucleic acid (RNA). Both are long polymers—
chains of small compounds called nucleotides. Each
nucleotide is composed of a sugar, a phosphate group, and
a base. The chain is formed by linking the sugars to one
another through their phosphate groups.

The Composition of Genes By the time the chromosome
theory of inheritance was generally accepted, geneticists
agreed that the chromosome must be composed of a poly-
mer of some kind. This would agree with its role as a
string of genes. But which polymer is it? Essentially, the
choices were three: DNA, RNA, and protein. Protein was
the other major component of Miescher’s nuclein; its
chain is composed of links called amino acids. The amino
acids in protein are joined by peptide bonds, so a single
protein chain is called a polypeptide.

Oswald Avery (Figure 1.7) and his colleagues demon-
strated in 1944 that DNA is the right choice (Chapter 2).
These investigators built on an experiment performed
earlier by Frederick Griffith in which he transferred
a genetic trait from one strain of bacteria to another. The
trait was virulence, the ability to cause a lethal infection,
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Figure 1.7 Oswald Avery. (Source: National Academy of Sciences.)

and it could be transferred simply by mixing dead viru-
lent cells with live avirulent (nonlethal) cells. It was very
likely that the substance that caused the transformation
from avirulence to virulence in the recipient cells was the
gene for virulence, because the recipient cells passed this
trait on to their progeny.

What remained was to learn the chemical nature of
the transforming agent in the dead virulent cells. Avery
and his coworkers did this by applying a number of chem-
ical and biochemical tests to the transforming agent,
showing that it had the characteristics of DNA, not of
RNA or protein.

The Relationship Between Genes
and Proteins

The other major question in molecular genetics is this:
How do genes work? To lay the groundwork for the
answer to this question, we have to backtrack again, this
time to 1902. That was the year Archibald Garrod
noticed that the human disease alcaptonuria seemed to
behave as a Mendelian recessive trait. It was likely, therefore,
that the disease was caused by a defective, or mutant,
gene. Moreover, the main symptom of the disease was the
accumulation of a black pigment in the patient’s urine,
which Garrod believed derived from the abnormal
buildup of an intermediate compound in a biochemical
pathway.

By this time, biochemists had shown that all living
things carry out countless chemical reactions and that
these reactions are accelerated, or catalyzed, by proteins
called enzymes. Many of these reactions take place in
sequence, so that one chemical product becomes the
starting material, or substrate, for the next reaction.
Such sequences of reactions are called pathways, and
the products or substrates within a pathway are called

Figure 1.8 (a) George Beadle; (b) E. L. Tatum. (Source: (a, b) AP/Wide
World Photos.)

intermediates. Garrod postulated that an intermediate
accumulated to abnormally high levels in alcaptonuria
because the enzyme that would normally convert this
intermediate to the next was defective. Putting this idea
together with the finding that alcaptonuria behaved
genetically as a Mendelian recessive trait, Garrod sug-
gested that a defective gene gives rise to a defective
enzyme. To put it another way: A gene is responsible for
the production of an enzyme.

Garrod’s conclusion was based in part on conjecture;
he did not really know that a defective enzyme was in-
volved in alcaptonuria. It was left for George Beadle and
E. L. Tatum (Figure 1.8) to prove the relationship
between genes and enzymes. They did this using the mold
Neurospora as their experimental system. Neurospora
has an enormous advantage over the human being as the
subject of genetic experiments. By using Neurospora,
scientists are not limited to the mutations that nature
provides, but can use mutagens to introduce mutations
into genes and then observe the effects of these muta-
tions on biochemical pathways. Beadle and Tatum found
many instances where they could create Neurospora
mutants and then pin the defect down to a single step
in a biochemical pathway, and therefore to a single
enzyme (see Chapter 3). They did this by adding the inter-
mediate that would normally be made by the defective
enzyme and showing that it restored normal growth. By
circumventing the blockade, they discovered where it
was. In these same cases, their genetic experiments
showed that a single gene was involved. Therefore, a
defective gene gives a defective (or absent) enzyme. In
other words, a gene seemed to be responsible for making
one enzyme. This was the one-gene/one-enzyme hypoth-
esis. This hypothesis was actually not quite right for at
least three reasons: (1) An enzyme can be composed of



Figure 1.9 James Watson (left) and Francis Crick.
(Source: © A. Barrington Brown/Photo Researchers, Inc.)
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Figure 1.10 (a) Rosalind Franklin; (b) Maurice Wilkins. (Sources:
(@) From The Double Helix by James D. Watson, 1968, Atheneum Press, NY.

© Cold Spring Harbor Laboratory Archives. (b) Courtesy Professor M. H. F. Wilkins,
Biophysics Dept., King’s College, London.)

more than one polypeptide chain, whereas a gene has the
information for making only one polypeptide chain.
(2) Many genes contain the information for making poly-
peptides that are not enzymes. (3) As we will see, the end
products of some genes are not polypeptides, but RNAs. A
modern restatement of the hypothesis would be: Most
genes contain the information for making one polypep-
tide. This hypothesis is correct for prokaryotes and
lower eukaryotes, but must be qualified for higher
eukaryotes, such as humans, where a gene can give rise
to different polypeptides through an alternative splicing
mechanism we will discuss in Chapter 14.
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Figure 1.11 (a) Matthew Meselson; (b) Franklin Stahl. (Sources:
(a) Courtesy Dr. Matthew Meselson. (b) Cold Spring Harbor Laboratory Archives.)

Activities of Genes

Let us now return to the question at hand: How do genes
work? This is really more than one question because genes
do more than one thing. First, they are replicated faith-
fully; second, they direct the production of RNAs and
proteins; third, they accumulate mutations and so allow
evolution. Let us look briefly at each of these activities.

How Genes Are Replicated  First of all, how is DNA rep-
licated faithfully? To answer that question, we need to
know the overall structure of the DNA molecule as it is
found in the chromosome. James Watson and Francis
Crick (Figure 1.9) provided the answer in 1953 by build-
ing models based on chemical and physical data that had
been gathered in other laboratories, primarily x-ray dif-
fraction data collected by Rosalind Franklin and Maurice
Wilkins (Figure 1.10).

Watson and Crick proposed that DNA is a double
helix—two DNA strands wound around each other. More
important, the bases of each strand are on the inside of the
helix, and a base on one strand pairs with one on the other
in a very specific way. DNA has only four different bases:
adenine, guanine, cytosine, and thymine, which we abbre-
viate A, G, C, and T. Wherever we find an A in one strand,
we always find a T in the other; wherever we find a G in
one strand, we always find a C in the other. In a sense, then,
the two strands are complementary. If we know the base
sequence of one, we automatically know the sequence of
the other. This complementarity is what allows DNA to be
replicated faithfully. The two strands come apart, and
enzymes build new partners for them using the old strands
as templates and following the Watson—Crick base-pairing
rules (A with T, G with C). This is called semiconservative
replication because one strand of the parental double helix
is conserved in each of the daughter double helices. In
1958, Matthew Meselson and Franklin Stahl (Figure 1.11)



8 Chapter 1/ A Brief History

(@

Figure 1.12 (a) Francois Jacob; (b) Sydney Brenner. (Source: (a, b)
Cold Spring Harbor Laboratory Archives.)

proved that DNA replication in bacteria follows the semi-
conservative pathway (see Chapter 20).

How Genes Direct the Production of Polypeptides Gene
expression is the process by which a cell makes a gene
product (an RNA or a polypeptide). Two steps, called
transcription and translation, are required to make a
polypeptide from the instructions in a DNA gene. In the
transcription step, an enzyme called RNA polymerase
makes a copy of one of the DNA strands; this copy is not
DNA, but its close cousin RNA. In the translation step,
this RNA (messenger RNA, or mRNA) carries the genetic
instructions to the cell’s protein factories, called ribosomes.
The ribosomes “read” the genetic code in the mRNA and
put together a protein according to its instructions.

Actually, the ribosomes already contain molecules of
RNA, called ribosomal RNA (rRNA). Francis Crick orig-
inally thought that this RNA residing in the ribosomes
carried the message from the gene. According to this the-
ory, each ribosome would be capable of making only one
kind of protein—the one encoded in its rRNA. Francois
Jacob and Sydney Brenner (Figure 1.12) had another idea:
The ribosomes are nonspecific translation machines that
can make an unlimited number of different proteins,
according to the instructions in the mRNAs that visit the
ribosomes. Experiment has shown that this idea is correct
(Chapter 3).

What is the nature of this genetic code? Marshall
Nirenberg and Gobind Khorana (Figure 1.13), working
independently with different approaches, cracked the
code in the early 1960s (Chapter 18). They found that
3 bases constitute a code word, called a codon, that
stands for one amino acid. Out of the 64 possible 3-base
codons, 61 specify amino acids; the other three are stop
signals.

Figure 1.13 Gobind Khorana (left) and Marshall Nirenberg.
(Source: Corbis/Bettmann Archive.)

The ribosomes scan a messenger RNA 3 bases at a time
and bring in the corresponding amino acids to link to the
growing polypeptide chain. When they reach a stop signal,
they release the completed polypeptide.

How Genes Accumulate Mutations Genes change in a
number of ways. The simplest is a change of one base to
another. For example, if a certain codon in a gene is GAG
(for the amino acid called glutamate), a change to GTG
converts it to a codon for another amino acid, valine. The
protein that results from this mutated gene will have a
valine where it ought to have a glutamate. This may be
one change out of hundreds of amino acids, but it can
have profound effects. In fact, this specific change has
occurred in the gene for one of the human blood proteins
and is responsible for the genetic disorder we call sickle
cell disease.

Genes can suffer more profound changes, such as dele-
tions or insertions of large pieces of DNA. Segments of
DNA can even move from one locus to another. The more
drastic the change, the more likely that the gene or genes
involved will be totally inactivated.

Gene Cloning  Since the 1970s, geneticists have learned
to isolate genes, place them in new organisms, and
reproduce them by a set of techniques collectively known
as gene cloning. Cloned genes not only give molecular
biologists plenty of raw materials for their studies, they
also can be induced to yield their protein products.
Some of these, such as human insulin or blood clotting
factors, can be very useful. Cloned genes can also be
transplanted to plants and animals, including humans.



These transplanted genes can alter the characteristics of
the recipient organisms, so they may provide powerful
tools for agriculture and for intervening in human
genetic diseases. We will examine gene cloning in detail in
Chapter 4.

SUMMARY All cellular genes are made of DNA
arranged in a double helix. This structure explains
how genes engage in their three main activities:
replication, carrying information, and collecting
mutations. The complementary nature of the two
DNA strands in a gene allows them to be replicated
faithfully by separating and serving as templates for
the assembly of two new complementary strands.
The sequence of nucleotides in a gene is a genetic
code that carries the information for making an
RNA. Most of these are messenger RNAs that carry
the information to protein-synthesizing ribosomes.
The end result is a new polypeptide chain made
according to the gene’s instructions. A change in the
sequence of bases constitutes a mutation, which can
change the sequence of amino acids in the gene’s
polypeptide product. Genes can be cloned, allowing
molecular biologists to harvest abundant supplies of
their products.

1.3 The Three Domains of Life

In the early part of the twentieth century, scientists divided
all life into two kingdoms: animal and plant. Bacteria were
considered plants, which is why we still refer to the bacte-
ria in our guts as intestinal “flora.” But after the middle of
the century, this classification system was abandoned in
favor of a five-kingdom system that included bacteria,
fungi, and protists, in addition to plants and animals.
Then in the late 1970s, Carl Woese (Figure 1.14) per-
formed sequencing studies on the ribosomal RNA genes of
many different organisms and reached a startling conclu-
sion: A class of organisms that had been classified as bacteria
have rRNA genes that are more similar to those of eukary-
otes than they are to those of classical bacteria like E. coli.
Thus, Woese named these organisms archaebacteria, to dis-
tinguish them from true bacteria, or eubacteria. However, as
more and more molecular evidence accumulated, it became
clear that the archaebacteria, despite a superficial resem-
blance, are not really bacteria. They represent a distinct
domain of life, so Woese changed their name to archaea.
Now we recognize three domains of life: bacteria, eukaryota,
and archaea. Like bacteria, archaea are prokaryotes—
organisms without nuclei—but their molecular biology is
actually more like that of eukaryotes than that of bacteria.
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Figure 1.14 Carl Woese. (Source: Courtesy U. of lll at Urbana Champaign.)

The archaea live in the most inhospitable regions of the
earth. Some of them are thermophiles (“heat-lovers”) that
live in seemingly unbearably hot zones at temperatures
above 100°C near deep-ocean geothermal vents or in hot
springs such as those in Yellowstone National Park. Others
are halophiles (halogen-lovers) that can tolerate very high
salt concentrations that would dessicate and kill other forms
of life. Still others are methanogens (“methane-producers”)
that inhabit environments such as a cow’s stomach, which
explains why cows are such a good source of methane.

In this book, we will deal mostly with the first two do-
mains, because they are the best studied. However, we will
encounter some interesting aspects of the molecular biology
of the archaea throughout this book, including details of
their transcription in Chapter 11. And in Chapter 24, we
will learn that an archaeon, Methanococcus jannaschii, was
among the first organisms to have its genome sequenced.

SUMMARY All living things are grouped into
three domains: bacteria, eukaryota, and archaea.
Although the archaea resemble the bacteria physi-
cally, some aspects of their molecular biology are
more similar to those of eukaryota.

This concludes our brief chronology of molecular biol-
ogy. Table 1.1 reviews some of the milestones. Although it is
a very young discipline, it has an exceptionally rich history,
and molecular biologists are now adding new knowledge at
an explosive rate. Indeed, the pace of discovery in molecular
biology, and the power of its techniques, has led many com-
mentators to call it a revolution. Because some of the most
important changes in medicine and agriculture over the
next few decades are likely to depend on the manipulation
of genes by molecular biologists, this revolution will touch
everyone’s life in one way or another. Thus, you are
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Table 1.1

Molecular Biology Time Line

1859
1865
1869
1900

1902
1902
1910, 1916
1913
1927
1931
1941
1944

1953

1958
1961

1966
1970

1972
1973
1977

1977

1993

1995

1996

1997
1998

2003
2005

2007

2008

2008

Charles Darwin
Gregor Mendel
Friedrich Miescher

Hugo de Vries, Carl Correns, Erich
von Tschermak

Archibald Garrod

Walter Sutton, Theodor Boveri
Thomas Hunt Morgan, Calvin Bridges
A.H. Sturtevant

H.J. Muller

Harriet Creighton, Barbara McClintock
George Beadle, E.L. Tatum

Oswald Avery, Colin McLeod,
Maclyn McCarty

James Watson, Francis Crick,
Rosalind Franklin, Maurice Wilkins

Matthew Meselson, Franklin Stahl

Sydney Brenner, Frangois Jacob,
Matthew Meselson

Marshall Nirenberg, Gobind Khorana
Hamilton Smith

Paul Berg
Herb Boyer, Stanley Cohen
Frederick Sanger

Phillip Sharp, Richard Roberts,
and others
Victor Ambros and colleagues

Craig Venter, Hamilton Smith

Many investigators

lan Wilmut and colleagues
Andrew Fire and colleagues

Many investigators
Many investigators

Craig Venter and colleagues
Jian Wang and colleagues

David Bentley and colleagues

Published On the Origin of Species

Advanced the principles of segregation and independent assortment
Discovered DNA

Rediscovered Mendel’s principles

First suggested a genetic cause for a human disease
Proposed the chromosome theory

Demonstrated that genes are on chromosomes
Constructed a genetic map

Induced mutation by x-rays

Obtained physical evidence for recombination
Proposed the one-gene/one-enzyme hypothesis
Identified DNA as the material genes are made of

Determined the structure of DNA

Demonstrated the semiconservative replication of DNA
Discovered messenger RNA

Finished unraveling the genetic code

Discovered restriction enzymes that cut DNA at specific sites, which
made cutting and pasting DNA easy, thus facilitating DNA cloning

Made the first recombinant DNA in vitro
First used a plasmid to clone DNA

Worked out methods to determine the sequence of bases in DNA
and determined the base sequence of an entire viral genome ($X174)

Discovered interruptions (introns) in genes

Discovered that a cellular microRNA can decrease gene expression
by base-pairing to an mRNA

Determined the base sequences of the genomes of two bacteria:
Haemophilus influenzae and Mycoplasma genitalium, the first genomes
of free-living organisms to be sequenced

Determined the base sequence of the genome of brewer’s yeast,
Saccharomyces cerevisiae, the first eukaryotic genome to be sequenced

Cloned a sheep (Dolly) from an adult sheep udder cell

Discovered that RNAi works by degrading mRNAs containing
the same sequence as an invading double-stranded RNA

Reported a finished sequence of the human genome

Reported the rough draft of the genome of the chimpanzee,

our closest relative

Used traditional sequencing to obtain the first sequence of an individual
human (Craig Venter).

Used “next generation” sequencing to obtain the first sequence of an
Asian (Han Chinese) human.

Used single molecule sequencing to obtain the first sequence of an
African (Nigerian) human.

embarking on a study of a subject that is not only fascinat-
ing and elegant, but one that has practical importance as
well. F. H. Westheimer, professor emeritus of chemistry at
Harvard University, put it well: “The greatest intellectual

revolution of the last 40 years may have taken place in biol-
ogy. Can anyone be considered educated today who does
not understand a little about molecular biology?” Happily,
after this course you should understand more than a little.



SUMMARY

Genes can exist in several different forms called alleles.
A recessive allele can be masked by a dominant one in
a heterozygote, but it does not disappear. It can be
expressed again in a homozygote bearing two recessive
alleles.

Genes exist in a linear array on chromosomes.
Therefore, traits governed by genes that lie on the
same chromosome can be inherited together. However,
recombination between homologous chromosomes
occurs during meiosis, so that gametes bearing
nonparental combinations of alleles can be produced.
The farther apart two genes lie on a chromosome, the
more likely such recombination between them will be.

Most genes are made of double-stranded DNA
arranged in a double helix. One strand is the comple-
ment of the other, which means that faithful gene
replication requires that the two strands separate and
acquire complementary partners. The linear sequence
of bases in a typical gene carries the information for
making a protein.

The process of making a gene product is called gene
expression. It occurs in two steps: transcription and

Suggested Readings 11

translation. In the transcription step, RNA polymerase
makes a messenger RNA, which is a copy of the infor-
mation in the gene. In the translation step, ribosomes
“read” the mRNA and make a protein according to
its instructions. Thus, a change (mutation) in a gene’s
sequence may cause a corresponding change in the
protein product.

All living things are grouped into three domains:
bacteria, eukaryota, and archaea. The archaea resemble
bacteria physically, but their molecular biology more
closely resembles that of eukaryota.
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C HAPTER 2

The Molecular Nature of Genes

efore we begin to study in detail
the structure and activities of genes, and the
experimental evidence underlying those
concepts, we need a fuller outline of the
adventure that lies before us. Thus, in this
chapter and in Chapter 3, we will flesh out
the brief history of molecular biology pre- Computer model of the DNA double helix.
© Comstock Images/Jupiter RF.
sented in Chapter 1. In this chapter we will
begin this task by considering the behavior
of genes as molecules.




2.1 The Nature of Genetic
Material

The studies that eventually revealed the chemistry of
genes began in Tubingen, Germany, in 1869. There, Friedrich
Miescher isolated nuclei from pus cells (white blood cells)
in waste surgical bandages. He found that these nuclei
contained a novel phosphorus-bearing substance that he
named nuclein. Nuclein is mostly chromatin, which is a
complex of deoxyribonucleic acid (DNA) and chromoso-
mal proteins.

By the end of the nineteenth century, both DNA and
ribonucleic acid (RNA) had been separated from the pro-
tein that clings to them in the cell. This allowed more de-
tailed chemical analysis of these nucleic acids. (Notice that
the term nucleic acid and its derivatives, DNA and RNA,
come directly from Miescher’s term nuclein.) By the begin-
ning of the 1930s, P. Levene, W. Jacobs, and others had
demonstrated that RNA is composed of a sugar (ribose)
plus four nitrogen-containing bases, and that DNA con-
tains a different sugar (deoxyribose) plus four bases. They
discovered that each base is coupled with a sugar—phosphate
to form a nucleotide. We will return to the chemical struc-
tures of DNA and RNA later in this chapter. First, let us
examine the evidence that genes are made of DNA.

Transformation in Bacteria

Frederick Griffith laid the foundation for the identification
of DNA as the genetic material in 1928 with his experi-
ments on transformation in the bacterium pneumococcus,
now known as Streptococcus pneumoniae. The wild-type
organism is a spherical cell surrounded by a mucous coat
called a capsule. The cells form large, glistening colonies,
characterized as smooth (S) (Figure 2.1a). These cells are
virulent, that is, capable of causing lethal infections upon
injection into mice. A certain mutant strain of S. pneu-
moniae has lost the ability to form a capsule. As a result, it
grows as small, rough (R) colonies (Figure 2.1b). More im-
portantly, it is avirulent; because it has no protective coat, it
is engulfed by the host’s white blood cells before it can pro-
liferate enough to do any damage.

The key finding of Griffith’s work was that heat-killed
virulent colonies of S. preumoniae could transform aviru-
lent cells to virulent ones. Neither the heat-killed virulent
bacteria nor the live avirulent ones by themselves could
cause a lethal infection. Together, however, they were
deadly. Somehow the virulent trait passed from the dead
cells to the live, avirulent ones. This transformation phe-
nomenon is illustrated in Figure 2.2. Transformation was
not transient; the ability to make a capsule and therefore to
kill host animals, once conferred on the avirulent bacteria,
was passed to their descendants as a heritable trait. In other
words, the avirulent cells somehow gained the gene for
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Figure 2.1 Variants of Streptococcus pneumoniae: (a) The large,
glossy colonies contain smooth (S) virulent bacteria; (b) the small,
mottled colonies are composed of rough (R) avirulent bacteria.
(Source: (a, b) Harriet Ephrussi-Taylor.)

virulence during transformation. This meant that the trans-
forming substance in the heat-killed bacteria was probably
the gene for virulence itself. The missing piece of the puzzle
was the chemical nature of the transforming substance.

DNA: The Transforming Material Oswald Avery, Colin
MacLeod, and Maclyn McCarty supplied the missing
piece in 1944. They used a transformation test similar to
the one that Griffith had introduced, and they took pains
to define the chemical nature of the transforming sub-
stance from virulent cells. First, they removed the protein
from the extract with organic solvents and found that the
extract still transformed. Next, they subjected it to diges-
tion with various enzymes. Trypsin and chymotrypsin,
which destroy protein, had no effect on transformation.
Neither did ribonuclease, which degrades RNA. These
experiments ruled out protein or RNA as the transforming
material. On the other hand, Avery and his coworkers
found that the enzyme deoxyribonuclease (DNase), which
breaks down DNA, destroyed the transforming ability of
the virulent cell extract. These results suggested that the
transforming substance was DNA.

Direct physical-chemical analysis supported the hypo-
thesis that the purified transforming substance was DNA.
The analytical tools Avery and his colleagues used were
the following:

1. Ultracentrifugation They spun the transforming
substance in an ultracentrifuge (a very high-speed
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Figure 2.2 Griffith’s transformation experiments. (a) Virulent strain S S. pneumoniae bacteria kill their host;
(b) avirulent strain R bacteria cannot infect successfully, so the mouse survives; (c) strain S bacteria that are
heat-killed can no longer infect; (d) a mixture of strain R and heat-killed strain S bacteria kills the mouse. The
killed virulent (S) bacteria have transformed the avirulent (R) bacteria to virulent (S).

centrifuge) to estimate its size. The material with
transforming activity sedimented rapidly (moved
rapidly toward the bottom of the centrifuge tube),
suggesting a very high molecular weight, characteris-
tic of DNA.

2. Electrophoresis They placed the transforming
substance in an electric field to see how rapidly it
moved. The transforming activity had a relatively high
mobility, also characteristic of DNA because of its
high charge-to-mass ratio.

3. Ultraviolet Absorption Spectrophotometry They
placed a solution of the transforming substance in a
spectrophotometer to see what kind of ultraviolet
(UV) light it absorbed most strongly. Its absorption
spectrum matched that of DNA. That is, the light it

absorbed most strongly had a wavelength of about
260 nanometers (nm), in contrast to protein, which
absorbs maximally at 280 nm.

4. Elementary Chemical Analysis This yielded an
average nitrogen-to-phosphorus ratio of 1.67,
about what one would expect for DNA, which is
rich in both elements, but vastly lower than the
value expected for protein, which is rich in nitrogen
but poor in phosphorus. Even a slight protein
contamination would have raised the nitrogen-to-
phosphorus ratio.

Further Confirmation These findings should have settled
the issue of the nature of the gene, but they had little imme-
diate effect. The mistaken notion, from early chemical



analyses, that DNA was a monotonous repeat of a four-
nucleotide sequence, such as ACTG-ACTG-ACTG, and so
on, persuaded many geneticists that it could not be the
genetic material. Furthermore, controversy persisted about
possible protein contamination in the transforming mate-
rial, whether transformation could be accomplished with
other genes besides those governing R and S, and even
whether bacterial genes were like the genes of higher
organisms.

Yet, by 1953, when James Watson and Francis Crick
published the double-helical model of DNA structure,
most geneticists agreed that genes were made of DNA.
What had changed? For one thing, Erwin Chargaff had
shown in 1950 that the bases were not really found in
equal proportions in DNA, as previous evidence had sug-
gested, and that the base composition of DNA varied
from one species to another. In fact, this is exactly what
one would expect for genes, which also vary from one
species to another. Furthermore, Rollin Hotchkiss had
refined and extended Avery’s findings. He purified the
transforming substance to the point where it contained
only 0.02% protein and showed that it could still change
the genetic characteristics of bacterial cells. He went on
to show that such highly purified DNA could transfer
genetic traits other than R and S.

Finally, in 1952, A.D. Hershey and Martha Chase per-
formed another experiment that added to the weight of
evidence that genes were made of DNA. This experiment
involved a bacteriophage (bacterial virus) called T2
that infects the bacterium Escherichia coli (Figure 2.3).

Figure 2.3 A false color transmission electron micrograph of T2
phages infecting an E. coli cell. Phage particles at left and top
appear ready to inject their DNA into the host cell. Another T2 phage
has already infected the cell, however, and progeny phage particles
are being assembled. The progeny phage heads are readily discernible
as dark polygons inside the host cell. (Source: © Lee Simon/Photo
Researchers, Inc.)
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(The term bacteriophage is usually shortened to phage.)
During infection, the phage genes enter the host cell and
direct the synthesis of new phage particles. The phage is
composed of protein and DNA only. The question is
this: Do the genes reside in the protein or in the DNA?
The Hershey—Chase experiment answered this question
by showing that, on infection, most of the DNA entered
the bacterium, along with only a little protein. The bulk
of the protein stayed on the outside (Figure 2.4). Be-
cause DNA was the major component that got into the
host cells, it likely contained the genes. Of course, this
conclusion was not unequivocal; the small amount of
protein that entered along with the DNA could conceiv-
ably have carried the genes. But taken together with the
work that had gone before, this study helped convince
geneticists that DNA, and not protein, is the genetic
material.

The Hershey—Chase experiment depended on radioac-
tive labels on the DNA and protein—a different label for
each. The labels used were phosphorus-32 (3P) for DNA
and sulfur-35 (>°S) for protein. These choices make sense,
considering that DNA is rich in phosphorus but phage
protein has none, and that protein contains sulfur but
DNA does not.

Hershey and Chase allowed the labeled phages to
attach by their tails to bacteria and inject their genes
into their hosts. Then they removed the empty phage
coats by mixing vigorously in a blender. Because they
knew that the genes must go into the cell, their ques-
tion was: What went in, the 3?P-labeled DNA or the
35S-labeled protein? As we have seen, it was the
DNA. In general, then, genes are made of DNA. On
the other hand, as we will see later in this chapter,

other experiments showed that some viral genes consist
of RNA.

SUMMARY Physical-chemical experiments involv-
ing bacteria and a bacteriophage showed that their
genes are made of DNA.

The Chemical Nature of Polynucleotides

By the mid-1940s, biochemists knew the fundamental
chemical structures of DNA and RNA. When they broke
DNA into its component parts, they found these con-
stituents to be nitrogenous bases, phosphoric acid, and
the sugar deoxyribose (hence the name deoxyribonucleic
acid). Similarly, RNA vyielded bases and phosphoric acid,
plus a different sugar, ribose. The four bases found in
DNA are adenine (A), cytosine (C), guanine (G), and
thymine (T). RNA contains the same bases, except that
uracil (U) replaces thymine. The structures of these bases,
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Figure 2.4 The Hershey—Chase experiment. Phage T2 contains
genes that allow it to replicate in E. coli. Because the phage is
composed of DNA and protein only, its genes must be made of
one of these substances. To discover which, Hershey and Chase
performed a two-part experiment. In the first part (a), they labeled
the phage protein with 35g (red), leaving the DNA unlabeled (black).
In the second part (b), they labeled the phage DNA with 32p (red),

shown in Figure 2.5, reveal that adenine and guanine are
related to the parent molecule, purine. Therefore, we
refer to these compounds as purines. The other bases
resemble pyrimidine, so they are called pyrimidines.
These structures constitute the alphabet of genetics.

Figure 2.6 depicts the structures of the sugars found in
nucleic acids. Notice that they differ in only one place.
Where ribose contains a hydroxyl (OH) group in the
2-position, deoxyribose lacks the oxygen and simply has
a hydrogen (H), represented by the vertical line. Hence
the name deoxyribose. The bases and sugars in RNA and
DNA are joined together into units called nucleosides
(Figure 2.7). The names of the nucleosides derive from the
corresponding bases:

DNA is labeled
specifically with 32P

Attachment of phage
to host cells

Removal of phage
coats by blending

Cell containing
32p_jabeled DNA

(b)

leaving the protein unlabeled (black). Since the phage genes must
enter the cell, the experimenters reasoned that the type of label
found in the infected cells would indicate the nature of the genes.
Most of the labeled protein remained on the outside and was
stripped off the cells by use of a blender (a), whereas most of the
labeled DNA entered the infected cells (b). The conclusion was that
the genes of this phage are made of DNA.

Base Nucleoside (RNA)  Deoxynucleoside (DNA)
Adenine  Adenosine Deoxyadenosine
Guanine  Guanosine Deoxyguanosine
Cytosine  Cytidine Deoxycytidine

Uracil Uridine Not usually found
Thymine Not usually found  (Deoxy)thymidine

Because thymine is not usually found in RNA, the
“deoxy” designation for its nucleoside is frequently
assumed, and the deoxynucleoside is simply called
thymidine. The numbering of the carbon atoms in the
sugars of the nucleosides (see Figure 2.7) is important.
Note that the ordinary numbers are used in the bases, so
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Figure 2.5 The bases of DNA and RNA. The parent bases, purine
and pyrimidine, on the left, are not found in DNA and RNA. They are
shown for comparison with the other five bases.

CHZOH OH CHZOH OH
OH OH
Ribose 2-deoxyr|bose

Figure 2.6 The sugars of nucleic acids. Note the OH in the
2-position of ribose and its absence in deoxyribose.

OH OH

Adenosine 2'-deoxythymidine

Figure 2.7 Two examples of nucleosides.

the carbons in the sugars are called by primed numbers.
Thus, for example, the base is linked to the 1'-position
of the sugar, the 2’-position is deoxy in deoxynucleosides,
and the sugars are linked together in DNA and RNA
through their 3'- and 5’-positions.

The structures in Figure 2.5 were drawn using an
organic chemistry shorthand that leaves out certain
atoms for simplicity’s sake. Figures 2.6 and 2.7 use a
slightly different convention, in which a straight line
with a free end denotes a C-H bond with a hydrogen
atom at the end. Figure 2.8 shows the structures of

2.1 The Nature of Genetic Material 17

NH, NH,
c
N\ Ve
> - | | /C—H
N ‘XN
| |
H
(a)
CH,OH OH CH,OH OH
0 ‘/o\‘
- ?\(H Hﬁ
H H
[
OH OH H

(b)

Figure 2.8 The structures of (a) adenine and (b) deoxyribose.
Note that the structures on the left do not designate most or all of
the carbons and some of the hydrogens. These designations are
included in the structures on the right, in red and blue, respectively.

adenine and deoxyribose, first in shorthand, then with
every atom included.

The subunits of DNA and RNA are nucleotides, which
are nucleosides with a phosphate group attached through
a phosphoester bond (Figure 2.9). An ester is an organic
compound formed from an alcohol (bearing a hydroxyl
group) and an acid. In the case of a nucleotide, the alcohol
group is the 5'-hydroxyl group of the sugar, and the acid
is phosphoric acid, which is why we call the ester a phos-
phoester. Figure 2.9 also shows the structure of one of the
four DNA precursors, deoxyadenosine-5’-triphosphate
(dATP). When synthesis of DNA takes place, two phos-
phate groups are removed from dATP, leaving deoxy-
adenosine-5’-monophosphate (d{AMP). The other three
nucleotides in DNA (dCMP, dGMP, and dTMP) have
analogous structures and names.

We will discuss the synthesis of DNA in detail in
Chapters 20 and 21. For now, notice the structure of the
bonds that join nucleotides together in DNA and RNA
(Figure 2.10). These are called phosphodiester bonds
because they involve phosphoric acid linked to #wo
sugars: one through a sugar 5'-group, the other through
a sugar 3'-group. You will notice that the bases have
been rotated in this picture, relative to their positions in
previous figures. This more closely resembles their geo-
metry in DNA or RNA. Note also that this trinucleotide,
or string of three nucleotides, has polarity: The top of
the molecule bears a free 5'-phosphate group, so it is
called the 5'-end. The bottom, with a free 3'-hydroxyl
group, is called the 3’-end.

Figure 2.11 introduces a shorthand way of represent-
ing a nucleotide or a DNA chain. This notation presents
the deoxyribose sugar as a vertical line, with the base
joined to the 1’-position at the top and the phospho-
diester links to neighboring nucleotides through the

'-(middle) and 5’-(bottom) positions.
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Figure 2.9 Three nucleotides. The 5'-nucleotides of deoxyadenosine are formed by phosphorylating the
5’-hydroxyl group. The addition of one phosphate results in deoxyadenosine-5’-monophosphate (dAMP).
One more phosphate yields deoxyadenosine-5'-diphosphate (dADP). Three phosphates (designated

a, B, y) give deoxyadenosine-5'-triphosphate (dATP).

(0]
H5C
5’-phosphate ’ ‘ /’I
\O N 0
~O-P-0—-CH,
\
O— O
NH,
XN
LA
N O
O0=P—-0-CH,
O,
NH,
Phosphodiester

N
bonds XN
LA J
/

3"-hydroxyl— o

Figure 2.10 A trinucleotide. This little piece of DNA contains only
three nucleotides linked together by phosphodiester bonds (red)
between the 5’- and 3’-hydroxyl groups of the sugars. The 5’-end
of this DNA is at the top, where a free 5’-phosphate group (blue) is
located; the 3’-end is at the bottom, where a free 3’-hydroxyl group
(also blue) appears. The sequence of this DNA could be read as
5'pdTpdCpdA3’. This would usually be simplified to TCA.

(a) dATP

(b) DNA strand

Figure 2.11 Shorthand DNA notation. (a) The nucleotide dATP.
This illustration highlights four features of this DNA building block:
(1) The deoxyribose sugar is represented by the vertical black line.
(2) At the top, attached to the 1'-position of the sugar is the base,
adenine (green). (3) In the middle, at the 3'-position of the sugar is

a hydroxyl group (OH, orange). (4) At the bottom, attached to the
5'-position of the sugar is a triphosphate group (purple). (b) A short DNA
strand. The same trinucleotide (TCA) illustrated in Figure 2.10 is shown
here in shorthand. Note the 5’-phosphate and the phosphodiester bonds
(purple), and the 3’-hydroxyl group (orange). According to convention,
this little piece of DNA is written 5’ to 3’ left to right.

SUMMARY DNA and RNA are chain-like mole-
cules composed of subunits called nucleotides.
The nucleotides contain a base linked to the
1’-position of a sugar (ribose in RNA or deoxyri-
bose in DNA) and a phosphate group. The phos-
phate joins the sugars in a DNA or RNA chain
through their 5’- and 3’-hydroxyl groups by phos-
phodiester bonds.

2.2 DNA Structure

All the facts about DNA and RNA just mentioned were
known by the end of the 1940s. By that time it was also
becoming clear that DNA was the genetic material and



that it therefore stood at the very center of the study of
life. Yet the three-dimensional structure of DNA was un-
known. For these reasons, several researchers dedicated
themselves to finding this structure.

Experimental Background

One of the scientists interested in DNA structure was Linus
Pauling, a theoretical chemist at the California Institute of
Technology. He was already famous for his studies on
chemical bonding and for his elucidation of the a-helix; an
important feature of protein structure. Indeed, the a-helix,
held together by hydrogen bonds, laid the intellectual
groundwork for the double-helix model of DNA proposed
by Watson and Crick. Another group trying to find the
structure of DNA included Maurice Wilkins, Rosalind
Franklin, and their colleagues at King’s College in London.
They were using x-ray diffraction to analyze the three-
dimensional structure of DNA. Finally, James Watson and
Francis Crick entered the race. Watson, still in his early
twenties, but already holding a Ph.D. degree from Indiana
University, had come to the Cavendish Laboratories in
Cambridge, England, to learn about DNA. There he met
Crick, a physicist who at age 35 was retraining as a mo-
lecular biologist. Watson and Crick performed no experi-
ments themselves. Their tactic was to use other groups’
data to build a DNA model.

Erwin Chargaff was another very important contribu-
tor. We have already seen how his 1950 paper helped
identify DNA as the genetic material, but the paper con-
tained another piece of information that was even more
significant. Chargaff’s studies of the base compositions of
DNAs from various sources revealed that the content of
purines was always roughly equal to the content of py-
rimidines. Furthermore, the amounts of adenine and thy-
mine were always roughly equal, as were the amounts of
guanine and cytosine. These findings, known as Char-
gaff’s rules, provided a valuable foundation for Watson
and Crick’s model. Table 2.1 presents Chargaff’s data.
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You will notice some deviation from the rules due to in-
complete recovery of some of the bases, but the overall
pattern is clear.

Perhaps the most crucial piece of the puzzle came
from an x-ray diffraction picture of DNA taken by
Franklin in 1952—a picture that Wilkins shared with
James Watson in London on January 30, 1953. The x-ray
technique worked as follows: The experimenter made a
very concentrated, viscous solution of DNA, then reached
in with a needle and pulled out a fiber. This was not a
single molecule, but a whole batch of DNA molecules,
forced into side-by-side alignment by the pulling action.
Given the right relative humidity in the surrounding air,
this fiber was enough like a crystal that it diffracted
x-rays in an interpretable way. In fact, the x-ray diffrac-
tion pattern in Franklin’s picture (Figure 2.12) was so
simple—a series of spots arranged in an X shape—that it
indicated that the DNA structure itself must be very sim-
ple. By contrast, a complex, irregular molecule like a pro-
tein gives a complex x-ray diffraction pattern with many
spots, rather like a surface peppered by a shotgun blast.
Because DNA is very large, it can be simple only if it has
a regular, repeating structure. And the simplest repeating
shape that a long, thin molecule can assume is a
corkscrew, or helix.

The Double Helix

Franklin’s x-ray work strongly suggested that DNA was
a helix. Not only that, it gave some important informa-
tion about the size and shape of the helix. In particular,
the spacing between adjacent bands in an arm of the X
is inversely related to the overall repeat distance in the
helix, 33.2 angstroms (33.2 A), and the spacing from the
top of the X to the bottom is inversely related to the spac-
ing (3.32 A) between the repeated elements (base pairs)
in the helix. (See Chapter 9 for information on how
Bragg’s law explains these inverse relationships.) How-
ever, even though the Franklin picture told much about

Table 2.1 Composition of DNA in Moles of Base per Mole of Phosphate

Human . Bovine
Avian
Liver Tubercle
Sperm Thymus Carcinoma Yeast Bacilli Thymus Spleen
#1 #2 #1 #2 #1 #2 #3 #1 #2
A: 0.29 0.27 0.28 0.27 0.24 0.30 0.12 0.26 0.28 0.30 0.25 0.26
T 0.31 0.30 0.28 0.27 0.25 0.29 0.11 0.25 0.24 0.25 0.24 0.24
G: 0.18 0.17 0.19 0.18 0.14 0.18 0.28 0.21 0.24 0.22 0.20 0.21
C: 0.18 0.18 0.16 0.15 0.18 0.15 0.26 0.16 0.18 0.17 0.15 0.17
Recovery: 0.96 0.92 0.91 0.87 0.76 0.92 0.77 0.88 0.94 0.94 0.84 0.88

Source: E. Chargaff “Chemical Specificity of Nucleic Acids and Mechanism of Their Enzymatic Degradation,” Experientia 6:206, 1950.
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Figure 2.12 Franklin’s x-ray picture of DNA. The regularity of this
pattern indicated that DNA is a helix. The spacing between the
bands at the top and bottom of the X gave the spacing between
elements of the helix (base pairs) as 3.32 A. The spacing between
neighboring bands in the pattern gave the overall repeat of the helix
(the length of one helical turn) as 33.2 A. (Source: Courtesy Professor
M.H.F. Wilkins, Biophysics Dept., King’s College, London.)

DNA, it presented a paradox: DNA was a helix with a
regular, repeating structure, but for DNA to serve its
genetic function, it must have an irregular sequence of
bases.

Watson and Crick saw a way to resolve this contra-
diction and satisfy Chargaff’s rules at the same time:
DNA must be a double helix with its sugar—-phosphate
backbones on the outside and its bases on the inside.
Moreover, the bases must be paired, with a purine in
one strand always across from a pyrimidine in the
other. This way the helix would be uniform; it would
not have bulges where two large purines were paired or
constrictions where two small pyrimidines were paired.
Watson has joked about the reason he seized on a dou-
ble helix: “I had decided to build two-chain models.
Francis would have to agree. Even though he was a
physicist, he knew that important biological objects
come in pairs.”

But Chargaff’s rules went further than this. They
decreed that the amounts of adenine and thymine were
equal and so were the amounts of guanine and cytosine.
This fit very neatly with Watson and Crick’s observa-
tion that an adenine-thymine base pair held together by
hydrogen bonds has almost exactly the same shape as a
guanine—cytosine base pair (Figure 2.13). So Watson
and Crick postulated that adenine must always pair
with thymine, and guanine with cytosine. This way, the
double-stranded DNA will be uniform, composed of
very similarly shaped base pairs, regardless of the
unpredictable sequence of either DNA strand by itself.

Figure 2.13 The base pairs of DNA. A guanine-cytosine pair (G-C),
held together by three hydrogen bonds (dashed lines), has almost
exactly the same shape as an adenine-thymine pair (A-T), held
together by two hydrogen bonds.

This was their crucial insight, and the key to the struc-
ture of DNA.

The double helix, often likened to a twisted ladder, is
presented in three ways in Figure 2.14. The curving sides
of the ladder represent the sugar—phosphate backbones of
the two DNA strands; the rungs are the base pairs. The
spacing between base pairs is 3.32 A, and the overall helix
repeat distance is about 33.2 A, meaning that there are
about 10 base pairs (bp) per turn of the helix. (One
angstrom [A] is one ten-billionth of a meter or one-tenth
of a nanometer [nm].) The arrows indicate that the two
strands are antiparallel. If one has 5'—3’ polarity from
top to bottom, the other must have 3'—5’ polarity from
top to bottom. In solution, DNA has a structure very sim-
ilar to the one just described, but the helix contains about
10.4 bp per turn.

Watson and Crick published the outline of their
model in the journal Nature, back-to-back with papers
by Wilkins and Franklin and their coworkers showing
the x-ray data. The Watson—Crick paper is a classic of
simplicity—only 900 words, barely over a page long. It
was published very rapidly, less than a month after it
was submitted. Actually, Crick wanted to spell out the
biological implications of the model, but Watson was
uncomfortable doing that. They compromised on a sen-
tence that is one of the greatest understatements in
scientific literature: “It has not escaped our notice that
the specific base pairing we have proposed immediately
suggests a possible copying mechanism for the genetic
material.”

As this provocative sentence indicates, Watson and
Crick’s model does indeed suggest a copying mechanism
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Figure 2.14 Three models of DNA structure. (a) The helix is
straightened out to show the base pairing in the middle. Each type of
base is represented by a different color, with the sugar-phosphate
backbones in black. Note the three hydrogen bonds in the G-C pairs
and the two in the A-T pairs. The vertical arrows beside each strand
point in the 5’—3’ direction and indicate the antiparallel nature of the
two DNA strands. The left strand runs 5’—3’, top to bottom; the right
strand runs 5’'—3’, bottom to top. The deoxyribose rings (white
pentagons with O representing oxygen) also show that the two
strands have opposite orientations: The rings in the right strand are

3.32 nm
(33.2A)

Major groove

Minor groove

inverted relative to those in the left strand. (b) The DNA double

helix is presented as a twisted ladder whose sides represent the
sugar—-phosphate backbones of the two strands and whose rungs
represent base pairs. The curved arrows beside the two strands
indicate the 5’ —3’ orientation of each strand, further illustrating that
the two strands are antiparallel. (c) A space-filling model. The
sugar-phosphate backbones appear as strings of dark gray, red, light
gray, and yellow spheres, whereas the base pairs are rendered as
horizontal flat plates composed of blue spheres. Note the major and
minor grooves in the helices depicted in parts (b) and (c).
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Figure 2.15 Replication of DNA. (a) For simplicity, the two
parental DNA strands (blue) are represented as parallel lines.
Step 1: During replication these parental strands separate, or unwind.
Step 2: New strands (pink) are built with bases complementary to
those of the separated parental strands. Step 3: Replication is
finished, with the parental strands totally separated and the new
strands completed. The end result is two double-stranded DNA
duplexes identical to the original. Therefore, each daughter duplex

for DNA. Because one strand is the complement of the
other, the two strands can be separated, and each can then
serve as the template for building a new partner. Figure
2.15 shows schematically how this is accomplished. Notice
how this mechanism, known as semiconservative replica-
tion, ensures that the two daughter DNA duplexes will be
exactly the same as the parent, preserving the integrity of
the genes as cells divide. In 1958, Matthew Meselson and
Franklin Stahl demonstrated that this really is how DNA
replicates (Chapter 20).

SUMMARY The DNA molecule is a double helix,
with sugar—phosphate backbones on the outside
and base pairs on the inside. The bases pair in a
specific way: adenine (A) with thymine (T), and
guanine (G) with cytosine (C). The replication of
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gets one parental strand (blue) and one new strand (pink). Because
only one parental strand is conserved in each of the daughter
duplexes, this mechanism of replication is called semiconservative.
(b) A more realistic portrayal of the same process. Here the strands
are shown in a double helix instead of as parallel lines. Notice again

that two daughter duplexes are generated, each with one parental
strand (blue) and one new strand (pink).

DNA is semiconservative, with each strand serv-
ing as the template for building a complementary
partner.

2.3 Genes Made of RNA

The genetic system explored by Hershey and Chase was a
phage, a bacterial virus. A virus particle by itself is essen-
tially just a package of genes. It has no life of its own, no
metabolic activity; it is inert. But when the virus infects a
host cell, it seems to come to life. Suddenly the host cell
begins making viral proteins. Then the viral genes are rep-
licated and the newly made genes, together with viral coat
proteins, assemble into progeny virus particles. Because of



their behavior as inert particles outside, but life-like agents
inside their hosts, viruses resist classification. Some scien-
tists refer to them as “living things” or even “organisms.”
Others prefer a label that, although more cumbersome, is
also more descriptive of a virus’s less-than-living status:
infectious agent.

All true organisms and some viruses contain genes
made of DNA. But other viruses, including several phages,
plant and animal viruses (e.g., HIV, the AIDS virus), have
RNA genes. Sometimes viral RNA genes are double-
stranded, but usually they are single-stranded.

We have already encountered one famous example of
the use of viruses in molecular biology research. We will
see many more in subsequent chapters. In fact, without
viruses, the field of molecular biology would be immeasur-
ably poorer.

SUMMARY Certain viruses contain genes made of
RNA instead of DNA.
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2.4 Physical Chemistry
of Nucleic Acids

DNA and RNA molecules can assume several different
structures. Let us examine these and the behavior of DNA
under conditions that encourage the two strands to sepa-
rate and then come together again.

A Variety of DNA Structures

The structure for DNA proposed by Watson and Crick
(see Figure 2.14) represents the sodium salt of DNA in a
fiber produced at very high relative humidity (92%). This
is called the B form of DNA. Although it is probably close
to the conformation of most DNA in the cell, it is not the
only conformation available to double-stranded nucleic
acids. If we reduce the relative humidity surrounding the
DNA fiber to 75%, the sodium salt of DNA assumes the
A form (Figure 2.16a). This differs from the B form
(Figure 2.16b) in several respects. Most obviously, the
plane of a base pair is no longer roughly perpendicular to
the helical axis, but tilts 20 degrees away from horizontal.

Figure 2.16 Computer graphic models of A-, B-, and Z-DNA.
(a) A-DNA. Note the base pairs (blue), whose tilt up from right

to left is especially apparent in the major grooves at the top and
near the bottom. Note also the right-handed helix traced by the
sugar—-phosphate backbone (red). (b) B-DNA. Note the familiar right-

handed helix, with roughly horizontal base pairs. (c) Z-DNA. Note
the left-handed helix. All these DNAs are depicted with the same
number of base pairs, emphasizing the differences in compactness
of the three DNA forms. (Source: Courtesy Fusao Takusagawa.)
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Table 2.2 Forms of DNA

Inclination of
Base Pair from

. Horizontal

Form Pitch A Residues per Turn (degrees)
A 24.6 10.7 +19
B 33.2 ~10 -1.2
z 45.6 12 -9

Also, the A helix packs in 10.7 bp per helical turn instead
of the 10 found in the B form crystal structure, and each
turn occurs in only 24.6 instead of 33.2 A. This means
that the pitch, or distance required for one complete turn
of the helix, is only 24.6 instead of 33.2 A, as in B-DNA.
A hybrid polynucleotide containing one DNA and one
RNA strand assumes the A form in solution, as does a
double-stranded RNA. Table 2.2 presents these helical pa-
rameters for A and B form DNA, and for a left-handed
Z-form of DNA, discussed in the next paragraph.

Both the A and B form DNA structures are right-
handed: The helix turns clockwise away from you whether
you look at it from the top or the bottom. Alexander Rich
and his colleagues discovered in 1979 that DNA does not
always have to be right-handed. They showed that double-
stranded DNA containing strands of alternating purines
and pyrimidines (e.g., poly[dG-dC] - poly[dG-dC]):

—GCGCGCGC—
—CGCGCGCG—

can exist in an extended left-handed helical form. Because
of the zigzag look of this DNA’s backbone when viewed
from the side, it is often called Z-DNA. Figure 2.16¢ pre-
sents a picture of Z-DNA. The helical parameters of this
structure are given in Table 2.2. Although Rich discovered
Z-DNA in studies of model compounds like poly[dG-dC] -
poly[dG-dC], this structure seems to be more than just a
laboratory curiosity. Evidence suggests that living cells con-
tain a small proportion of Z-DNA. Moreover, Keji Zhao
and colleagues discovered in 2001 that activation of at
least one gene requires that a regulatory sequence switch to
the Z-DNA form.

SUMMARY In the cell, DNA may exist in the com-
mon B form, with base pairs horizontal. A small
fraction of the DNA may assume an extended left-
handed helical form called Z-DNA (at least in
eukaryotes). An RNA-DNA hybrid assumes a third
helical shape, called the A form, with base pairs
tilted away from the horizontal.

Separating the Two Strands of a DNA Double Helix
Although the ratios of G to C and A to T in an organism’s
DNA are fixed, the GC content (percentage of G + C) can
vary considerably from one DNA to another. Table 2.3
lists the GC contents of DNAs from several organisms
and viruses. The values range from 22-73%, and these
differences are reflected in differences in the physical
properties of DNA.

When a DNA solution is heated enough, the noncova-
lent forces that hold the two strands together weaken and
finally break. When this happens, the two strands come
apart in a process known as DNA denaturation, or DNA
melting. The temperature at which the DNA strands are
half denatured is called the melting temperature, or Ty,.
Figure 2.17 contains a melting curve for DNA from Strep-
tococcus pneumoniae. The amount of strand separation, or
melting, is measured by the absorbance of the DNA
solution at 260 nm. Nucleic acids absorb light at this

Table 2.3 Relative G + C Contents
of Various DNAs

Sources of DNA Percent (G + C)
Dictyostelium (slime mold) 22
Streptococcus pyogenes 34
Vaccinia virus 36
Bacillus cereus 37
B. megaterium 38
Haemophilus influenzae 39
Saccharomyces cerevisiae 39
Calf thymus 40
Rat liver 40
Bull sperm 41
Streptococcus pneumoniae 42
Wheat germ 43
Chicken liver 43
Mouse spleen 44
Salmon sperm 44
B. subtilis 44
T1 bacteriophage 46
Escherichia coli 51
T7 bacteriophage 51
T3 bacteriophage 53
Neurospora crassa 54
Pseudomonas aeruginosa 68
Sarcina lutea 72
Micrococcus lysodeikticus 72
Herpes simplex virus 72
Mycobacterium phlei 73

Source: From Davidson, The Biochemistry of the Nucleic Acids, 8th ed. revised
by Adams et al., Lippencott.
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Figure 2.17 Melting curve of Streptococcus pneumoniae DNA.
The DNA was heated, and its melting was measured by the increase
in absorbance at 260 nm. The point at which the melting is half
complete is the melting temperature, or T,;,. The Ty, for this DNA
under these conditions is about 85°C. (Adapted from P. Doty, The

Harvey Lectures 55:121, 1961.)

wavelength because of the electronic structure in their
bases, but when two strands of DNA come together, the
close proximity of the bases in the two strands quenches
some of this absorbance. When the two strands separate,
this quenching disappears and the absorbance rises 30-40%.
This is called the hyperchromic shift. The precipitous rise
in the curve shows that the strands hold fast until the tem-
perature approaches the T, and then rapidly let go.

The GC content of a DNA has a significant effect on its
T In fact, as Figure 2.18 shows, the higher a DNAs GC
content, the higher its T,,. Why should this be? Recall that
one of the forces holding the two strands of DNA together
is hydrogen bonding. Remember also that G-C pairs form
three hydrogen bonds, whereas A-T pairs have only two. It
stands to reason, then, that two strands of DNA rich in
G and C will hold to each other more tightly than those of
AT-rich DNA. Consider two pairs of embracing centipedes.
One pair has 200 legs each, the other 300. Naturally the
latter pair will be harder to separate.

Heating is not the only way to denature DNA. Organic
solvents such as dimethyl sulfoxide and formamide, or high
pH, disrupt the hydrogen bonding between DNA strands
and promote denaturation. Lowering the salt concentration
of the DNA solution also aids denaturation by removing
the ions that shield the negative charges on the two strands
from each other. At very low ionic strength, the mutually
repulsive forces of these negative charges are strong enough
to denature the DNA at a relatively low temperature.

The GC content of a DNA also affects its density.
Figure 2.19 shows a direct, linear relationship between
GC content and density, as measured by density gradi-
ent centrifugation in a CsCl solution (see Chapter 20).
Part of the reason for this dependence of density on
base composition seems to be real: the larger molar volume
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Figure 2.18 Relationship between DNA melting temperature and
GC content. AT-DNA refers to synthetic DNAs composed exclusively
of Aand T (GC content = 0). (Adapted from P. Doty, The Harvey Lectures
55:121, 1961.)
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Figure 2.19 Relationship between the GC contents and densities
of DNAs from various sources. AT-DNA is a synthetic DNA that is
pure A + T; its GC content is therefore zero. (Adapted from P. Doty, The
Harvey Lectures 55:121, 1961.)
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of an A-T base pair, compared with a G-C base pair.
But part may be an artifact of the method of measuring
density using CsCl: A G-C base pair seems to have a
greater tendency to bind to CsCl than does an A-T base
pair. This makes its density seem even higher than it
actually is.

SUMMARY The GC content of a natural DNA can
vary from less than 25% to almost 75%. This can
have a strong effect on the physical properties of the
DNA, in particular on its melting temperature and
density, each of which increases linearly with GC
content. The melting temperature (Ty,) of a DNA
is the temperature at which the two strands are
half-dissociated, or denatured. Low ionic strength,
high pH, and organic solvents also promote DNA
denaturation.

Reuniting the Separated DNA Strands Once the two
strands of DNA separate, they can, under the proper
conditions, come back together again. This is called
annealing or renaturation. Several factors contribute to
renaturation efficiency. Here are three of the most
important:

1. Temperature The best temperature for renaturation
of a DNA is about 25°C below its Ty,. This temper-
ature is low enough that it does not promote dena-
turation, but high enough to allow rapid diffusion
of DNA molecules and to weaken the transient
bonding between mismatched sequences and short
intrastrand base-paired regions. This suggests that
rapid cooling following denaturation would prevent
renaturation. Indeed, a common procedure to
ensure that denatured DNA stays denatured is to
plunge the hot DNA solution into ice. This is called
quenching.

2. DNA Concentration The concentration of DNA in
the solution is also important. Within reasonable
limits, the higher the concentration, the more likely
it is that two complementary strands will encounter
each other within a given time. In other words, the
higher the concentration, the faster the annealing.

3. Renaturation Time Obviously, the longer the time
allowed for annealing, the more will occur.

SUMMARY Separated DNA strands can be induced
to renature, or anneal. Several factors influence an-
nealing; among them are (1) temperature, (2) DNA
concentration, and (3) time.

Denature +
%

YINONING

Double-stranded DNA RNA

Hybridize

Figure 2.20 Hybridizing DNA and RNA. First, the DNA at upper left
is denatured to separate the two DNA strands (blue). Then the DNA
strands are mixed with a strand of RNA (red) that is complementary
to one of the DNA strands. This hybridization reaction is carried out
at a relatively high temperature, which favors RNA-DNA hybridization
over DNA-DNA duplex formation. This hybrid has one DNA strand
(blue) and one RNA strand (red).

Hybridization of Two Different Polynucleotide Chains
So far, we have dealt only with two separated DNA
strands simply getting back together again, but other
possibilities exist. Consider, for example, a strand of DNA
and a strand of RNA getting together to form a double
helix. This could happen if one separated the two strands
of a gene, and placed it together with an RNA strand
complementary to one of the DNA strands (Figure 2.20).
We would not refer to this as annealing; instead, we would
call it hybridization because we are putting together a
hybrid of two different nucleic acids. The two chains do
not have to be as different as DNA and RNA. If we put
together two different strands of DNA having comple-
mentary, or nearly complementary, sequences we could
still call it hybridization—as long as the strands are of dif-
ferent origin. The difference between the two complemen-
tary strands may be very subtle; for example, one may be



radioactive and the other not. As we will see later in this
book, hybridization is an extremely valuable technique.
In fact, it would be difficult to overestimate the impor-
tance of hybridization to molecular biology.

DNAs of Various Sizes and Shapes

Table 2.4 shows the sizes of the haploid genomes of several
organisms and viruses. The sizes are expressed three ways:
molecular weight, number of base pairs, and length. These
are all related, of course. We already know how to convert
number of base pairs to length, because about 10.4 bp
occur per helical turn, which is 33.2 A long. To convert base
pairs to molecular weight, we simply need to multiply by
660, which is the approximate molecular weight of one
average nucleotide pair.

How do we measure these sizes? For small DNAs, this
is fairly easy. For example, consider phage PM2 DNA,
which contains a double-stranded, circular DNA. How do
we know it is circular? The most straightforward way to
find out is simply by looking at it. We can do this using an
electron microscope, but first we have to treat the DNA so
that it stops electrons and will show up in a micrograph
just as bones stop x-rays and therefore show up in an
x-ray picture. The most common way of doing this is by
shadowing the DNA with a heavy metal such as platinum.

Table 2.4 Sizes of Various DNAs
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One places the DNA on an electron microscope grid and
bombards it with minute droplets of metal from a shallow
angle. This makes the metal pile up beside the DNA like
snow behind a fence. One rotates the DNA on the grid so
it becomes shadowed all around. Now the metal will stop
the electrons in the electron microscope and make the
DNA appear as light strings against a darker background.
Printing reverses this image to give a picture such as
Figure 2.21, which is an electron micrograph of PM2 DNA
in two forms: an open circle (lower left) and a supercoil
(upper right), in which the DNA coils around itself rather
like a twisted rubber band. We can also use pictures like
these to measure the length of the DNA. This is more
accurate if we include a standard DNA of known length
in the same picture.

The size of a DNA can also be estimated by gel electro-
phoresis, a topic we will discuss in Chapter 5.

SUMMARY Natural DNAs come in sizes ranging
from several kilobases to thousands of megabases.
The size of a small DNA can be estimated by elec-
tron microscopy. This technique can also reveal
whether a DNA is circular or linear, and whether it
is supercoiled.

Source Molecular Weight Base Pairs (bp) Length
Viruses and Mitochondria:

SV40 (mammalian tumor virus) 3.5 x 10° 5226 1.7 um
Bacteriophage ¢X174 (double-stranded form) 3.2x108 5386 1.8 um
Bacteriophage A 3.3x 107 4.85 x 10* 13 um
Bacteriophage T2 or T4 1.3 x 108 2x10° 50 um
Human mitochondria 9.5 x 10° 16,596 5um
Bacteria:

Haemophilus influenzae 1.2 x10° 1.83 x 108 620 um
Escherichia coli 3.1 x10° 4.64 x 10° 1.6 mm
Salmonella typhimurium 8 x 10° 1.1 x 107 3.8 mm
Eukaryotes (content per haploid nucleus):

Saccharomyces cerevisiae (yeast) 7.9 x 10° 1.2 x 107 4.1 mm
Neurospora crassa (pink bread mold) ~1.9x 10" =~2.7 x 10’ =~9.2 mm
Drosophila melanogaster (fruit fly) ~1.2x 10" ~1.8 x 108 ~6.0 cm
Mus musculus (mouse) ~1.5x 10" ~2.2 x 10° ~750 cm
Homo sapiens (human) ~2.3x 10" ~3.2 x 10° =1.1m
Zea mays (corn, or maize) ~4.4 x 10" ~6.6 x 10° =2.2m
Rana pipiens (frog) ~1.4x10" ~2.3x10'° ~7.7m
Lilium longiflorum (lily) ~2x10™ ~3x 10" ~100 m
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Figure 2.21 Electron micrograph of phage PM2 DNA. The open
circular form is shown on the lower left and the supercoiled form is
shown at the upper right. (Source: © Jack Griffith.)

The Relationship Between DNA Size and Genetic Capacity
How many genes are in a given DNA? It is impossible to
tell just from the size of the DNA, because we do not
know how much of a given DNA is devoted to genes and
how much is space between genes, or even intervening
sequences within genes. We can, however, estimate an
upper limit on the number of genes a DNA can hold. We
start with the assumption that the genes we are discussing
here are those that encode proteins. In Chapter 3 and
other chapters, we will see that many genes simply encode
RNAs, but we are ignoring them here. We also assume
that an average protein has a molecular mass of about
40,000 D. How many amino acids does this represent?
The molecular masses of amino acids vary, but they
average about 110 D. To simplify our calculation, let us
assume that the average is 110. That means our average
protein contains 40,000/110, or about 364 amino acids.
Because each amino acid requires 3 bp of DNA to code
for it, a protein containing 364 amino acids needs a gene
of about 1092 bp.

Consider a few of the DNAs listed in Table 2.4. The
E. coli chromosome contains 4.6 X 10° bp, so it could
encode about 4200 average proteins. Phage \, which infects
E. coli, has only 4.85 x 10% bp, so it can code for only
about 44 proteins. One of the smallest double-stranded
DNAs on the list, belonging to the phage $X174, has
a mere 5375 bp. In principle, that is only enough to code

for about five proteins, but the phage squeezes in some
extra information by overlapping its genes.

DNA Content and the C-Value Paradox You would
probably predict that complex organisms such as verte-
brates need more genes than simple organisms like yeast.
Therefore, they should have higher C-values, or DNA con-
tent per haploid cell. In general, your prediction would be
right; mouse and human haploid cells contain more than
100 times more DNA than yeast haploid cells. Further-
more, yeast cells have about five times more DNA than
E. coli cells, which are even simpler. However, this correspon-
dence between an organism’s physical complexity and the
DNA content of its cells is not perfect. Consider, for ex-
ample, the frog. Intuitively, you would not suspect that an
amphibian would have a higher C-value than a human, yet
the frog has seven times more DNA per cell. Even more
dramatic is the fact that the lily has 100 times more DNA
per cell than a human.

This perplexing situation is called the C-value paradox.
It becomes even more difficult to explain when we look at
organisms within a group. For example, some amphibian
species have C-values 100 times higher than those of oth-
ers, and the C-values of flowering plants vary even more
widely. Does this mean that one kind of higher plant has
100 times more genes than another? That is simply unbe-
lievable. It would raise questions about what all those extra
genes are good for and why we do not notice tremendous
differences in physical complexity among these organisms.
The more plausible explanation of the C-value paradox is
that organisms with extraordinarily high C-values simply
have a great deal of extra, noncoding DNA. The function,
if any, of this extra DNA is still mysterious.

In fact, even mammals have much more DNA than they
need for genes. Applying our simple rule (dividing the num-
ber of base pairs by 1090) to the human genome yields an
estimate of about 3 million for the maximum number of
genes, which is far too high.

In fact, the finished version of the human genome sug-
gests that there are only about 20-25,000 genes. This means
that human cells contain more than 100 times more DNA
than they apparently need. Much of this extra DNA is found
in intervening sequences within eukaryotic genes (Chapter 14).
The rest is in noncoding regions outside of genes.

SUMMARY There is a rough correlation between
the DNA content and the number of genes in a cell
or virus. However, this correlation breaks down in
several cases of closely related organisms where the
DNA content per haploid cell (C-value) varies
widely. This C-value paradox is probably explained,
not by extra genes, but by extra noncoding DNA in
some organisms.



SUMMARY

Genes of all true organisms are made of DNA; certain
viruses have genes made of RNA. DNA and RNA are
chain-like molecules composed of subunits called
nucleotides. DNA has a double-helical structure with
sugar—phosphate backbones on the outside and base
pairs on the inside. The bases pair in a specific way:
adenine (A) with thymine (T) and guanine (G) with
cytosine (C). When DNA replicates, the parental strands
separate; each then serves as the template for making a
new, complementary strand.

The G + C content of a natural DNA can vary from
22-73%, and this can have a strong effect on the physical
properties of DNA, particularly its melting temperature.
The melting temperature (Ty,) of a DNA is the temperature
at which the two strands are half-dissociated, or denatured.
Separated DNA strands can be induced to renature, or
anneal. Complementary strands of polynucleotides (either
RNA or DNA) from different sources can form a double
helix in a process called hybridization. Natural DNAs vary
widely in length. The size of a small DNA can be estimated
by electron microscopy.

A rough correlation occurs between the DNA content
and the number of genes in a cell or virus. However, this
correlation does not hold in several cases of closely related
organisms in which the DNA content per haploid cell
(C-value) varies widely. This C-value paradox is probably
explained by extra noncoding DNA in some organisms.

REVIEW QUESTIONS

1. Compare and contrast the experimental approaches used
by Avery and colleagues, and by Hershey and Chase, to
demonstrate that DNA is the genetic material.

2. Draw the general structure of a deoxynucleoside
monophosphate. Show the sugar structure in detail and
indicate the positions of attachment of the base and the
phosphate. Also indicate the deoxy position.

3. Draw the structure of a phosphodiester bond linking two
nucleotides. Show enough of the two sugars that the sugar
positions involved in the phosphodiester bond are clear.

4. Which DNA purine forms three H bonds with its partner in
the other DNA strand? Which forms two H bonds? Which
DNA pyrimidine forms three H bonds with its partner?
Which forms two H bonds?

5 The following drawings are the outlines of two DNA base
pairs, with the bases identified as a, b, ¢, and d. What are
the real identities of these bases?
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6. Draw a typical DNA melting curve. Label the axes and

point out the melting temperature.

7. Use a graph to illustrate the relationship between the GC
content of a DNA and its melting temperature. What is the
explanation for this relationship?

8. Use a drawing to illustrate the principle of nucleic acid
hybridization.

ANALYTICAL QUESTIONS

1. The double-stranded DNA genome of human herpes sim-
plex virus 1 has a molecular mass of about 1.0 X 10° kD.
(a) How many base pairs does this virus contain? (b) How many
full double-helical turns does this DNA contain? (c) How
long is this DNA in microns?

2. How many proteins of average size could be encoded in a
virus with a DNA genome having 12,000 bp, assuming no
overlap of genes?
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C HAPTER 8

An Introduction
to Gene Function

s we learned in Chapter 1, a gene
participates in three major activities:

1. A gene is a repository of information.
That is, it holds the information for mak-
ing one of the key molecules of life, an
Pl U Seguents e bases I e ik Red blood cells from a sickle cell disease patient showing one
depends directly on the sequence of obviously sickled cell (top center). © Courtesy Centers for Disease Control
bases in the gene. Most of these RNAs, e eato
in turn, serve as templates for making
other critical cellular molecules, proteins.
The production of RNAs and proteins
from a DNA blueprint is called gene
expression. Chapters 6-19 deal with
various aspects of gene expression.

. A gene can be replicated. This dupli-

cation is very faithful, so the genetic
information can be passed essentially
unchanged from generation to genera-
tion. We will discuss gene replication in
Chapters 20-21.



3. A gene can accept occasional changes, or mutations.
This allows organisms to evolve. Sometimes, these
changes involve recombination, exchange of DNA
between chromosomes or sites within a chromo-
some. A subset of recombination events involve
pieces of DNA (transposable elements) that move
from one place to another in the genome. We will deal
with recombination and transposable elements in
Chapters 22 and 23.

Chapter 3 outlines the three activities of genes
and provides some background information that will
be useful in our deeper explorations in subsequent
chapters.

3.1 Storing Information

Let us begin by examining the gene expression process,
starting with a brief overview, followed by an introduction
to protein structure and an outline of the two steps in gene
expression.

Overview of Gene Expression

As we have seen, producing a protein from information in
a DNA gene is a two-step process. The first step is syn-
thesis of an RNA that is complementary to one of the
strands of DNA. This is called transcription. In the
second step, called translation, the information in the RNA
is used to make a polypeptide. Such an informational
RNA is called a messenger RNA (mRNA) to denote the
fact that it carries information—like a message—from a
gene to the cell’s protein factories.

Like DNA and RNA, proteins are polymers—long,
chain-like molecules. The monomers, or links, in the pro-
tein chain are called amino acids. DNA and protein have
this informational relationship: Three nucleotides in the
DNA gene stand for one amino acid in a protein.

Figure 3.1 summarizes the process of expressing a
protein-encoding gene and introduces the nomenclature we
apply to the strands of DNA. Notice that the mRNA has the
same sequence (except that U’s substitute for T’) as the top
strand (blue) of the DNA. An mRNA holds the information
for making a polypeptide, so we say it “codes for” a poly-
peptide, or “encodes” a polypeptide. (Note: It is redundant
to say “encodes for” a polypeptide.) In this case, the
mRNA codes for the following string of amino acids:
methionine-serine-asparagine-alanine, which is abbreviated
Met-Ser-Asn-Ala. We can see that the codeword (or codon)
for methionine in this mRNA is the triplet AUG; similarly,
the codons for serine, asparagine, and alanine are AGU,
AAC, and GCG, respectively.
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Gene: ATGAGTAACGCG Nontemplate strand
TACTCATTGCGC Template strand

Transcription

mRNA: AUGAGUAACGCG

Translation

Protein: MetSerAsnAla

Figure 3.1 Outline of gene expression. In the first step,
transcription, the template strand (black) is transcribed into mRNA.
Note that the nontemplate strand (blue) of the DNA has the same
sequence (except for the T-U change) as the mRNA (red). In the
second step, the mRNA is translated into protein (green). This little
“gene” is only 12 bp long and codes for only four amino acids

(a tetrapeptide). Real genes are much larger.

Because the bottom DNA strand is complementary to
the mRNA, we know that it served as the template for
making the mRNA. Thus, we call the bottom strand the
template strand, or the transcribed strand. For the same
reason, the top strand is the nontemplate strand, or the non-
transcribed strand. Because the top strand in our example
has essentially the same coding properties as the corre-
sponding mRNA, many geneticists call it the coding strand.
The opposite strand would therefore be the anticoding
strand. Also, since the top strand has the same sense as the
mRNA, this same system of nomenclature refers to this top
strand as the sense strand, and to the bottom strand as the
antisense strand. However, many other geneticists use the
“coding strand” and “sense strand” conventions in exactly
the opposite way. From now on, to avoid confusion,
we will use the unambiguous terms template strand and
nontemplate strand.

Protein Structure

Because we are seeking to understand gene expression,
and because proteins are the final products of most genes,
let us take a brief look at the nature of proteins. Proteins,
like nucleic acids, are chain-like polymers of small
subunits. In the case of DNA and RNA, the links in the
chain are nucleotides. The chain links of proteins are
amino acids. Whereas DNA contains only four different
nucleotides, proteins contain 20 different amino acids.
The structures of these compounds are shown in Figure 3.2.
Each amino acid has an amino group (NHj3%), a carboxyl
group (COO7), a hydrogen atom (H), and a side chain.
The only difference between any two amino acids is in
their different side chains. Thus, it is the arrangement of
amino acids, with their distinct side chains, that gives
each protein its unique character. The amino acids join
together in proteins via peptide bonds, as shown in Figure 3.3.
This gives rise to the name polypeptide for a chain of
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Figure 3.2 Amino acid structure. (a) The general structure of an amino acid. It has both an amino group (NHz*;
red) and an acid group (COO; blue); hence the name. Its other two positions are occupied by a hydrogen (H) and a
side chain (R, green). (b) Each of the 20 different amino acids has a different side chain. All of them are illustrated
here. Three-letter and one-letter abbreviations are in parentheses.

amino acids. A protein can be composed of one or more
polypeptides.

A polypeptide chain has polarity, just as the DNA chain
does. The dipeptide (two amino acids linked together)
shown on the right in Figure 3.3 has a free amino group at

its left end. This is the amino terminus, or N-terminus. It
also has a free carboxyl group at its right end, which is the
carboxyl terminus, or C-terminus.

The linear order of amino acids constitutes a protein’s
primary structure. The way these amino acids interact
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Figure 3.3 Formation of a peptide bond. Two amino acids with side chains R and R’ combine through the
acid group of the first and the amino group of the second to form a dipeptide, two amino acids linked by a

peptide bond. One molecule of water also forms as a by-product.

Figure 3.4 An example of protein secondary structure: The
a-helix. (a) The positions of the amino acids in the helix are shown,
with the helical backbone in gray and blue. The dashed lines
represent hydrogen bonds between hydrogen and oxygen atoms on
nearby amino acids. The small white circles represent hydrogen
atoms. (b) A simplified rendition of the a-helix, showing only the
atoms in the helical backbone.

with their neighbors gives a protein its secondary structure.
The a-belix is a common form of secondary structure. It
results from hydrogen bonding among near-neighbor
amino acids, as shown in Figure 3.4. Another common
secondary structure found in proteins is the B-pleated
sheet (Figure 3.5). This involves extended protein chains,
packed side by side, that interact by hydrogen bonding.
The packing of the chains next to each other creates the

Amino
terminal

Carboxyl Amino
terminal terminal

Figure 3.5 An antiparallel B-sheet. Two polypeptide chains are
arranged side by side, with hydrogen bonds (dashed lines) between
them. The green and white planes show that the 3-sheet is pleated.
The chains are antiparallel in that the amino terminus of one and the
carboxyl terminus of the other are at the top. The arrows indicate that
the two B-strands run from amino to carboxyl terminal in opposite
directions. Parallel B-sheets, in which the B-strands run in the same
direction, also exist.
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Figure 3.6 Tertiary structure of myoglobin. The several a-helical
regions of this protein are represented by turquoise corkscrews. The
overall molecule seems to resemble a sausage, twisted into a roughly
spherical or globular shape. The heme group is shown in red, bound
to two histidines (turquoise polygons) in the protein.

sheet appearance. Silk is a protein very rich in B-pleated
sheets. A third example of secondary structure is simply a
turn. Such turns connect the a-helices and B-pleated sheet
elements in a protein.

The total three-dimensional shape of a polypeptide is
its tertiary structure. Figure 3.6 illustrates how the protein
myoglobin folds up into its tertiary structure. Elements of
secondary structure are apparent, especially the several
a-helices of the molecule. Note the overall roughly spher-
ical shape of myoglobin. Most polypeptides take this
form, which we call globular.

Figure 3.7 is a different representation of protein struc-
ture called a ribbon model. This model depicts the tertiary
structure of an enzyme known as guanidinoacetate methyl-
transferase (GAMT). Here we can clearly see three types of
secondary structure: a-helices, represented by helical
ribbons; B-pleated sheets, represented by flat arrows laid
side by side; and turns between the structural elements,
represented by strings. The ball and stick figures represent
two small molecules bound to the protein. This is a stereo
diagram that you can view in three dimensions with a ste-
reo viewer, or by using the “magic eye” technique.

Both myoglobin and GAMT are composed of a single,
more or less globular, structure, but other proteins can
contain more than one compact structural region. Each of
these regions is called a domain. Antibodies (the proteins
that white blood cells make to repel invaders) provide a
good example of domains. Each of the four polypeptides in
the IgG-type antibody contains globular domains, as

Figure 3.7 Tertiary structure of guanidinoacetate
methyltransferase (GAMT). Secondary structure elements, including
a-helices (coiled ribbons), 3-pleated sheets (humbered flat arrows),
and turns (strings) are apparent. The two bound molecules (ball and

stick figures) are guanidinoacetate (left) and S-adenosylhomocysteine
(right). Guanidinoacetate is one of the substrates of the enzyme and
S-adenosylhomocysteine is a product inhibitor. (Source: Reprinted with
permission from Fusao Takusagawa, University of Kansas.)
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Figure 3.8 The globular domains of an immunoglobulin.

(a) Schematic diagram, showing the four polypeptides that constitute
the immunoglobulin: two light chains (L) and two heavy chains (H).
The light chains each contain two globular regions, and the heavy
chains have four globular domains apiece. (b) Space-filling model of
an immunoglobulin. The colors correspond to those in part (a). Thus,
the two H chains are in peach and blue; the L chains are in green
and yellow. A complex sugar attached to the protein is shown in
gray. Note the globular domains in each of the polypeptides. Also
note how the four polypeptides fit together to form the quaternary
structure of the protein.

shown in Figure 3.8. When we study protein-DNA bind-
ing in Chapter 9, we will see that domains can contain
common structural-functional motifs. For example, a
finger-shaped motif called a zinc finger is involved in DNA
binding. Figure 3.8 also illustrates the highest level of pro-
tein structure—quaternary structure—which is the way two
or more individual polypeptides fit together in a complex
protein. It has long been assumed that a protein’s amino
acid sequence determines all of its higher levels of structure,
much as the linear sequence of letters in this book deter-
mines word, sentence, and paragraph structure. However,
this analogy is an oversimplification. Most proteins cannot
fold properly by themselves outside their normal cellular
environment. Some cellular factors besides the protein itself
seem to be required in these cases, and folding often must
occur during synthesis of a polypeptide.

What forces hold a protein in its proper shape? Some of
these are covalent bonds, but most are noncovalent. The
principal covalent bonds within and between polypeptides
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are disulfide (S-S) bonds between cysteines. The noncova-
lent bonds are primarily hydrophobic and hydrogen bonds.
Predictably, hydrophobic amino acids cluster together
in the interior of a polypeptide, or at the interface be-
tween polypeptides, so they can avoid contact with water
(hydrophobic, meaning water-fearing). Hydrophobic inter-
actions play a major role in tertiary and quaternary struc-
tures of proteins.

SUMMARY Proteins are polymers of amino acids
linked through peptide bonds. The sequence of amino
acids in a polypeptide (primary structure) gives rise
to that molecule’s local shape (secondary structure),
overall shape (tertiary structure), and interaction
with other polypeptides (quaternary structure).

Protein Function

Why are proteins so important? Some proteins provide the
structure that helps give cells integrity and shape. Others
serve as hormones to carry signals from one cell to another.
For example, the pancreas secretes the hormone insulin that
signals liver and muscle cells to take up the sugar glucose
from the blood. Proteins can also bind and carry substances.
The protein hemoglobin carries oxygen from the lungs to
remote areas of the body; myoglobin stores oxygen in mus-
cle tissue until it is used. Proteins also control the activities
of genes, as we will see many times in this book. And pro-
teins serve as enzymes that catalyze the hundreds of chemi-
cal reactions necessary for life. Thus, different proteins give
different cells their distinctive functions: A pancreas islet
cell makes insulin, while a red blood cell makes hemoglo-
bin. Similarly, different organisms make different proteins:
Birds make feather proteins, and mammals make hair pro-
teins, for example. While this is part of what sets one organ-
ism apart from another, these differences are often more subtle
than you would expect, as we will see in Chapters 24 and 25.

The Relationship Between Genes and Proteins Our
knowledge of the gene—protein link dates back as far as
1902, when a physician named Archibald Garrod noticed
that a human disease, alcaptonuria, behaved as if it were
caused by a single recessive gene. Fortunately, Mendel’s
work had been rediscovered 2 years earlier and provided
the theoretical background for Garrod’s observation.
Patients with alcaptonuria excrete copious amounts of homo-
gentisic acid, which has the startling effect of coloring their
urine black. Garrod reasoned that the abnormal buildup of
this compound resulted from a defective metabolic path-
way. Somehow, a blockage somewhere in the pathway was
causing the intermediate, homogentisic acid, to accumulate
to abnormally high levels, much as a dam causes water to
accumulate behind it. Several years later, Garrod proposed
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that the problem came from a defect in the pathway that
degrades the amino acid phenylalanine (Figure 3.9).

By that time, metabolic pathways had been studied
for years and were known to be controlled by enzymes—
one enzyme catalyzing each step. Thus, it seemed that
alcaptonuria patients carried a defective enzyme. And
because the disease was inherited in a simple Mendelian
fashion, Garrod concluded that a gene must control the
enzyme’s production. When that gene is defective, it gives
rise to a defective enzyme. This suggested the crucial con-
ceptual link between genes and proteins.

George Beadle and E. L. Tatum carried this argument a
step further with their studies of a common bread mold,
Neurospora crassa, in the 1940s. They performed their experi-
ments as follows: First, they bombarded the peritheca
(spore-forming parts) of Neurospora with x-rays to cause
mutations. Then, they collected the spores from the irradiated
mold and germinated them separately to give pure strains of
mold. They screened many thousands of strains to find a few
mutants. The mutants revealed themselves by their inability
to grow on minimal medium composed only of sugar, salts,
inorganic nitrogen, and the vitamin biotin. Wild-type Neuros-
pora grows readily on such a medium; the mutants had to be
fed something extra—a vitamin, for example—to survive.

Next, Beadle and Tatum performed biochemical and
genetic analyses on their mutants. By carefully adding sub-
stances, one at a time, to the mutant cultures, they pinpointed
the biochemical defect. For example, the last step in the
synthesis of the vitamin pantothenate involves putting to-
gether the two halves of the molecule: pantoate and 3-alanine
(Figure 3.10). One “pantothenateless” mutant would grow
on pantothenate, but not on the two halves of the vitamin.
This demonstrated that the last step (step 3) in the biochem-
ical pathway leading to pantothenate was blocked, so the
enzyme that carries out that step must have been defective.

The genetic analysis was just as straightforward. Neu-
rospora is an ascomycete, in which nuclei of two different
mating types fuse and undergo meiosis to give eight hap-
loid ascospores, borne in a fruiting body called an ascus.

OH CH;0

C|>H3 2H*
H,C—C—C—COO™
2| [ I Step 2
CHj

H
HZCfo(‘:HfCfN*CHZfCHszOO_

OH CH;OH O

Pantothenate

—COO— + AMP + PPi

Figure 3.10 Pathway of pantothenate synthesis. The last step (step 3), formation of pantothenate from the
two half-molecules, pantoate (blue) and B-alanine (red), was blocked in one of Beadle and Tatum’s mutants. The

enzyme that carries out this step must have been defective.
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Figure 3.11 Sporulation in the mold Neurospora crassa. (a) Two
haploid nuclei, one wild-type (yellow) and one mutant (blue), have come
together in the immature fruiting body of the mold. (b) The two nuclei
begin to fuse. (¢) Fusion is complete, and a diploid nucleus (green) has
formed. One haploid set of chromosomes is from the wild-type nucleus,
and one set is from the mutant nucleus. (d) Meiosis occurs, producing
four haploid nuclei. If the mutant phenotype is controlled by one gene,
two of these nuclei (blue) should have the mutant allele and two (yellow)
should have the wild-type allele. (e) Finally, mitosis occurs, producing
eight haploid nuclei, each of which will go to one ascospore. Four of
these nuclei (blue) should have the mutant allele and four (yellow)
should have the wild-type allele. If the mutant phenotype is controlled
by more than one gene, the results will be more complex.

Therefore, a mutant can be crossed with a wild-type strain
of the opposite mating type to give eight spores (Figure 3.11).
If the mutant phenotype results from a mutation in a single
gene, then four of the eight spores should be mutant and
four should be wild-type. Beadle and Tatum collected the
spores, germinated them separately, and checked the phe-
notypes of the resulting molds. Sure enough, they found
that four of the eight spores gave rise to mutant molds,
demonstrating that the mutant phenotype was controlled
by a single gene. This happened over and over again, lead-
ing these investigators to the conclusion that each enzyme
in a biochemical pathway is controlled by one gene.
Subsequent work has shown that many enzymes contain
more than one polypeptide chain and that each polypeptide
is usually encoded in one gene. This is the one-gene/
one-polypeptide hypothesis. As noted in Chapter 1, this
hypothesis needs to be modified to account for, among other
things, genes, such as the tRNA and rRNA genes, that sim-
ply encode RNAs. For decades, one assumed that the number
of such genes was small—considerably less than 100. But the
twenty-first century has seen explosive growth in the dis-
covery of non-coding RNAs, which now number in the
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thousands in humans alone. Some of these RNAs may not
have any function, and so would not satisfy everyone’s defi-
nition of true gene products, but many others have demon-
strable and important functions. Thus, the very definition of
the word “gene” has become more complex and debatable.
We now recognize overlapping genes, genes-within-genes,
and fragmented genes, as well as more exotic possibilities.
We will discuss these complications later in the book. For
the remainder of this chapter, we will consider expression
of “traditional” genes—those that encode proteins.

SUMMARY Most genes contain the information for
making one polypeptide.

Discovery of Messenger RNA

The concept of a messenger RNA carrying information
from gene to ribosome developed in stages during the years
following the publication of Watson and Crick’s DNA
model. In 1958, Crick himself proposed that RNA serves as
an intermediate carrier of genetic information. He based his
hypothesis in part on the fact that the DNA resides in the
nucleus of eukaryotic cells, whereas proteins are made in
the cytoplasm. This means that something must carry the
information from one place to the other. Crick noted that
ribosomes contain RNA and suggested that this ribosomal
RNA (rRNA) is the information bearer. But rfRNA is an
integral part of ribosomes; it cannot escape. Therefore, Crick’s
hypothesis implied that each ribosome, with its own rRNA,
would produce the same kind of protein over and over.
Frangois Jacob and colleagues proposed an alternative
hypothesis calling for nonspecialized ribosomes that trans-
late unstable RNAs called messengers. The messengers are
independent RNAs that bring genetic information from the
genes to the ribosomes. In 1961, Jacob, along with Sydney
Brenner and Matthew Meselson, published their proof of
the messenger hypothesis. This study used the same bacte-
riophage (T2) that Hershey and Chase had employed
almost a decade earlier to show that genes were made of
DNA (Chapter 2). The premise of the experiments was
this: When phage T2 infects E. coli, it subverts its host from
making bacterial proteins to making phage proteins. If
Crick’s hypothesis were correct, this switch to phage
protein synthesis should be accompanied by the produc-
tion of new ribosomes equipped with phage-specific RNAs.
To distinguish new ribosomes from old, these investiga-
tors labeled the ribosomes in uninfected cells with heavy iso-
topes of nitrogen (N) and carbon (*3C). This made “old”
ribosomes heavy. Then they infected these cells with phage T2
and simultaneously transferred them to medium containing
light nitrogen ( 14N)) and carbon (*2C). Any “new” ribosomes
made after phage infection would therefore be light and
would separate from the old, heavy ribosomes during density
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Figure 3.12 Experimental test of the messenger

hypothesis. Heavy E. coli ribosomes were made by labeling the
bacterial cells with heavy isotopes of carbon and nitrogen. The
bacteria were then infected with phage T2 and simultaneously shifted
to “light” medium containing the normal isotopes of carbon and
nitrogen, plus some 3°P to make the phage RNA radioactive. (a) Crick
had proposed that ribosomal RNA carried the message for making
proteins. If this were so, then whole new ribosomes with phage-
specific ribosomal RNA would have been made after phage infection.

gradient centrifugation. Brenner and colleagues also labeled
the infected cells with **P to tag any phage RNA as it was
made. Then they asked this question: Was the radioactively
labeled phage RNA associated with new or old ribosomes?
Figure 3.12 shows that the phage RNA was found on
old ribosomes whose rRNA was made before infection
even began. Clearly, this old rRNA could not carry phage
genetic information; by extension, it was very unlikely that
it could carry host genetic information, either. Thus, the

In that case, the new 3?P-labeled RNA (green) should have moved
together with the new, light ribosomes (pink). (b) Jacob and
colleagues had proposed that a messenger RNA carried genetic
information to the ribosomes. According to this hypothesis, phage
infection would cause the synthesis of new, phage-specific messenger
RNAs that would be 3?P-labeled (green). These would associate with
old, heavy ribosomes (blue). The radioactive label would therefore
move together with the old, heavy ribosomes in the density gradient.
This was indeed what happened.

ribosomes are constant. The nature of the polypeptides
they make depends on the mRNA that associates with
them. This relationship resembles that of a DVD player and
DVD. The nature of the movie (polypeptide) depends on the
DVD (mRNA), not the player (ribosome).

Other workers had already identified a better candidate
for the messenger: a class of unstable RNAs that associate
transiently with ribosomes. Interestingly enough, in phage
T2-infected cells, this RNA had a base composition very



3.1 Storing Information 39

(Dinucleotide)

5

+ GTP
‘G
Y
AD-P-@ | )
L

(b)

Figure 3.13 Making RNA. (a) Phosphodiester bond formation in
RNA synthesis. ATP and GTP are joined together to form a
dinucleotide. Note that the phosphorus atom closest to the guanosine
is retained in the phosphodiester bond. The other two phosphates
are removed as a by-product called pyrophosphate. (b) Synthesis of
RNA on a DNA template. The DNA template at top contains the
sequence 3'-dC-dA-dT-dG-5' and extends in both directions, as
indicated by the dashed lines. To start the RNA synthesis, GTP forms

similar to that of phage DNA—and quite different from
that of bacterial DNA and RNA. This is exactly what we
would expect of phage messenger RNA (mRNA), and that
is exactly what it is. On the other hand, host mRNA, unlike
host rRNA, has a base composition similar to that of host
DNA. This lends further weight to the hypothesis that
mRNA, not rRNA, is the informational molecule.

SUMMARY Messenger RNAs carry the genetic infor-
mation from the genes to the ribosomes, which syn-
thesize polypeptides.

Transcription

As you might expect, transcription follows the same base-
pairing rules as DNA replication: T, G, C, and A in the DNA
pair with A, C, G, and U, respectively, in the RNA product.

5 . 5

a base pair with the dC nucleotide in the DNA template.

Next, UTP provides a uridine nucleotide, which forms a base

pair with the dA nucleotide in the DNA template and forms a
phosphodiester bond with the GTP. This produces the dinucleotide
GU. In the same way, a new nucleotide joins the growing RNA chain
at each step until transcription is complete. The pyrophosphate
by-product is not shown.

(Notice that uracil appears in RNA in place of thymine in
DNA.) This base-pairing pattern ensures that an RNA tran-
script is a faithful copy of the gene (Figure 3.13).

Of course, highly directed chemical reactions such
as transcription do not happen at significant rates by
themselves—they are enzyme-catalyzed. The enzyme that
directs transcription is called RNA polymerase. Figure 3.14
presents a schematic diagram of E. coli RNA polymerase
at work. Transcription has three phases: initiation, elon-
gation, and termination. The following is an outline of
these three steps in bacteria:

1. Initiation First, the enzyme recognizes a region called
a promoter, which lies just “upstream” of the gene.
The polymerase binds tightly to the promoter and
causes localized melting, or separation, of the two
DNA strands within the promoter. At least 12 bp are
melted. Next, the polymerase starts building the RNA
chain. The substrates, or building blocks, it uses for
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Figure 3.14 Transcription. (1a) In the first stage of initiation, RNA
polymerase (red) binds tightly to the promoter and “melts” a short
stretch of DNA. (1b) In the second stage of initiation, the polymerase
joins the first few nucleotides of the nascent RNA (blue) through
phosphodiester bonds. The first nucleotide retains its triphosphate
group (ppp). (2) During elongation, the melted bubble of DNA moves
with the polymerase, allowing the enzyme to “read” the bases of the
DNA template strand and make complementary RNA. (3) Termination
occurs when the polymerase reaches a termination signal, causing the
RNA and the polymerase to fall off the DNA template.

this job are the four ribonucleoside triphosphates:
ATP, GTP, CTP, and UTP. The first, or initiating,
substrate is usually a purine nucleotide. After the first
nucleotide is in place, the polymerase joins a second
nucleotide to the first, forming the initial phosphodies-
ter bond in the RNA chain. Several nucleotides may be
joined before the polymerase leaves the promoter and
elongation begins.

2. Elongation During the elongation phase of transcrip-
tion, RNA polymerase directs the sequential binding
of ribonucleotides to the growing RNA chain in the
5'—3’ direction (from the 5’-end toward the 3’-end
of the RNA). As it does so, it moves along the DNA
template, and the “bubble” of melted DNA moves with
it. This melted region exposes the bases of the template
DNA one by one so they can pair with the bases of the
incoming ribonucleotides. As soon as the transcription
machinery passes, the two DNA strands wind around
each other again, re-forming the double helix. This
points to two fundamental differences between tran-
scription and DNA replication: (a) RNA polymerase
makes only one RNA strand during transcription, which
means that it copies only one DNA strand in a
given gene. (However, the opposite strand may be

transcribed in another gene.) Transcription is therefore
said to be asymmetrical. This contrasts with semicon-
servative DNA replication, in which both DNA strands
are copied. (b) In transcription, DNA melting is limited
and transient. Only enough strand separation occurs
to allow the polymerase to “read” the DNA template
strand. However, during replication, the two parental
DNA strands separate permanently.

3. Termination Just as promoters serve as initiation signals
for transcription, other regions at the ends of genes, called
terminators, signal termination. These work in conjunc-
tion with RNA polymerase to loosen the association
between RNA product and DNA template. The result
is that the RNA dissociates from the RNA polymerase
and DNA, thereby stopping transcription.

A final, important note about conventions: RNA
sequences are usually written 5’ to 3’, left to right. This feels
natural to a molecular biologist because RNA is made in a
5’-to-3’ direction, and, as we will see, mRNA is also trans-
lated 5’ to 3'. Thus, because ribosomes read the message 5’
to 3', it is appropriate to write it 5’ to 3’ so that we can
read it like a sentence.

Genes are also usually written so that their transcrip-
tion proceeds in a left-to-right direction. This “flow” of
transcription from one end to the other gives rise to the
term upstream, which refers to the DNA close to the start
of transcription (near the left end when the gene is written
conventionally). Thus, we can describe most promoters as
lying just upstream of their respective genes. By the same
convention, we say that genes generally lie downstream of
their promoters. Genes are also conventionally written
with their nontemplate strands on top.

SUMMARY Transcription takes place in three stages:
initiation, elongation, and termination. Initiation in-
volves binding RNA polymerase to the promoter,
local melting, and forming the first few phosphodi-
ester bonds; during elongation, the RNA poly-
merase links together ribonucleotides in the 5'—3’
direction to make the rest of the RNA. Finally, in
termination, the polymerase and RNA product
dissociate from the DNA template.

Translation

The mechanism of translation is also complex and fascinat-
ing. The details of translation will concern us in later chap-
ters; for now, let us look briefly at two substances that play
key roles in translation: ribosomes and transfer RNA.

Ribosomes: Protein-Synthesizing Machines Figure 3.15
shows the approximate shapes of the E. coli ribosome and
its two subunits: the 50S and 30S subunits. The numbers
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Figure 3.15 E. coli ribosome structure. (a) The 70S ribosome is
shown from the “side” with the 30S particle (yellow) and the 50S
particle (red) fitting together. (b) The 70S ribosome is shown rotated
90 degrees relative to the view in part (a). The 30S particle (yellow)
is in front, with the 50S particle (red) behind. (Source: Lake, J. Ribosome
structure determined by electron microcopy of Escherichia coli small subunits,
large subunits, and monomeric ribosomes. J. Mol. Biol. 105 (1976), p. 155,

fig. 14, by permission of Academic Press.)

50S and 30S refer to the sedimentation coefficients of the
two subunits. These coefficients are a measure of the speed
with which the particles sediment through a solution when
spun in an ultracentrifuge. The 50S subunit, with a larger
sedimentation coefficient, migrates more rapidly to the bot-
tom of the centrifuge tube under the influence of a centrifu-
gal force. The coefficients are functions of the mass and
shape of the particles. Heavy particles sediment more rap-
idly than light ones; spherical particles migrate faster than
extended or flattened ones—just as a skydiver falls more
rapidly in a tuck position than with arms and legs extended.
The 50S subunit is actually about twice as massive as the
30S. Together, the 50S and 30S subunits compose a 708
ribosome. Notice that the numbers do not add up. This is
because the sedimentation coefficients are not proportional
to the particle mass; in fact, they are roughly proportional
to the two-thirds power of the particle mass.

Each ribosomal subunit contains RNA and protein.
The 30S subunit includes one molecule of ribosomal RNA
(rRNA) with a sedimentation coefficient of 16S, plus 21
ribosomal proteins. The 50S subunit is composed of 2
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Figure 3.16 Composition of the E. coli ribosome. The arrows

at the top denote the dissociation of the 70S ribosome into its two
subunits when magnesium ions are withdrawn. The lower arrows show
the dissociation of each subunit into RNA and protein components in
response to the protein denaturant, urea. The masses (M,, in daltons)
of the ribosome and its components are given in parentheses.

rRNAs (23S + 5S) and 34 proteins (Figure 3.16). All these
ribosomal proteins are of course gene products themselves.
Thus, a ribosome is produced by dozens of different genes.
Eukaryotic ribosomes are even more complex, with one
more rRNA and more proteins.

Note that rRNAs participate in protein synthesis but do
not code for proteins. Transcription is the only step in
expression of the genes for rRNAs, aside from some trimming
of the transcripts. No translation of these RNAs occurs.

SUMMARY Ribosomes are the cell’s protein facto-
ries. Bacteria contain 70S ribosomes with two sub-
units, called 50S and 30S. Each of these contains
ribosomal RNA and many proteins.

Transfer RNA: The Adapter Molecule The transcrip-
tion mechanism was easy for molecular biologists to pre-
dict. RNA resembles DNA so closely that it follows the
same base-pairing rules. By following these rules, RNA
polymerase produces replicas of the genes it transcribes.
But what rules govern the ribosome’s translation of
mRNA to protein? This is a true translation problem. A
nucleic acid language must be translated to a protein
language.

Francis Crick suggested the answer to this problem in a
1958 paper before much experimental evidence was available
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Figure 3.17 Cloverleaf structure of yeast tRNAPPe, At top is the
acceptor stem (red), where the amino acid binds to the 3’-terminal
adenosine. At left is the dihydro U loop (D-loop, blue), which contains
at least one dihydrouracil base. At bottom is the anticodon loop
(green), containing the anticodon. The T-loop (right, gray) contains the
virtually invariant sequence T{C. Each loop is defined by a base-paired
stem of the same color.

to back it up. What is needed, Crick reasoned, is some kind
of adapter molecule that can recognize the nucleotides in
the RNA language as well as the amino acids in the protein
language. He was right. He even noted that a type of small
RNA of unknown function might play the adapter role.
Again, he guessed right. Of course he made some bad
guesses in this paper as well, but even they were important.
By their very creativity, Crick’s ideas stimulated the research
(some from Crick’s own laboratory) that led to solutions to
the puzzle of translation.

The adapter molecule in translation is indeed a small
RNA that recognizes both RNA and amino acids; it is
called transfer RNA (tRNA). Figure 3.17 shows a
schematic diagram of a tRNA that recognizes the amino
acid phenylalanine (Phe). In Chapter 19 we will discuss the
structure and function of tRNA in detail. For the present,
the cloverleaf model, though it bears scant resemblance to
the real shape of tRNA, will serve to point out the fact
that the molecule has two “business ends.” One end (the
top of the model) attaches to an amino acid. Because this is
a tRNA specific for phenylalanine (tRNA™), only phenyl-
alanine will attach. An enzyme called phenylalanine-tRNA
synthetase catalyzes this reaction. The generic name for
such enzymes is aminoacyl-tRNA synthetase.

The other end (the bottom of the model) contains a
3-bp sequence that pairs with a complementary 3-bp

Phe

g

AAG™
uuc
mMRNA 5’ | 1] 3

—

Direction of
translation

Figure 3.18 Codon-anticodon recognition. The recognition
between a codon in an mRNA and a corresponding anticodon in a
tRNA obeys essentially the same Watson-Crick rules as apply to
other polynucelotides. Here, a 3'AAG™5’ anticodon (blue) on a
tRNAPP® is recognizing a 5’UUC3’ codon (red) for phenylalanine
in an mRNA. The G™ denotes a methylated G, which base-pairs
like an ordinary G. Notice that the tRNA is pictured backwards
(3'—5’) relative to normal convention, which is 5'—3’, left to
right. That was done to put its anticodon in the proper orientation
(83"—>5’, left to right) to base-pair with the codon, shown con-
ventionally reading 5'—3’, left to right. Remember that the two
strands of DNA are antiparallel; this applies to any double-
stranded polynucleotide, including one as small as the 3-bp
codon-anticodon pair.

sequence in an mRNA. Such a triplet in mRNA is called
a codon; naturally enough, its complement in a tRNA is
called an anticodon. The codon in question here has
attracted the anticodon of a tRNA bearing a phenylala-
nine. That means that this codon tells the ribosome to
insert one phenylalanine into the growing polypeptide.
The recognition between codon and anticodon, medi-
ated by the ribosome, obeys the same Watson—-Crick
rules as any other double-stranded polynucleotide, at
least in the case of the first two base pairs. The third pair
is allowed somewhat more freedom, as we will see in
Chapter 18.

It is apparent from Figure 3.18 that UUC is a codon for
phenylalanine. This implies that the genetic code contains
three-letter words, as indeed it does. We can predict the
number of possible 3-bp codons as follows: The number of
permutations of 4 different bases taken 3 at a time is 4°,
which is 64. But only 20 amino acids exist. Are some
codons not used? Actually, three of the possible codons (UAG,
UAA, and UGA) code for termination; that is, they tell the
ribosome to stop. All of the other codons specify amino
acids. This means that most amino acids have more than
one codon; the genetic code is therefore said to be degenerate.
Chapter 18 presents a fuller description of the code and
how it was broken.



SUMMARY Two important sites on tRNAs allow
them to recognize both amino acids and nucleic
acids. One site binds covalently to an amino acid.
The other site contains an anticodon that base-
pairs with a 3-bp codon in mRNA. The tRNAs are
therefore capable of serving the adapter role
postulated by Crick and are the key to the mech-
anism of translation.

Initiation of Protein Synthesis We have just seen that three
codons terminate translation. A codon (AUG) also usually
initiates translation. The mechanisms of these two processes
are markedly different. As we will see in Chapter 18, the three
termination codons interact with protein factors, whereas
the initiation codon interacts with a special aminoacyl-
tRNA. In eukaryotes this is methionyl-tRNA (a tRNA with
methionine attached); in bacteria it is a derivative called
N-formylmethionyl-tRNA. This is just methionyl tRNA with
a formyl group attached to the amino group of methionine.

We find AUG codons not only at the beginning of
mRNAs, but also in the middle of messages. When they are
at the beginning, AUGs serve as initiation codons, but when
they are in the middle, they simply code for methionine. The
difference is context. Bacterial messages have a special
sequence, called a Shine-Dalgarno sequence, named for its
discoverers, just upstream of the initiating AUG. The Shine—
Dalgarno sequence attracts ribosomes to the nearby AUG so
translation can begin. Eukaryotes, by contrast, do not have
Shine-Dalgarno sequences. Instead, their mRNAs have a
special methylated nucleotide called a cap at their 5’ ends. A
cap-binding protein known as eIF4E binds to the cap and
then helps attract ribosomes. We will discuss these phenom-
ena in greater detail in Chapter 17.

SUMMARY AUG is usually the initiating codon. It is
distinguished from internal AUGs by a Shine-
Dalgarno ribosome-binding sequence near the begin-
ning of bacterial mRNAs, and by a cap structure at
the 5’ end of eukaryotic mRNAs.

Translation Elongation At the end of the initiation phase of
translation, the initiating aminoacyl-tRNA is bound to a site
on the ribosome called the P site. For elongation to occur, the
ribosome needs to add amino acids one at a time to the initi-
ating amino acid. We will examine this process in detail in
Chapter 18. For the moment, let us consider a simple over-
view of the elongation process in E. coli (Figure 3.19). Elon-
gation begins with the binding of the second aminoacyl-tRNA
to another site on the ribosome called the A site. This process
requires an elongation factor called EF-Tu, where EF stands
for “elongation factor,” and energy provided by GTP.
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Next, a peptide bond must form between the two amino
acids. The large ribosomal subunit contains an enzyme
known as peptidyl transferase, which forms a peptide bond
between the amino acid or peptide in the P site (formylme-
thionine [fMet] in this case) and the amino acid part of the
aminoacyl tRNA in the A site. The result is a dipeptidyl-
tRNA in the A site. The dipeptide is composed of fMet plus
the second amino acid, which is still bound to its tRNA.
The large ribosomal RNA contains the peptidyl transferase
active center.

The third step in elongation, translocation, involves the
movement of the mRNA one codon’s length through the
ribosome. This maneuver transfers the dipeptidyl-tRNA
from the A site to the P site and moves the deacetylated
tRNA from the P site to another site, the E site, which pro-
vides an exit from the ribosome. Translocation requires
another elongation factor called EF-G and GTP.

SUMMARY Translation elongation involves three
steps: (1) transfer of an aminoacyl-tRNA to the A
site; (2) formation of a peptide bond between the
amino acid in the P site and the aminoacyl-tRNA in
the A site; and (3) translocation of the mRNA one
codon’s length through the ribosome, bringing the
newly formed peptidyl-tRNA to the P site.

Termination of Translation and mRNA Structure Three
different codons (UAG, UAA, and UGA) cause termination
of translation. Protein factors called release factors recog-
nize these termination codons (or stop codons) and cause
translation to stop, with release of the polypeptide chain.
The initiation codon at one end, and the termination codon
at the other end of a coding region of a gene identify an
open reading frame (ORF). It is called “open” because it
contains no internal termination codons to interrupt the
translation of the corresponding mRNA. The “reading
frame” part of the name refers to the way the ribosome
can read the mRNA in three different ways, or “frames,”
depending on where it starts.

Figure 3.20 illustrates the reading frame concept. This
minigene (shorter than any gene you would expect to find)
contains a start codon (ATG) and a stop codon (TAG). (Remem-
ber that these DNA codons will be transcribed to mRNA
with the corresponding codons AUG and UAG.) In between
(and including these codons) we have a short open reading
frame that can be translated to yield a tetrapeptide (a peptide
containing four amino acids): fMet-Gly-Tyr-Arg. In principle,
translation could also begin four nucleotides upstream at
another AUG, but notice that translation would be in another
reading frame, so the codons would be different: AUG, CAU,
GGG, AUA, UAG. Translation in this second reading
frame would therefore produce another tetrapeptide:
fMet-His-Gly-Ile. The third reading frame has no initiation
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Figure 3.19 Summary of translation elongation. (a) EF-Tu, with
help from GTP, transfers the second aminoacyl-tRNA to the A site.
(The P and A sites are conventionally represented on the left and
right halves of the ribosome, as indicated at top.) (b) Peptidyl
transferase, an integral part of the large rRNA in the 50S subunit,
forms a peptide bond between fMet and the second aminoacyl-
tRNA. This creates a dipeptidyl-tRNA in the A site. (c) EF-G, with
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codon. A natural mRNA may also have more than one open
reading frame, but the largest is usually the one that is used.

Figure 3.20 also shows that transcription and transla-
tion in this gene do not start and stop at the same places.
Transcription begins with the first G and translation begins

help from GTP, translocates the mRNA one codon’s length through
the ribosome. This brings codon 2, along with the peptidyl-tRNA, to
the P site, and codon 3 to the A site. It also moves the deacylated
tRNA out of the P site into the E site (not shown), from which it is
ejected. The A site is now ready to accept another aminoacyl-tRNA
to begin another round of elongation.

Figure 3.20 Simplified gene and mRNA structure. At top is a simplified
gene that begins with a transcription initiation site and ends with a
transcription termination site. In between are the translation initiation codon
and the stop codon, which define an open reading frame that can be
translated to yield a polypeptide (a very short polypeptide with only four
amino acids, in this case). The gene is transcribed to give an mRNA with a
coding region that begins with the initiation codon and ends with the
termination codon. This is the RNA equivalent of the open reading frame in
the gene. The material upstream of the initiation codon in the mRNA is the
leader, or 5'-untranslated region. The material downstream of the termination
codon in the mRNA is the trailer, or 3'-untranslated region. Note that this
gene has another open reading frame that begins four bases farther
upstream, and it codes for another tetrapeptide. Notice also that this
alternative reading frame is shifted 1 bp to the left relative to the other.

9 bp downstream at the start codon (AUG). Thus, the
mRNA produced from this gene has a 9-bp leader, which is
also called the 5’-untranslated region, or 5'-UTR. Similarly,
a trailer is present at the end of the mRNA between the
stop codon and the transcription termination site. The trailer



is also called the 3'-untranslated region, or 3’-UTR. In a
eukaryotic gene, the transcription termination site would
probably be farther downstream, but the mRNA would be
cleaved downstream of the translation stop codon and a
string of A’s [poly(A)] would be added to the 3'-end of the
mRNA. In that case, the trailer would be the stretch of RNA
between the stop codon and the poly(A).

SUMMARY Translation terminates at a stop codon
(UAG, UAA, or UGA). The genetic material includ-
ing a translation initiation codon, a coding region,
and a termination codon, is called an open reading
frame. The piece of an mRNA between its 5’-end
and the initiation codon is called a leader or 5'-UTR.
The part between the 3’-end [or the poly(A)] and the
termination codon is called a trailer or 3'-UTR.

3.2 Replication

A second characteristic of genes is that they replicate faith-
fully. The Watson—Crick model for DNA replication (intro-
duced in Chapter 2) assumes that as new strands of DNA
are made, they follow the usual base-pairing rules of A
with T and G with C. This is essential because the DNA-
replicating machinery must be capable of discerning a good
pair from a bad one, and the Watson-Crick base pairs give
the best fit. The model also presupposes that the two paren-
tal strands separate and that each then serves as a template
for a new progeny strand. This is called semiconservative

(a) Semiconservative I _ I I + I I
(b) Conservative I _— I I + I I

Figure 3.21 Three hypotheses for DNA replication.

(a) Semiconservative replication (see also Figure 2.15) gives two
daughter duplex DNAs, each of which contains one old strand
(blue-green) and one new strand (red). (b) Conservative replication
yields two daughter duplexes, one of which has two old strands
(blue-green) and one of which has two new strands (red).

(c) Dispersive replication gives two daughter duplexes, each of
which contains strands that are a mixture of old and new DNA.

(c) Dispersive
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replication because each daughter double helix has one
parental strand and one new strand (Figure 3.21a). In other
words, one of the parental strands is “conserved” in each
daughter double helix. This is not the only possibility. An-
other potential mechanism (Figure 3.21b) is conservative
replication, in which the two parental strands stay together
and somehow produce another daughter helix with two
completely new strands. Yet another possibility is dispersive
replication, in which the DNA becomes fragmented so that
new and old DNA regions coexist in the same strand after
replication (Figure 3.21c). As mentioned in Chapter 1,
Matthew Meselson and Franklin Stahl proved that DNA
really does replicate by a semiconservative mechanism.
Chapter 20 will present this experimental evidence.

3.3 Mutations

A third characteristic of genes is that they accumulate
changes, or mutations. By this process, life itself can change,
because mutation is essential for evolution. Now that we
know most genes are strings of nucleotides that code for
polypeptides, which in turn are strings of amino acids, it is
easy to see the consequences of changes in DNA. If a nucle-
otide in a gene changes, it is likely that a corresponding
change will occur in an amino acid in that gene’s protein
product. Sometimes, because of the degeneracy of the
genetic code, a nucleotide change will not affect the protein.
For example, changing the codon AAA to AAG is a muta-
tion, but it would probably not be detected because both
AAA and AAG code for the same amino acid: lysine. Such
innocuous alterations are called silent mutations. More
often, a changed nucleotide in a gene results in an altered
amino acid in the protein. This may be harmless if the
amino acid change is conservative (e.g., a leucine changed
to an isoleucine). But if the new amino acid is much differ-
ent from the old one, the change frequently impairs or
destroys the function of the protein.

Sickle Cell Disease

An excellent example of a disease caused by a defective
gene is sickle cell disease, a true genetic disorder. People
who are homozygous for this condition have normal-
looking red blood cells when their blood is rich in oxygen.
The shape of normal cells is a biconcave disc; that is, the
disc is concave viewed from both the top and bottom.
However, when these people exercise, or otherwise deplete
the oxygen in their blood, their red blood cells change dra-
matically to a sickle, or crescent, shape. This has dire con-
sequences. The sickle cells cannot fit through tiny capillaries,
so they clog and rupture them, starving parts of the body
for blood and causing internal bleeding and pain. Further-
more, the sickle cells are so fragile that they burst, leaving
the patient anemic. Without medical attention, patients
undergoing a sickling crisis are in mortal danger.
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Figure 3.22 Fingerprinting a protein. (a) A hypothetical protein, with six trypsin-sensitive sites indicated by slashes. After digestion with trypsin,
seven peptides are released. (b) These tryptic peptides separate partially during electrophoresis in the first dimension, then fully after the paper is
turned 90 degrees and chromatographed in the second dimension with another solvent.

What causes this sickling of red blood cells? The prob-
lem is in hemoglobin, the red, oxygen-carrying protein in
the red blood cells. Normal hemoglobin remains soluble
under ordinary physiological conditions, but the hemoglo-
bin in sickle cells precipitates when the blood oxygen level
falls, forming long, fibrous aggregates that distort the blood
cells into the sickle shape.

What is the difference between normal hemoglobin
(HbA) and sickle cell hemoglobin (HbS)? Vernon Ingram
answered this question in 1957 by determining the amino
acid sequences of parts of the two proteins using a process
that was invented by Frederick Sanger and is known as pro-
tein sequencing. Ingram focused on the B-globins of the two
proteins. B-globin is one of the two different polypeptide
chains found in the tetrameric (four-chain) hemoglobin pro-
tein. First, Ingram cut the two polypeptides into pieces with
an enzyme that breaks selected peptide bonds. These pieces,
called peptides, can be separated by a two-dimensional
method called fingerprinting (Figure 3.22). The peptides are
separated in the first dimension by paper electrophoresis.
Then the paper is turned 90 degrees and the peptides are
subjected to paper chromatography to separate them still
farther in the second dimension. The peptides usually appear
as spots on the paper. Different proteins, because of their
different amino acid compositions, give different patterns of
spots. These patterns are aptly named fingerprints.

When Ingram compared the fingerprints of HbA and
HbS, he found that all the spots matched except for one
(Figure 3.23). This spot had a different mobility in the
HbS fingerprint than in the normal HbA fingerprint, which
indicated that it had an altered amino acid composition.
Ingram checked the amino acid sequences of the two
peptides in these spots. He found that they were the amino-
terminal peptides located at the very beginning of both
proteins. And he found that they differed in only one amino
acid. The glutamate in the sixth position of HbA becomes
a valine in HbS (Figure 3.24). This is the only difference
in the two proteins, yet it is enough to cause a profound
distortion of the protein’s behavior.

Knowing the genetic code (Chapter 18), we can ask:
What change in the B-globin gene caused the change
Ingram detected in its protein product? The two codons for
glutamate (Glu) are GAA and GAG; two of the four
codons for valine (Val) are GUA and GUG. If the glutamate
codon in the HbA gene is GAG, a single base change to
GTG would alter the mRNA to GUG, and the amino acid
inserted into HbS would be valine instead of glutamate. A
similar argument can be made for a GAA—GTA change.
Notice that, by convention, we are presenting the DNA
strand that has the same sense as the mRNA (the nontem-
plate strand). Actually, the opposite strand (the template
strand), reading CAC, is transcribed to give a GUG
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Figure 3.23 Fingerprints of hemoglobin A and hemoglobin S.
The fingerprints are identical except for one peptide (circled), which
shifts up and to the left in hemoglobin S. (Source:Dr. Corrado Baglioni.)
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Figure 3.24 Sequences of amino-terminal peptides from normal
and sickle cell 3-globin.The numbers indicate the positions of the
corresponding amino acids in the mature protein. The only difference
is in position 6, where a valine (Val) in HbS replaces a glutamate (Glu)
in HbA.

Normal Sickle cell
. e0e(CTCeeoe . eeoeCACeee
HbA gene: eeoeGAGee e HbS gene: eeeGTGeee
MRNA: eeeGAGe e MRNA: eeeGUGe e
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Figure 3.25 The sickle cell mutation and its consequences. The
GAG in the sixth codon of the nontemplate strand of the normal gene
changes to GTG. This leads to a change from GAG to GUG in the
sixth codon of the B-globin mRNA of the sickle cells. This, in turn,
results in insertion of a valine in the sixth amino acid position of sickle
cell B-globin, where a glutamate ought to go.
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sequence in the mRNA. Figure 3.25 presents a summary of
the mutation and its consequences. We can see how chang-
ing the blueprint does indeed change the product.

Sickle cell disease is a very common problem among
people of central African descent. Why has this deleterious
mutation spread so successfully through the population?
The answer seems to be that although the homozygous
condition can be lethal, heterozygotes have little if any dif-
ficulty because their normal allele makes enough product
to keep their blood cells from sickling. Moreover, hetero-
zygotes are at an advantage in central Africa, where
malaria is rampant, because HbS helps protect against
replication of the malarial parasite when it tries to infect
their blood cells.

SUMMARY Sickle cell disease is a human genetic
disorder. It results from a single base change in the
gene for B-globin. The altered base causes insertion
of the wrong amino acid into one position of the
B-globin protein. This altered protein results in
distortion of red blood cells under low-oxygen con-
ditions. This disease illustrates a fundamental
genetic concept: a change in a gene can cause a
corresponding change in the protein product of
that gene.

SUMMARY

The three main activities of genes are information
storing, replication, and accumulating mutations.
Proteins, or polypeptides, are polymers of amino
acids linked through peptide bonds. Most genes
contain the information for making one polypeptide
and are expressed in a two-step process: transcription
or synthesis of an mRNA copy of the gene, followed
by translation of this message to protein. Translation
takes place on structures called ribosomes, the cell’s
protein factories. Translation also requires adapter
molecules called transfer RNAs (tRNAs) that can
recognize both the genetic code in mRNA and the
amino acids the mRNA encodes.

Translation elongation involves three steps:
(1) transfer of an aminoacyl-tRNA to the A site;
(2) formation of a peptide bond between the amino
acid in the P site and the aminoacyl-tRNA in the A site;
and (3) translocation of the mRNA one codon’s length
through the ribosome, bringing the newly formed
peptidyl-tRNA to the P site. Translation terminates at a
stop codon (UAG, UAA, or UGA). A region of RNA or
DNA including a translation initiation codon, a coding
region, and a termination codon, is called an open reading
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frame. The piece of an mRNA between its 5'-end and the
initiation codon is called a leader or 5'-UTR. The part
between the 3'-end [or the poly(A)] and the termination
codon is called a trailer or 3'-UTR.

DNA replicates in a semiconservative manner: When
the parental strands separate, each serves as the template
for making a new, complementary strand. A change, or
mutation, in a gene frequently causes a change at a cor-
responding position in the polypeptide product. Sickle cell
disease is an example of the deleterious effect of such
mutations.

REVIEW QUESTIONS

1. Draw the general structure of an amino acid.
2. Draw the structure of a peptide bond.

3. Use a rough diagram to compare the structures of a protein
a-helix and an antiparallel B-sheet. For simplicity, show
only the backbone atoms of the protein.

4. What do we mean by primary, secondary, tertiary, and
quaternary structures of proteins?

5. What was Garrod’s insight into the relationship between
genes and proteins, based on the disease alcaptonuria?

6. Describe Beadle and Tatum’s experimental approach to
demonstrating the relationship between genes and proteins.

7. What are the two main steps in gene expression?

8. Describe and give the results of the experiment of Jacob
and colleagues that demonstrated the existence of mRNA.

9. What are the three steps in transcription? With a diagram,
illustrate each one.

10. What ribosomal RNAs are present in E. coli ribosomes?
To which ribosomal subunit does each rRNA belong?

11. Draw a diagram of the cloverleaf structure of a tRNA.
Point out the site to which the amino acid attaches and the
site of the anticodon.

12. How does a tRNA serve as an adapter between the 3-bp
codons in mRNA and the amino acids in protein?

13. Explain how a single base change in a gene could lead to
premature termination of translation of the mRNA from
that gene.

14. Explain how a single base deletion in the middle of a gene
would change the reading frame of that gene.

15. Explain how a single base change in a gene can lead to
a single amino acid change in that gene’s polypeptide
product. Illustrate with an example.

ANALYTICAL QUESTIONS

1. Here is the sequence of a portion of a bacterial gene:

S'GTATCGTATGCATGCATCGTGAC3’
3'CATAGCATACGTACGTAGCACTGS'

The template strand is on the bottom. (a) Assuming

that transcription starts with the first T in the template

strand, and continues to the end, what would be the

sequence of the mRNA derived from this fragment?

(b) Find the initiation codon in this mRNA. (c) Would

there be an effect on translation of changing the first

G in the template strand to a C? If so, what effect?

(d) Would there be an effect on translation of changing the

second T in the template strand to a G? If so, what effect?

(e) Would there be an effect on translation of changing the

last T in the template strand to a C? If so, what effect?

(Hint: You do not need to know the genetic code to

answer these questions; you just need to know the nature

of initiation and termination codons given in this chapter.)
2. You are performing genetic experiments on Neurospora

crassa, similar to the ones Beadle and Tatum did.

You isolate one pantothenateless mutant that cannot

synthesize pantothenate unless you supply it with

pantoate. What step in the pantothenate pathway is

blocked?
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CHAPTEHR 4

Molecular Cloning Methods

ow that we have reviewed the
fundamentals of gene structure and function,
we are ready to start a more detailed study
of molecular biology. The main focus of our
investigation will be the experiments that

Close-up of bacteria in a Petri dish. Bacteria, especially E. coli, are molecular b|0|09|3ts have performed to elu-
favorite organisms in which to clone genes. © Glowimages/Getty RF. cidate the structure and function of genes.

For this reason, we need to pause at this
point to discuss some of the major experi-
mental techniques of molecular biology.
Because it would be impractical to talk about
them all at this early stage, we will deal with
the common ones in the next two chapters
and introduce the others as needed through-
out the book. We will begin in this chapter
with the technique that revolutionized the
discipline, gene cloning.

Imagine that you are a geneticist in the
year 1972. You want to investigate the func-
tion of eukaryotic genes at the molecular

level. In particular, you are curious about
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the molecular structure and function of the human
growth hormone (hGH) gene. What is the base sequence
of this gene? What does its promoter look like? How
does RNA polymerase interact with this gene? What
changes occur in this gene to cause conditions like
hypopituitary dwarfism?

These questions cannot be answered unless you
can purify enough of the gene to study—probably
about a milligram’s worth. A milligram does not
sound like much, but it is an overwhelming amount
when you imagine purifying it from whole human
DNA. Consider that the DNA involved in one hGH
gene is much less than one part per million in the
human genome. And even if you could collect that
much material somehow, you would not know how
to separate the one gene you are interested in from
all the rest of the DNA. In short, you would be stuck.

Gene cloning neatly solves these problems. By link-
ing eukaryotic genes to small bacterial or phage DNAs
and inserting these recombinant molecules into bacterial
hosts, one can produce large quantities of these genes in
pure form. In this chapter we will see how to clone genes
in bacteria and in eukaryotes.

4.1 Gene Cloning

One product of any cloning experiment is a clone, a
group of identical cells or organisms. We know that
some plants can be cloned simply by taking cuttings
(Greek: klon, meaning twig), and that others can be
cloned by growing whole plants from single cells col-
lected from one plant. Even vertebrates can be cloned.
John Gurdon produced clones of identical frogs by
transplanting nuclei from a single frog embryo to many
enucleate eggs, and a sheep named Dolly was cloned in
Scotland in 1997 using an enucleate egg and a nucleus
from an adult sheep mammary gland. Identical twins
constitute a natural clone.

The usual procedure in a gene cloning experiment is
to place a foreign gene into bacterial cells, separate
individual cells, and grow colonies from each of them.
All the cells in each colony are identical and will contain
the foreign gene. Thus, as long as we ensure that the for-
eign gene can replicate, we can clone the gene by cloning
its bacterial host. Stanley Cohen, Herbert Boyer, and
their colleagues performed the first cloning experiment
in 1973.

The Role of Restriction Endonucleases

Cohen and Boyer’s elegant plan depended on invaluable
enzymes called restriction endonucleases. Stewart Linn
and Werner Arber discovered restriction endonucleases in
E. coli in the late 1960s. These enzymes get their name
from the fact that they prevent invasion by foreign DNA,
such as viral DNA, by cutting it up. Thus, they “restrict”
the host range of the virus. Furthermore, they cut at sites
within the foreign DNA, rather than chewing it away at
the ends, so we call them endonucleases (Greek: endo,
meaning within) rather than exonucleases (Greek: exo,
meaning outside). Linn and Arber hoped that their
enzymes would cut DNA at specific sites, giving them finely
honed molecular knives with which to slice DNA.
Unfortunately, these particular enzymes did not fulfill
that hope.

However, an enzyme from Haemophilus influenzae
strain Ry, discovered by Hamilton Smith, did show
specificity in cutting DNA. This enzyme is called HindII
(pronounced Hin-dee-two). Restriction enzymes derive
the first three letters of their names from the Latin name
of the microorganism that produces them. The first
letter is the first letter of the genus and the next two
letters are the first two letters of the species (hence:
Haemophilus influenzae vyields Hin). In addition,
the strain designation is sometimes included; in this
case, the “d” from Ry is used. Finally, if the strain of
microorganism produces just one restriction enzyme,
the name ends with the Roman numeral I. If more than
one enzyme is produced, the others are numbered II, III,
and so on.

HindIl recognizes this sequence:

l
GTPyPuAC
CAPl%rPyTG

and cuts both DNA strands at the points shown by the
arrows. Py stands for either of the pyrimidines (T or C),
and Pu stands for either purine (A or G). Wherever this
sequence occurs, and only when this sequence occurs,
HindIl will make a cut. Happily for molecular biologists,
HindIl turned out to be only one of hundreds of
restriction enzymes, each with its own specific recogni-
tion sequence. Table 4.1 lists the sources and recognition
sequences for several popular restriction enzymes.
Note that some of these enzymes recognize 4-bp
sequences instead of the more common 6-bp sequences.
As a result, they cut much more frequently. This is
because a given sequence of 4 bp will occur about once in
every 4* = 256 bp, whereas a sequence of 6 bp will occur
only about once in every 4% = 4096 bp. Thus, a 6-bp
cutter will yield DNA fragments of average length about



Table 4.1

Recognition Sequences and Cutting

Sites of Selected Restriction
Endonucleases

Enzyme Recognition Sequence*
Alul AGlCT

BamHI GlGATCC
Bglll ALGATCT
Clal ATLCGAT
EcoRl GLAATTC
Haelll GGlcc

Hindll GTPylPuAC
Hindlll ALAGCTT
Hpall CclCGG

Kpnl GGTACI!C
Mbol lLGATC

Pstl CTGCALlG
Pvul CGATICG
Sall GITCGAC
Smal ccclGgaga
Xmal clCcCGGG
Notl Gclacgageccecage

*Only one DNA strand, written 5’3’ left to right is presented, but restriction
endonucleases actually cut double-stranded DNA as illustrated in the text for EcoRl.
The cutting site for each enzyme is represented by an arrow.

4000 bp, or 4 kilobases (4 kb). Some restriction
enzymes, such as Notl, recognize 8-bp sequences, so they
cut much less frequently (once in 4% = 65,000 bp); they
are therefore called rare cutters. In fact, Notl cuts even
less frequently than you would expect in mammalian
DNA, because its recognition sequence includes two
copies of the rare dinucleotide CG. Notice also that the
recognition sequences for Smal and Xmal are identical,
although the cutting sites within these sequences are
different. We call such enzymes that recognize different
sites in identical sequences heteroschizomers (Greek: betero,
meaning different; schizo, meaning split) or neoschizomers
(Greek: neo, meaning new). We call enzymes that cut at
the same site in the same sequence isoschizomers (Greek:
iso, meaning equal).

The main advantage of restriction enzymes is their
ability to cut DNA strands reproducibly in the same
places. This property is the basis of many techniques used
to analyze genes and their expression. But this is not the
only advantage. Many restriction enzymes make staggered
cuts in the two DNA strands (they are the ones with off-
center cutting sites in Table 4.1), leaving single-stranded
overhangs, or sticky ends, that can base-pair together
briefly. This makes it easier to stitch two different DNA
molecules together, as we will see. Note, for example, the
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complementarity between the ends created by EcoRI
(pronounced Eeko R-1 or Echo R-1):

1
§5'---GAATTC---3' N --G3’
3 ---CTTAAFG---S '

+ 3 "AATTC---
---CTTAAS’ 3'G---

Note also that EcoRI produces 4-base overhangs that
protrude from the 5’-ends of the fragments. PstI cuts at the
3'-ends of its recognition sequence, so it leaves 3’-overhangs.
Smal cuts in the middle of its sequence, so it produces blunt
ends with no overhangs.

Restriction enzymes can make staggered cuts because
the sequences they recognize usually display twofold
symmetry. That is, they are identical after rotating them
180 degrees. For example, imagine inverting the EcoRI
recognition sequence just described:

A
§'---GAATTC---3'
3 ’---CTTAATG---S’

You can see it will still look the same after the inversion. In
a way, these sequences read the same forward and
backward. Thus, EcoRI cuts between the G and the A in
the top strand (on the left), and between the G and the
A in the bottom strand (on the right), as shown by the
vertical arrows.

Sequences with twofold symmetry are also called
palindromes. In ordinary language, palindromes are sen-
tences that read the same forward and backward. Examples
are Napoleon’s lament: “Able was I ere I saw Elba,” or
a wart remedy: “Straw? No, too stupid a fad; I put soot
on warts,” or a statement of preference in Italian food:
“Go hang a salami! I’'m a lasagna hog.” DNA palin-
dromes also read the same forward and backward, but
you have to be careful to read the same sense (5'—3")
in both directions. This means that you read the top
strand left to right and the bottom strand right to left.

One final question about restriction enzymes: If they can
cut up invading viral DNA, why do they not destroy
the host cell’s own DNA? The answer is this: Almost all
restriction endonucleases are paired with methylases that
recognize and methylate the same DNA sites. The two
enzymes—the restriction endonuclease and the methylase—
are collectively called a restriction-modification system,
or an R-M system. After methylation, DNA sites are
protected against most restriction endonucleases so the
methylated DNA can persist unharmed in the host cell.
But what about DNA replication? Doesn’t that create
newly replicated DNA strands that are unmethylated, and
therefore vulnerable to cleavage? Figure 4.1 explains
how DNA continues to be protected during replication.
Every time the cellular DNA replicates, one strand of the
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Figure 4.1 Maintaining restriction endonuclease resistance after
DNA replication. We begin with an EcoRl site that is methylated
(red) on both strands. After replication, the parental strand of each
daughter DNA duplex remains methylated, but the newly made
strand of each duplex has not been methylated yet. The one
methylated strand in these hemimethylated DNAs is enough

to protect both strands against cleavage by EcoRI. Soon, the
methylase recognizes the unmethylated strand in each EcoRl site
and methylates it, regenerating the fully methylated DNA.

daughter duplex will be a newly made strand and will be
unmethylated. But the other will be a parental strand and
therefore be methylated. This half-methylation (hemimethyl-
ation) is enough to protect the DNA duplex against cleavage
by the great majority of restriction endonucleases, so the
methylase has time to find the site and methylate the other
strand yielding fully methylated DNA.

Cohen and Boyer took advantage of the sticky ends
created by a restriction enzyme in their cloning experi-
ment (Figure 4.2). They cut two different DNAs with the
same restriction enzyme, EcoRI. Both DNAs were
plasmids, small, circular DNAs that are independent of
the host chromosome. The first, called pSC101, carried
a gene that conferred resistance to the antibiotic tetracy-
cline; the other, RSF1010, conferred resistance to both
streptomycin and sulfonamide. Both plasmids had just
one EcoRI restriction site, or cutting site for EcoRI.
Therefore, when EcoRI cut these circular DNAs, it con-
verted them to linear molecules and left them with the

EcoRI EcoRl

O
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\LEco RI

Streptomycin®
Sulfonamide’

\LECORI

C

O

FNA ligase

Recombinant

‘ DNA '

Transform
bacteria
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Figure 4.2 The first cloning experiment involving a recombinant
DNA assembled in vitro. Boyer and Cohen cut two plasmids,
pSC101 and RSF1010, with the same restriction endonuclease, EcoRl.
This gave the two linear DNAs the same sticky ends, which were then
linked in vitro using DNA ligase. The investigators reintroduced the
recombinant DNA into E. coli cells by transformation and selected
clones that were resistant to both tetracycline and streptomycin.
These clones were therefore harboring the recombinant plasmid.

same sticky ends. These sticky ends then base-paired
with each other, at least briefly. Of course, some of this
base-pairing involved sticky ends on the same DNA,
which simply closed up the circle again. But some base-
pairing of sticky ends brought the two different DNAs
together. Finally, DNA ligase completed the task of join-
ing the two DNAs covalently. DNA ligase is an enzyme
that forms covalent bonds between the ends of DNA
strands.



The desired result was a recombinant DNA, two previ-
ously separate pieces of DNA linked together. This new,
recombinant plasmid was probably outnumbered by the
two parental plasmids that had been cut and then religated,
but it was easy to detect. When introduced into bacterial
cells, it conferred resistance to both tetracycline, a
property of pSC101, and to streptomycin, a property of
RSF1010. Recombinant DNAs abound in nature, but this
one differs from most of the others in that it was not cre-
ated naturally in a cell. Instead, molecular biologists put it
together in a test tube.

SUMMARY Restriction endonucleases recognize
specific sequences in DNA molecules and make cuts
in both strands. This allows very specific cutting of
DNAs. Also, because the cuts in the two strands are
frequently staggered, restriction enzymes can create
sticky ends that help link together two DNAs to
form a recombinant DNA in vitro.

Vectors

Both plasmids in the Cohen and Boyer experiment are
capable of replicating in E. coli. Thus, both can serve as
carriers to allow replication of recombinant DNAs. All
gene cloning experiments require such carriers, which we
call vectors, but a typical experiment involves only one
vector, plus a piece of foreign DNA that depends on the
vector for its replication. The foreign DNA has no origin
of replication, the site where DNA replication begins, so
it cannot replicate unless it is placed in a vector that does
have an origin of replication. Since the mid-1970s, many
vectors have been developed; these fall into two major
classes: plasmids and phages. Regardless of the nature of
the vector, the recombinant DNA must be introduced into
bacterial cells by transformation (Chapter 2). The tradi-
tional way to do this is to incubate the cells in a concen-
trated calcium salt solution to make their membranes
leaky, then mix these permeable cells with the DNA to
allow the DNA entrance to the leaky cells. Alternatively,
one can use high voltage to drive the DNA into cells—a
process called electroporation.

Plasmids as Vectors In the early years of the cloning era,
Boyer and his colleagues developed a set of very popular
vectors known as the pBR plasmid series. Nowadays, one
can choose from many plasmid cloning vectors besides
the pBR plasmids. One useful, though somewhat dated,
class of plasmids is the pUC series. These plasmids are
based on pBR322, from which about 40% of the DNA
has been deleted. Furthermore, the pUC vectors have
many restriction sites clustered into one small area called
a multiple cloning site (MCS). The pUC vectors contain
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an ampicillin resistance gene to allow selection for bacte-
ria that have received a copy of the vector. Moreover,
they have genetic elements that provide a convenient way
of screening for clones that have recombinant DNAs.

The multiple cloning sites of the pUC vectors lie
within a DNA sequence (called lacZ’) coding for the
amino terminal portion (the a-peptide) of the enzyme
B-galactosidase. The host bacteria used with the pUC
vectors carry a gene fragment that encodes the carboxyl
portion of B-galactosidase (the w-peptide). By themselves,
the B-galactosidase fragments made by these partial
genes have no activity. But they can complement each
other in vivo by so-called a-complementation. In other
words, the two partial gene products can associate to
form an active enzyme. Thus, when pUC18 by itself trans-
forms a bacterial cell carrying the partial B-galactosidase
gene, active B-galactosidase is produced. If these clones
are plated on medium containing a B-galactosidase indi-
cator, colonies with the pUC plasmid will turn color. The
indicator X-gal, for instance, is a synthetic, colorless
galactoside; when B-galactosidase cleaves X-gal, it releases
galactose plus an indigo dye that stains the bacterial
colony blue.

On the other hand, interrupting the plasmid’s partial
B-galactosidase gene by placing an insert into the multi-
ple cloning site usually inactivates the gene. It can no
longer make a product that complements the host cell’s
B-galactosidase fragment, so the X-gal remains colorless.
Thus, it is a simple matter to pick the clones with inserts.
They are the white ones; all the rest are blue. Notice that
this is a one-step process. One looks simultaneously for a
clone that (1) grows on ampicillin and (2) is white in the
presence of X-gal. The multiple cloning sites have been
carefully constructed to preserve the reading frame of
B-galactosidase. Thus, even though the gene is interrupted
by 18 codons, a functional protein still results. But further
interruption by large inserts is usually enough to destroy
the gene’s function.

Even with the color screen, cloning into pUC can give
false-positives, that is, white colonies without inserts. This
can happen if the vector’s ends are “nibbled” slightly by
nucleases before ligation to the insert. Then, if these slightly
degraded vectors simply close up during the ligation step,
chances are that the lacZ’ gene has been changed enough
that white colonies will result. This underscores the impor-
tance of using clean DNA and enzymes that are free of
nuclease activity.

This phenomenon of a vector religating with itself
can be a greater problem when we use vectors that do
not have a color screen, because then it is more difficult
to distinguish colonies with inserts from those without.
Even with pUC and related vectors, we would like to
minimize vector religation. A good way to do this is to
treat the vector with alkaline phosphatase, which re-
moves the 5'-phosphates necessary for ligation. Without
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Figure 4.3 Joining of vector to insert. (a) Mechanism of DNA
ligase. Step 1: DNA ligase reacts with an AMP donor—either ATP or
NAD (nicotinamide adenine dinucleotide), depending on the type of
ligase. This produces an activated enzyme (ligase-AMP). Step 2: The
activated enzyme donates the AMP (blue) to the free 5'-phosphate
(red) at the nick in the lower strand of the DNA duplex, creating a
high-energy diphosphate group on one side of the nick. Step 3: With
energy provided by cleavage of the bond between the phosphate
groups, a new phosphodiester bond (red) is created, sealing the

nick in the DNA. This reaction can occur in both DNA strands, so

two independent DNAs can be joined together by DNA ligase.

(b) Alkaline phosphatase prevents vector religation. Step 1: Cut the vector
(blue, top left) with BamHI. This produces sticky ends with 5’-phosphates
(red). Step 2: Remove the phosphates with alkaline phosphatase, making
it impossible for the vector to religate with itself. Step 3: Also cut the
insert (yellow, upper right) with BamHI, producing sticky ends with
phosphates that are not removed. Step 4: Finally, ligate the vector and
insert together. The phosphates on the insert allow two phosphodiester
bonds to form (red), but leave two unformed bonds, or nicks. These are
completed once the DNA is in the transformed bacterial cell.

these phosphates, the vector cannot ligate to itself, but
can still ligate to the insert that retains its 5'-phosphates.
Figure 4.3b illustrates this process. Notice that, because
only the insert has phosphates, two nicks (unformed
phosphodiester bonds) remain in the ligated product.
These are not a problem; they will be sealed by DNA li-
gase in vivo once the ligated DNA has made its way into
a bacterial cell.

The multiple cloning site also allows one to cut it with
two different restriction enzymes (say, EcoRI and BamHI)
and then to clone a piece of DNA with one EcoRI end
and one BamHI end. This is called directional cloning,
because the insert DNA is placed into the vector in only
one orientation. (The EcoRI and BamHI ends of the in-
sert have to match their counterparts in the vector.)
Knowing the orientation of an insert has certain benefits,
which we will explore later in this chapter. Directional
cloning also has the advantage of preventing the vector
from simply religating by itself because its two restriction

(b) BamHI
BamHI BamHI
b
]
(3) | BamHlI
(1)1 BamHI e—+®

(4) DNA ligase
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phosphat:e/
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sites are incompatible. Even more convenient vectors
than these are now available. We will discuss some of
them later in this chapter.

SUMMARY Among the first generations of plasmid
cloning vectors were pBR322 and the pUC plas-
mids. The latter have an ampicillin resistance gene
and a multiple cloning site that interrupts a partial
B-galactosidase gene. One screens for ampicillin-
resistant clones that do not make active
B-galactosidase and therefore do not turn the indi-
cator, X-gal, blue. The multiple cloning site also
makes it convenient to carry out directional cloning
into two different restriction sites.

Phages as Vectors Bacteriophages are natural vectors that
transduce bacterial DNA from one cell to another. It was
only natural, then, to engineer phages to do the same thing



for all kinds of DNA. Phage vectors have a natural advan-
tage over plasmids: They infect cells much more efficiently
than plasmids transform cells, so the yield of clones with
phage vectors is usually higher. With phage vectors, clones
are not colonies of cells, but plaques formed when a phage
clears out a hole in a lawn of bacteria. Each plaque derives
from a single phage that infects a cell, producing progeny
phages that burst out of the cell, killing it and infecting sur-
rounding cells. This process continues until a visible patch,
or plaque, of dead cells appears. Because all the phages in
the plaque derive from one original phage, they are all
genetically identical—a clone.

N\ Phage Vectors Fred Blattner and his colleagues con-
structed the first phage vectors by modifying the well-known
\ phage (Chapter 8). They took out the region in the mid-
dle of the phage DNA, but retained the genes needed for
phage replication. The missing phage genes could then be
replaced with foreign DNA. Blattner named these vectors
Charon phages after Charon, the boatman on the river
Styx in classical mythology. Just as Charon carried souls to
the underworld, the Charon phages carry foreign DNA
into bacterial cells. Charon the boatman is pronounced
“Karen,” but Charon the phage is often pronounced
“Sharon.” A more general term for \ vectors such as
Charon 4 is replacement vectors because A DNA is removed
and replaced with foreign DNA.

One clear advantage of the \ phages over plasmid vec-
tors is that they can accommodate much more foreign
DNA. For example, Charon 4 can accept up to about
20 kb of DNA, a limit imposed by the capacity of the A
phage head. By contrast, traditional plasmid vectors with
inserts that large replicate poorly. When would one need
such high capacity? A common use for \ replacement vec-
tors is in constructing genomic libraries. Suppose we
wanted to clone the entire human genome. This would
obviously require a great many clones, but the larger the
insert in each clone, the fewer total clones would be
needed. In fact, such genomic libraries have been con-
structed for the human genome and for genomes of a
variety of other organisms, and N\ replacement vectors
have been popular vectors for this purpose.

Aside from their high capacity, some of the \ vectors
have the advantage of a minimum size requirement for
their inserts. Figure 4.4 illustrates the reason for this re-
quirement: To get the Charon 4 vector ready to accept
an insert, it can be cut with EcoRI. This cuts at three
sites near the middle of the phage DNA, yielding two
“arms” and two “stuffer” fragments. Next, the arms are
purified by gel electrophoresis or ultracentrifugation and
the stuffers are discarded. The final step is to ligate the
arms to the insert, which then takes the place of the dis-
carded stuffers.

At first glance, it may appear that the two arms could
simply ligate together without accepting an insert.
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Indeed, this happens, but it does not produce a clone,
because the two arms constitute too little DNA and will
not be packaged into a phage. The packaging is done in
vitro when the recombinant DNA is mixed with all the
components needed to put together a phage particle.
Nowadays one can buy the purified N arms, as well as the
packaging extract in cloning kits. The extract has rather
stringent requirements as to the size of DNA it will pack-
age. It must have at least 12 kb of DNA in addition to A
arms, but no more than 20 kb.

Because each clone has at least 12 kb of foreign DNA,
the library does not waste space on clones that contain
insignificant amounts of DNA. This is an important con-
sideration because, even at 12-20 kb per clone, the library
needs at least half a million clones to ensure that each hu-
man gene is represented at least once. It would be much
more difficult to make a human genomic library in pBR322
or a pUC vector because bacteria selectively take up and
reproduce small plasmids. Therefore, most of the
clones would contain inserts of a few thousand, or
even just a few hundred base pairs. Such a library
would have to contain many millions of clones to be
complete.

Because EcoRI produces fragments with an aver-
age size of about 4 kb, but the vector will not accept
any inserts smaller than 12 kb, the DNA cannot be
completely cut with EcoRI, or most of the fragments
will be too small to clone. Furthermore, EcoRI, and
most other restriction enzymes, cut in the middle of
most eukaryotic genes one or more times, so a com-
plete digest would contain only fragments of most
genes. One can minimize these problems by per-
forming an incomplete digestion with EcoRI (using a
low concentration of enzyme or a short reaction
time, or both). If the enzyme cuts only about every
fourth or fifth site, the average length of the result-
ing fragments will be about 16-20 kb, just the size
the vector will accept and big enough to include the
entirety of most eukaryotic genes. If we want a more
random set of fragments, we can also use mechani-
cal means such as ultrasound instead of a restriction
endonuclease to shear the DNA to an appropriate
size for cloning.

A genomic library is very handy. Once it is estab-
lished, one can search for any gene of interest. The only
problem is that no catalog exists for such a library
to help find particular clones, so some kind of probe
is needed to show which clone contains the gene of inter-
est. An ideal probe would be a labeled nucleic acid
whose sequence matches that of the gene of interest. One
would then carry out a plaque hybridization procedure in
which the DNA from each of the thousands of N phages
from the library is hybridized to the labeled probe. The
plaque with the DNA that forms a labeled hybrid is the
right one.
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Figure 4.4 Cloning in Charon 4. (a) Forming the recombinant DNA.
Cut the vector (yellow and blue) with EcoRl to remove the stuffer
fragments (blue) and save the arms. Next, ligate partially digested
insert DNA (red) to the arms. The extensions of the ends are 12-
base cohesive ends (cos sites), whose size is exaggerated here.

We have encountered hybridization before in Chapter 2,
and we will discuss it again in Chapter 5. Figure 4.5 shows
how plaque hybridization works. Thousands of plaques
are grown on each of several Petri dishes (only a few
plaques are shown here for simplicity). Next, a filter made
of a DNA-binding material such as nitrocellulose or coated
nylon is touched to the surface of the Petri dish. This trans-
fers some of the phage DNA from each plaque to the filter.
The DNA is then denatured with alkali and hybridized to
the labeled probe. Before the probe is added, the filter is
saturated with a nonspecific DNA or protein to prevent

(b) Packaging and cloning the recombinant DNA. Mix the recombinant
DNA from part (a) with an in vitro packaging extract that contains A
phage head and tail components and all other factors needed to
package the recombinant DNA into functional phage particles. Finally,
plate these particles on E. coli and collect the plaques that form.

nonspecific binding of the probe. When the probe encoun-
ters complementary DNA, which should be only the DNA
from the clone of interest, it will hybridize, labeling that
DNA spot. This labeled spot is then detected with x-ray
film. The black spot on the film shows where to look on
the original Petri dish for the plaque containing the gene of
interest. In practice, the original plate may be so crowded
with plaques that it is impossible to pick out the right one,
so several plaques can be picked from that area, replated
at a much lower phage density, and the hybridization pro-
cess can be repeated to find the positive clone.
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Figure 4.5 Selection of positive genomic clones by plaque
hybridization. First, touch a nitrocellulose or similar filter to the
surface of the dish containing the Charon 4 plaques from Figure 4.4.
Phage DNA released naturally from each plaque sticks to the filter.
Next, denature the DNA with alkali and hybridize the filter to a labeled
probe for the gene under study, then use x-ray film to reveal the
position of the label. Cloned DNA from one plaque near the center

of the filter has hybridized, as shown by the dark spot on the film.

We have introduced N phage vectors as agents for
genomic cloning. But other types of A vectors are very useful
for making another kind of library—a ¢DNA library—
as we will learn later in this chapter.

Cosmids Another vector designed especially for
cloning large DNA fragments is called a cosmid.
Cosmids behave both as plasmids and as phages. They
contain the cos sites, or cohesive ends, of A phage DNA,
which allow the DNA to be packaged into A phage heads
(hence the “cos” part of the name “cosmid”). They also
contain a plasmid origin of replication, so they can repli-
cate as plasmids in bacteria (hence the “mid” part of the
name).

Because almost the entire N genome, except for the cos
sites, has been removed from the cosmids, they have room
for large inserts (40-50 kb). Once these inserts are in place,
the recombinant cosmids are packaged into phage particles
in vitro. These particles cannot replicate as phages because
they have almost no phage DNA, but they are infectious, so
they carry their recombinant DNA into bacterial cells.
Once inside, the DNA can replicate as a plasmid because it
has a plasmid origin of replication.

M13 Phage Vectors Another phage used as a cloning
vector is the filamentous (long, thin, filament-like) phage
M13. Joachim Messing and his coworkers endowed the
phage DNA with the same B-galactosidase gene fragment
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and multiple cloning sites found in the pUC family of
vectors. In fact, the M13 vectors were engineered first; then
the useful cloning sites were simply transferred to the
pUC plasmids.

What is the advantage of the M13 vectors? The main
factor is that the genome of this phage is a single-stranded
DNA, so DNA fragments cloned into this vector can be re-
covered in single-stranded form. As we will see later in this
chapter, single-stranded DNA can be an aid to site-directed
mutagenesis, by which we can introduce specific, premedi-
tated alterations into a gene.

Figure 4.6 illustrates how to clone a double-stranded
piece of DNA into M13 and harvest a single-stranded

Insert DNA cut

with Hindlll
M13RF DNA cut
with Hindlll
Ligate
\ /
\ /
\ / Transformation
\ /
(@)
Replication

@ -0,

Figure 4.6 Obtaining single-stranded DNA by cloning in M13
phage. Foreign DNA (red), cut with Hindlll, is inserted into the
Hindlll site of the double-stranded phage DNA. The resulting
recombinant DNA is used to transform E. coli cells, whereupon the
DNA replicates, producing many single-stranded product DNAs.
The product DNAs are called positive (+) strands, by convention.
The template DNA is therefore the negative (—) strand.
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DNA product. The DNA in the phage particle itself is
single-stranded, but after infecting an E. coli cell, the DNA
is converted to a double-stranded replicative form (RF).
This double-stranded replicative form of the phage DNA
is used for cloning. After it is cut with one or two restric-
tion enzymes at its multiple cloning site, foreign DNA
with compatible ends can be inserted. This recombinant
DNA is then used to transform host cells, giving rise to
progeny phages that bear single-stranded recombinant
DNA. The phage particles, containing phage DNA, are
secreted from the transformed cells and can be collected
from the growth medium.

Phagemids Another class of vectors that produce
single-stranded DNA has also been developed.
These are like the cosmids in that they have charac-
teristics of both phages and plasmids; thus, they are called
phagemids. One popular variety (Figure 4.7) goes by the
trade name pBluescript (pBS). Like the pUC vectors, pBlue-
script has a multiple cloning site inserted into the lacZ’
gene, so clones with inserts can be distinguished by white
versus blue staining with X-gal. This vector also has the

f1(+)
orl

T7 phage
lacZ’ promoter

Amp"

MCS — 21 restriction

sites
lacl T3 phage
promoter
ColE1
ori

pBluescript I SK +/—

Figure 4.7 The pBluescript vector. This plasmid is based on
pBR322 and has that vector’s ampicillin resistance gene (green)
and origin of replication (purple). In addition, it has the phage f1
origin of replication (orange). Thus, if the cell is infected by an 1
helper phage to provide the replication machinery, single-stranded
copies of the vector can be packaged into progeny phage particles.
The multiple cloning site (MCS, red) contains 21 unique restriction
sites situated between two phage RNA polymerase promoters

(T7 and T3). Thus, any DNA insert can be transcribed in vitro to
yield an RNA copy of either strand, depending on which phage
RNA polymerase is provided. The MCS is embedded in an

E. colilacZ' gene (blue), so the uncut plasmid will produce the
B-galactosidase N-terminal fragment when an inducer such as
isopropylthiogalactoside (IPTG) is added to counteract the repressor
made by the /ac/ gene (yellow). Thus, clones bearing the uncut
vector will turn blue when the indicator X-gal is added. By contrast,
clones bearing recombinant plasmids with inserts in the MCS will
have an interrupted /acZ’ gene, so no functional B-galactosidase

is made. Thus, these clones remain white.

origin of replication of the single-stranded phage f1, which
is related to M13. This means that a cell harboring a
recombinant phagemid, if infected by an f1 helper phage
that supplies the single-stranded phage DNA replication
machinery, will produce and package single-stranded
phagemid DNA. A final useful feature of this class of vec-
tors is that the multiple cloning site is flanked by two
different phage RNA polymerase promoters. For exam-
ple, pBS has a T3 promoter on one side and a T7 pro-
moter on the other. This allows one to isolate the
double-stranded recombinant phagemid DNA and tran-
scribe it in vitro with either of the phage polymerases to
produce pure RNA transcripts corresponding to either
strand of the insert.

SUMMARY Two kinds of phages have been espe-
cially popular as cloning vectors. The first of these is
\, from which certain nonessential genes have been
removed to make room for inserts. Some of these
engineered phages can accommodate inserts up to
20 kb, which makes them useful for building
genomic libraries, in which it is important to have
large pieces of genomic DNA in each clone. Cosmids
can accept even larger inserts—up to 50 kb—
making them a favorite choice for genomic libraries.
The second major class of phage vectors consists of
the M13 phages. These vectors have the convenience
of a multiple cloning site and the further advantage
of producing single-stranded recombinant DNA,
which can be used for DNA sequencing and for site-
directed mutagenesis. Plasmids called phagemids
have also been engineered to produce single-
stranded DNA in the presence of helper phages.

Eukaryotic Vectors and Very High Capacity Vectors
Several very useful vectors have been designed for cloning
genes into eukaryotic cells. Later in this chapter, we will
consider some vectors that are designed to yield the protein
products of genes in eukaryotes. We will also introduce
vectors based on the Ti plasmid of Agrobacterium tume-
faciens that can carry genes into plant cells. In Chapter 24
we will discuss vectors known as yeast artificial chro-
mosomes (YACs) and bacterial artificial chromosomes
(BACs) designed for cloning huge pieces of DNA (up to
hundreds of thousands of base pairs).

Identifying a Specific Clone
with a Specific Probe

We have already mentioned the need for a probe to
identify a desired clone among the thousands of irrele-
vant ones. What sort of probe could be employed? Two
different kinds are widely used: polynucleotides (or



oligonucleotides) and antibodies. Both are molecules able
to bind very specifically to other molecules. We will dis-
cuss polynucleotide probes here and antibody probes
later in this chapter.

Polynucleotide Probes To probe for the gene you want,
you might use the homologous gene from another organ-
ism if someone has already cloned it. You would hope the
two genes have enough similarity in sequence that one
would hybridize to the other. This hope is usually fulfilled.
However, you generally have to lower the stringency of the
hybridization conditions so that the hybridization reaction
can tolerate some mismatches in base sequence between
the probe and the cloned gene.

Researchers use several means to control stringency.
High temperature, high organic solvent concentration,
and low salt concentration all tend to promote the separa-
tion of the two strands in a DNA double helix. You can
therefore adjust these conditions until only perfectly
matched DNA strands will form a duplex; this is high strin-
gency. By relaxing these conditions (lowering the tem-
perature, for example), you lower the stringency until
DNA strands with a few mismatches can hybridize.

Without homologous DNA from another organism,
what could you use? There is still a way out if you know
at least part of the sequence of the protein product of the
gene. We faced a problem just like this in our lab when
we cloned the gene for a plant toxin known as ricin.
Fortunately, the entire amino acid sequences of both
polypeptides of ricin were known. That meant we could
examine the amino acid sequence and, using the genetic
code, deduce a set of nucleotide sequences that would
code for these amino acids. Then we could construct
these nucleotide sequences chemically and use these syn-
thetic probes to find the ricin gene by hybridization. The
probes in this kind of procedure are strings of several
nucleotides, so they are called oligonucleotides. Why did
we have to use more than one oligonucleotide to probe
for the ricin gene? The genetic code is degenerate, which
means that most amino acids are encoded by more than
one triplet codon. Thus, we had to consider several dif-
ferent nucleotide sequences for most amino acids.

Fortunately, we were spared some inconvenience be-
cause one of the polypeptides of ricin includes this amino
acid sequence: Trp-Met-Phe-Lys-Asn-Glu. The first two
amino acids in this sequence have only one codon each,
and the next three only two each. The sixth gives us two
extra bases because the degeneracy occurs only in the third
base. Thus, we had to make only eight 17-base oligonucle-
otides (17-mers) to be sure of getting the exact coding
sequence for this string of amino acids. This degenerate
sequence can be expressed as follows:

U G U
UGG AUG UUC AAA AAC GA
Trp Met  Phe  Lys Asn  Glu
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Using this mixture of eight 17-mers (UGGAUGUU-
CAAAAACGA, UGGAUGUUUAAAAACGA, etc.), we
quickly identified several ricin-specific clones. Nowadays,
so many genomes have been sequenced that we already
know the sequences of many genes. Probes with these exact
sequences can therefore be synthesized.

Solved Problem
Problem

Here is the amino acid sequence of part of a hypothetical
protein whose gene you want to clone:

Arg-Leu-Met-Glu-Trp-Ile-Cys-Pro-Met-Leu

a. What sequence of five amino acids would give a
17-mer probe (including two bases from the
next codon) with the least degeneracy?

b. How many different 17-mers would you have to
synthesize to be sure your probe matches the corre-
sponding sequence in your cloned gene perfectly?

c. If you started your probe two codons to the right of
the optimal one (the one you chose in part a), how
many different 17-mers would you have to make?

Solution

a. Begin by consulting the genetic code (Chapter 18) to
determine the coding degeneracy of each amino acid
in the sequence. This yields

6 6 1 2 1 3 2 4 1 6
Arg-Leu-Met-Glu-Trp-Ile-Cys-Pro-Met-Leu

where the numbers above the amino acids represent
the coding degeneracy for each. In other words, argi-
nine has six codons, leucine six, methionine one, and
so on. Now the task is to find the contiguous set of
five codons with the lowest degeneracy. A quick in-
spection shows that Met-Glu-Trp-Ile-Cys works best.

b. To find how many different 17-mers you would
have to prepare, multiply the degeneracies at all
positions within the region covered by your probe.
For the five amino acids you have chosen, this is
1 X2 X 1X3X2=12.Note that you can use the
first two bases (CC) in the proline (Pro) codons with-
out encountering any degeneracy because the fourfold
degeneracy in coding for proline all occurs in the third
base in the codon (CCU, CCA, CCC, CCG). Thus,
your probe can be 17 bases long, instead of the 15
bases you get from the codons for the five amino acids
selected.

¢. If you had started two amino acids farther to the right,
starting with Trp, the degeneracy would have been
1 X 3X2X4X1=24,s0you would have had to
prepare 24 different probes instead of just 12. u
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SUMMARY Specific clones can be identified using
polynucleotide probes that bind to the gene itself.
Knowing the amino acid sequence of a gene prod-
uct, one can design a set of oligonucleotides that
encode part of this amino acid sequence. This can be
one of the quickest and most accurate means of
identifying a particular clone.

c¢DNA Cloning

A ¢DNA (short for complementary DNA or copy DNA) is
a DNA copy of an RNA, usually an mRNA. Sometimes we
want to make a cDNA library, a set of clones representing
as many as possible of the mRNAs in a given cell type at a
given time. Such libraries can contain tens of thousands of
different clones. Other times, we want to make one partic-
ular cDNA—a clone containing a DNA copy of just one
mRNA. The technique we use depends in part on which of
these goals we wish to achieve.

Figure 4.8 illustrates one simple, yet effective method
for making a cDNA library. The central part of any cDNA
cloning procedure is synthesis of the ¢cDNA from an
mRNA template using reverse transcriptase (RNA-dependent
DNA polymerase). Reverse transcriptase is like any other
DNA-synthesizing enzyme in that it cannot initiate DNA
synthesis without a primer. To get around this problem, we
take advantage of the poly(A) tail at the 3’-end of most
eukaryotic mRNAs and use oligo(dT) as the primer. The
oligo(dT) is complementary to poly(A), so it binds to
the poly(A) at the 3’-end of the mRNA and primes DNA
synthesis, using the mRNA as the template.

After the mRNA has been copied, yielding a single-
stranded DNA (the “first strand”), the mRNA is partially
degraded with ribonuclease H (RNase H). This enzyme de-
grades the RNA strand of an RNA-DNA hybrid—just
what we need to begin to digest the RNA base-paired to the
first-strand cDNA. The remaining RNA fragments serve as
primers for making the “second strand,” using the first as
the template. This phase of the process depends on a phe-
nomenon called nick translation, which is illustrated in
Figure 4.9. The net result is a double-stranded cDNA with
a small fragment of RNA at the 5'-end of the second strand.

The essence of nick translation is the simultaneous removal
of DNA ahead of a nick (a single-stranded DNA break) and
synthesis of DNA behind the nick, rather like a road paving
machine that tears up old pavement at its front end and lays
down new pavement at its back end. The net result is to move,
or “translate,” the nick in the 5'—3’ direction. The enzyme
usually used for nick translation is E. coli DNA polymerase 1,
which has a 5'—3" exonuclease activity that allows the enzyme
to degrade DNA ahead of the nick as it moves along.

The next task is to ligate the cDNA to a vector. This was
easy with pieces of genomic DNA cleaved with restriction
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Figure 4.8 Making a cDNA library. (a) Use oligo(dT) as a primer and
reverse transcriptase to copy the mRNA (blue), producing a cDNA
(red) that is hybridized to the mRNA template. (b) Use RNase H to
partially digest the mRNA, yielding a set of RNA primers base-paired
to the first-strand cDNA. (c) Use E. coli DNA polymerase | to build
second-strand cDNAs on the RNA primers. (d) The second-strand
cDNA growing from the leftmost primer (blue) has been extended all
the way to the 3’-end of the oligo(dA) corresponding to the oligo(dT)
primer on the first-strand cDNA. (e) To place sticky ends on the double-
stranded cDNA, add oligo(dC) with terminal transferase. (f) Anneal

the oligo(dC) ends of the cDNA to complementary oligo(dG) ends of
a suitable vector (purple). The recombinant DNA can then be used

to transform bacterial cells. Enzymes in these cells remove remaining
nicks and replace any remaining RNA with DNA.
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Figure 4.9 Nick translation. This illustration is a generic exam-
ple with double-stranded DNA, but the same principles apply to

an RNA-DNA hybrid. Beginning with a double-stranded DNA with

a nick in the top strand, E. coli DNA polymerase | binds to this nick
and begins elongating the DNA fragment on the top left in the 5'—3’
direction (left to right). At the same time, the 5’3’ exonuclease
activity degrades the DNA fragment to its right to make room for
the growing fragment behind it. The small red rectangles represent
nucleotides released by exonuclease digestion of the DNA.

enzymes, but cDNAs have no sticky ends. It is true that blunt
ends can be ligated together, even though the process is rela-
tively inefficient. However, to get the efficient ligation afforded
by sticky ends, one can create sticky ends (oligo[dC] in this
case) on the cDNA, using an enzyme called terminal deoxy-
nucleotidyl transferase (TdT) or simply terminal transferase
and one of the deoxyribonucleoside triphosphates. In this
case, dCTP was used. The enzyme adds dCMPs, one at a time,
to the 3’-ends of the cDNA. In the same way, oligo(dG) ends
can be added to a vector. Annealing the oligo(dC) ends of the
c¢DNA to the oligo(dG) ends of the vector brings the vector
and cDNA together in a recombinant DNA that can be used
directly for transformation. The base pairing between the oli-
gonucleotide tails is strong enough that no ligation is required
before transformation. The DNA ligase inside the transformed
cells finally performs the ligation, and DNA polymerase I re-
moves any remaining RNA and replaces it with DNA.

What kind of vector should be used to ligate to a cDNA
or cDNAs? Several choices are available, depending on the
method used to detect positive clones (those that bear the
desired cDNA). A plasmid or phagemid vector such as pUC
or pBS can be used; if so, positive clones are usually identi-
fied by colony hybridization with a labeled DNA probe.
This procedure is analogous to the plaque hybridization
described previously. Or one can use a N phage, such as
Agt11, as a vector. This vector places the cloned cDNA un-
der the control of a lac promoter, so that transcription and
translation of the cloned gene can occur. One can then use
an antibody to screen directly for the protein product of the
correct gene. We will describe this procedure in more detail
later in this chapter. Alternatively, a polynucleotide probe
can be used to hybridize to the recombinant phage DNA.
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Rapid Amplification of cDNA Ends

Very frequently, a cDNA is not full-length, possibly because
the reverse transcriptase, for whatever reason, did not
make it all the way to the end of the mRNA. This does not
mean one has to be satisfied with an incomplete cDNA,
however. Fortunately, one can fill in the missing pieces of a
cDNA, using a procedure called rapid amplification of
c¢DNA ends (RACE). Figure 4.10 illustrates the technique
(5'-RACE) for filling in the 5'-end of a ¢cDNA (the usual

mRNA
5 I A, 3
3 (I
Incomplete cDNA

(@) Reverse transcriptase
extends incomplete cDNA
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¥ _ 5

(b) Terminal transferase (dCTP)
RNase H
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Figure 4.10 RACE procedure to fill in the 59-end of a cDNA.

(a) Hybridize an incomplete cDNA (red), or an oligonucleotide segment
of a cDNA to mRNA (green), and use reverse transcriptase to extend
the cDNA to the 5'-end of the mRNA. (b) Use terminal transferase and
dCTP to add C residues to the 3’-end of the extended cDNA,; also, use
RNase H to degrade the mRNA. (c) Use an oligo(dG) primer and DNA
polymerase to synthesize a second strand of cDNA (blue). (d) and

(e) Perform PCR with oligo(dG) as the forward primer and an
oligonucleotide that hybridizes to the 3’-end of the cDNA as the reverse
primer. The product is a cDNA that has been extended to the 5'-end of
the mRNA. A similar procedure (3’-RACE) can be used to extend the
cDNA in the 3’-direction. In that case, there is no need to tail the 3'-end
of the cDNA with terminal transferase because the mRNA already
contains poly(A); thus, the reverse primer would be oligo(dT).



62 Chapter 4 / Molecular Cloning Methods

problem), but an analogous technique (3'-RACE) can be
used to fill in a missing 3’-end of a cDNA.

A 5'-RACE procedure begins with an RNA preparation
containing the mRNA of interest and a partial cDNA whose
5'-end is missing. An incomplete strand of the cDNA can
be annealed to the mRNA and then reverse transcriptase can
be used to copy the rest of the mRNA. Then the completed
¢DNA can be tailed with oligo(dC) (for example), using
terminal transferase and dCTP. Next, oligo(dG) is used to
prime second-strand synthesis. This step produces a double-
stranded ¢DNA that can be amplified by PCR, using
oligo(dG) and a 3’-specific oligonucleotide as primers.

SUMMARY To make a cDNA library, one can syn-
thesize cDNAs one strand at a time, using mRNAs
from a cell as templates for the first strands and
these first strands as templates for the second
strands. Reverse transcriptase generates the first
strands and E. coli DNA polymerase I generates
the second strands. One can endow the double-
stranded cDNAs with oligonucleotide tails that
base-pair with complementary tails on a cloning
vector, then use these recombinant DNAs to
transform bacteria. Particular clones can be
detected by colony hybridization with radio-
active DNA probes, or with antibodies if an ex-
pression vector such as Agt11 is used. Incomplete
cDNA can be filled in by 5’- or 3’-RACE.

4.2 The Polymerase
Chain Reaction

We have now seen how to clone fragments of DNA
generated by cleavage with restriction endonucleases, or
by physical shearing of DNA, and we have examined a
classical technique for cloning cDNAs. But a newer tech-
nique, called polymerase chain reaction (PCR), can also
yield a DNA fragment for cloning and is especially useful
for cloning cDNAs.

Standard PCR

PCR was invented by Kary Mullis and his colleagues in the
1980s. As Figure 4.11 explains, this technique uses the
enzyme DNA polymerase to make a copy of a selected region of
DNA. Mullis and colleagues chose the part (X) of the DNA
they wanted to amplify by putting in short pieces of DNA
(primers) that hybridized to DNA sequences on each side of X
and caused initiation (priming) of DNA synthesis through X.
The copies of both strands of X, as well as the original DNA
strands, then serve as templates for the next round of

synthesis. In this way, the amount of the selected DNA region
doubles over and over with each cycle—up to millions of
times the starting amount—until enough is present to be seen
by gel electrophoresis.

Originally, workers had to add fresh DNA polymerase
at every round because standard enzymes do not stand up
to the high temperatures (over 90°C) needed to separate the
strands of DNA before each round of replication. However,
special heat-stable polymerases that can take the heat are
now available. One of these, Taq polymerase, comes from
Thermus aquaticus, a bacterium that lives in hot springs
and therefore has heat-stable enzymes. All one has to do is
mix the Taq polymerase with the primers and template
DNA in a test tube, seal the tube, then place it in a thermal
cycler. The thermal cycler is programmed to cycle over and
over again among three different temperatures: first a high
temperature (about 95°C) to separate the DNA strands;
then a relatively low temperature (about 50°C) to allow the
primers to anneal to the template DNA strands; then a
medium temperature (about 72°C) to allow DNA synthesis.
Each cycle takes as little as a few minutes, and it usually
takes fewer than 20 cycles to produce as much amplified
DNA as one needs. PCR is such a powerful amplifying
device that it has even helped spawn science fiction stories
such as Jurassic Park (see Box 4.1).
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Figure 4.11 Amplifying DNA by the polymerase chain reaction. Start
with a DNA duplex (top) and heat it to separate its two strands (red and
blue). Then add short, single-stranded DNA primers (purple and yellow)
complementary to sequences on either side of the region (X, 250 bp) to
be amplified. The primers hybridize to the appropriate sites on the
separated DNA strands; now a special heat-stable DNA polymerase
uses these primers to start synthesis of complementary DNA strands.
The arrows represent newly made DNA in which replication has stopped
at the tip of the arrowhead. At the end of cycle 1, two DNA duplexes

are present, including the region to be amplified, whereas we started
with only one. The 5'—3' polarities of all DNA strands and primers are
indicated. The same principles apply in every cycle thereafter.



Jurassic Park: More than a Fantasy?

In Michael Crichton’s book Jurassic Park, and in the
movie of the same name, a scientist and an entrepreneur
collaborate in a fantastic endeavor: to generate living
dinosaurs. Their strategy is to isolate dinosaur DNA, but
not directly from dinosaur remains, from which DNA
would be impossible to get. Instead they find Jurassic-
period blood-sucking insects that had feasted on dinosaur
blood and had then become mired in tree sap, which had
turned to amber, entombing and preserving the insects.
They reason that, because blood contains blood cells that
have DNA, the insect gut contents should contain this
dinosaur DNA. The next step is to use PCR to amplify the
dinosaur DNA, piece the fragments together, place them
in an egg, and voila! A dinosaur is hatched.

This scenario sounds preposterous, and indeed certain
practical problems keep it totally in the realm of science
fiction. But it is striking that some parts of the story are
already in the scientific literature. In June 1993, the same
month that Jurassic Park opened in movie theaters, a
paper appeared in the journal Nature describing the
apparent PCR amplification and sequencing of part of a
gene from an extinct weevil trapped in Lebanese amber
for 120-135 million years. That takes us back to the Cre-
taceous period, not quite as ancient as the Jurassic, but a
time when plenty of dinosaurs were still around. If this
work were valid, it would indeed be possible to find pre-
served, blood-sucking insects with dinosaur DNA in their
guts. Furthermore, it would be possible that this DNA
would still be intact enough that it could serve as a tem-
plate for PCR amplification. After all, the PCR technique
is powerful enough to start with a single molecule of
DNA and amplify it to any degree we wish.

So what stands in the way of making dinosaurs? Leav-
ing aside the uncharted territory of creating a vertebrate
animal from naked DNA, we have to consider first the
simple limitations of the PCR process itself. One of these
is the present limit to the size of a DNA fragment that
we can amplify by PCR: up to 40 kb. That is probably
on the order of one-hundred thousandth the size of the
whole dinosaur genome, which means that we would ulti-
mately have to piece together at least a hundred thousand
PCR fragments to reconstitute the whole genome. And that
assumes that we know enough about the sequence of the
dinosaur DNA, at the start, to make PCR primers for all of
those fragments.

But what if we worked out a way to make PCR go
much farther than 40,000 bp? What if PCR became so
powerful that we could amplify whole chromosomes, up
to hundreds of millions of base pairs at a time? Then we
would run up against the fact that DNA is an inherently
unstable molecule, and no full-length chromosomes would

be expected to survive for millions of years, even in an
insect embalmed in amber. PCR can amplify relatively
short stretches because the primers need to find only one
molecule that is unbroken over that short stretch. But find-
ing a whole unbroken chromosome, or even an unbroken
megabase-size stretch of DNA, appears to be impossible.

These considerations have generated considerable
uncertainty about the few published examples of ampli-
fying ancient DNA by PCR. Many scientists argue that it
is simply not credible that a molecule as fragile as DNA
can last for millions of years. They believe that dinosaur
DNA would long ago have decomposed into nucleotides
and be utterly useless as a template for PCR amplifica-
tion. Indeed, this appears to be true for all ancient DNA
more than about 100,000 years old.

On the other hand, the PCR procedure has amplified
some kind of DNA from the ancient insect samples. If it
is not ancient insect DNA, what is it? This brings us to
the second limitation of the PCR method, which is also
its great advantage: its exquisite sensitivity. As we have
seen, PCR can amplify a single molecule of DNA, which
is fine if that is the DNA we want to amplify. It can, however,
also seize on tiny quantities—even single molecules—
of contaminating DNAs in our sample and amplify them
instead of the DNA we want.

For this reason, the workers who examined the Creta-
ceous weevil DNA did all their PCR amplification and
sequencing on that DNA before they even began work on
modern insect DNA, to which they compared the weevil
sequences. That way, they minimized the worry that they
were amplifying trace contaminants of modern insect DNA
left over from previous experiments, when they thought
they were amplifying DNA from the extinct weevil. But
DNA is everywhere, especially in a molecular biology lab,
and eliminating every last molecule is agonizingly difficult.

Furthermore, dinosaur DNA in the gut of an insect
would be heavily contaminated with insect DNA, not to
mention DNA from intestinal bacteria. And who is to say
the insect fed on only one type of dinosaur before it died in
the tree sap? If it fed on two, the PCR procedure would
probably amplify both their DNAs together, and there
would be no way to separate them.

In other words, some of the tools to create a real
Jurassic Park are already in hand, but, as exciting as it
is to imagine seeing a living dinosaur, the practical prob-
lems make it seem impossible.

On a far more realistic level, the PCR technique is
already allowing us to compare the sequences of genes
from extinct organisms with those of their present-day
relatives. And this is spawning an exciting new field, which
botanist Michael Clegg calls “molecular paleontology.”
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SUMMARY PCR amplifies a region of DNA between
two predetermined sites. Oligonucleotides com-
plementary to these sites serve as primers for
synthesis of copies of the DNA between the sites.
Each cycle of PCR doubles the number of copies of
the amplified DNA until a large quantity has been
made.

Using Reverse Transcriptase PCR
(RT-PCR) in cDNA Cloning

If one wants to clone a cDNA from just one mRNA whose
sequence is known, one can use a type of PCR called reverse
transcriptase PCR (RT-PCR) as illustrated in Figure 4.12.
The main difference between this procedure and the PCR
method described earlier in this chapter is that this one
starts with an mRNA instead of a double-stranded DNA.
Thus, one begins by converting the mRNA to DNA.
As usual, this RNA—DNA step can be done with reverse
transcriptase and a reverse primer: One reverse transcribes
the mRNA to make a single-stranded DNA, then uses a
forward primer to convert the single-stranded DNA to
double-stranded. Then one can use standard PCR to
amplify the cDNA until enough is available for cloning. One
can even add restriction sites to the ends of the cDNA by
using primers that contain these sites. In this example, a
BamHI site is present on one primer and a HindIII site is
present on the other (placed a few nucleotides from the
ends to allow the restriction enzymes to cut efficiently).
Thus, the PCR product is a cDNA with these two restric-
tion sites at its two ends. Cutting the PCR product with
these two restriction enzymes creates sticky ends that can
be ligated into the vector of choice. Having two different
sticky ends allows directional cloning, so the cDNA will
have only one of two possible orientations in the vector. This
is very useful when a cDNA is cloned into an expression vec-
tor, because the cDNA must be in the same orientation as the
promoter that drives transcription of the cDNA. A caveat is
necessary, however: One must make sure that the cDNA itself
has neither of the restriction sites that have been added to its
ends. If it does, the restriction enzymes will cut within the
c¢DNA, as well as at the ends, and the products will be useless.

SUMMARY RT-PCR can be used to generate a
cDNA from a single type of mRNA, but the se-
quence of the mRNA must be known so the primers
for the PCR step can be designed. Restriction site
sequences can be placed on the PCR primers, so
these sites appear at the ends of the cDNA. This
makes it easy to cleave them and then to ligate the
cDNA into a vector.
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Figure 4.12 Using RT-PCR to clone a single cDNA. (a) Use a
reverse primer (red) with a Hindlll site (yellow) at its 5’-end to start
first-strand cDNA synthesis, with reverse transcriptase to catalyze
the reaction. (b) Denature the mMRNA-cDNA hybrid and anneal a
forward primer (red) with a BamHlI site (green) at its 5'-end. (c) This
forward primer initiates second-strand cDNA synthesis, with DNA
polymerase catalyzing the reaction. (d) Continue PCR with the same
two primers to amplify the double-stranded cDNA. (e) Cut the cDNA
with BamHI and Hindlll to generate sticky ends. (f) Ligate the cDNA
to the BamHI and Hindlll sites of a suitable vector (purple). Finally,
transform cells with the recombinant cDNA to produce a clone.

Real-Time PCR

Real-time PCR is a way of quantifying the amplification
of a DNA as it occurs—that is, in real time. Figure 4.13
illustrates the basis of one real-time PCR method. After
the two DNA strands are separated, they are annealed,
not only to the forward and reverse primers, but also toa
fluorescent-tagged oligonucleotide that is complementary
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Figure 4.13 Real-time PCR. (a) The forward and reverse primers
(purple) are annealed to the two separated DNA strands (blue), and

a reporter probe (red) is annealed to the top DNA strand. The reporter
probe has a fluorescent tag (gray) at its 5'-end and a fluorescence
quenching tag (brown) at its 3’-end. (b) DNA polymerase has extended
the primers, with the new DNA depicted in green. To make way for
replicating the top strand, the DNA polymerase has also degraded
part of the reporter probe. This separates the fluorescent tag from
the quenching tag, and allows the fluorescent tag to exhibit its normal
fluorescence (yellow). The more DNA strands are replicated, the more
fluorescence will be observed.

to part of one of the DNA strands and serves as a
reporter probe. The reporter probe has a fluorescent tag
(F) at its 5’-end, and a fluorescence quenching tag (Q) at
its 3'-end.

During the PCR polymerization step, the DNA poly-
merase extends the forward primer and then encounters
the reporter probe. When that happens, the polymerase
begins degrading the reporter probe so it can make new
DNA in that region. As the reporter probe is degraded, the
fluorescent tag is separated from the quenching tag, so its
fluorescence increases dramatically. The whole process
takes place inside a fluorimeter that measures the fluores-
cence of the tag, which in turn measures the progress of the
PCR reaction. Enough reporter probe is present to anneal
to each newly-made DNA strand, so fluorescence increases
with each round of amplification.

It is unfortunate that “real-time” and “reverse transcrip-
tase” can both be abbreviated “RT.” Thus, when you see
“RT-PCR” in the scientific literature, you need to see it in
context to know which kind of PCR is being used. One can
even do real-time reverse transcriptase PCR, starting with an
RNA instead of double-stranded DNA. One way to abbrevi-
ate that method is “real-time RT-PCR.”
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SUMMARY Real-time PCR keeps track of the prog-
ress of PCR by monitoring the degradation of a
reporter probe hybridized to the strand complementary
to the forward primer. As this probe is degraded, a
fluorescent tag is separated from a quenching tag,
so fluorescence increases, and this increase can be
measured in real time in a fluorimeter.

4.3 Methods of Expressing
Cloned Genes

Why would we want to clone a gene? An obvious reason,
suggested at the beginning of this chapter, is that cloning
allows us to produce large quantities of particular DNA
sequences so we can study them in detail. Thus, the gene
itself can be a valuable product of gene cloning. Another
goal of gene cloning is to make a large quantity of the gene’s
product, either for investigative purposes or for profit.

If the goal is to use bacteria to produce the protein prod-
uct of a cloned eukaryotic gene—especially a higher eukary-
otic gene—a cDNA will probably work better than a gene
cut directly out of the genome. That is because most higher
eukaryotic genes contain interruptions called introns
(Chapter 14) that bacteria cannot deal with. Eukaryotic cells
usually transcribe these interruptions, forming a pre-mRNA,
and then cut them out and stitch the remaining parts (exons)
of the pre-mRNA together to form the mature mRNA. Thus,
a cDNA, which is a copy of an mRNA, already has its introns
removed and can be expressed correctly in a bacterial cell.

Expression Vectors

The vectors we have examined so far are meant to be used
primarily in the first stage of cloning—when one first puts a
foreign DNA into a bacterium and gets it to replicate. By and
large, they work well for that purpose, growing readily in
E. coli and producing high yields of recombinant DNA.
Some of them even work as expression vectors that can yield
the protein products of the cloned genes. For example, the
pUC and pBS vectors place inserted DNA under the control
of the lac promoter, which lies upstream of the multiple clon-
ing site. If an inserted DNA happens to be in the same read-
ing frame as the lacZ’ gene it interrupts, a fusion protein will
result. It will have a partial B-galactosidase protein sequence
at its amino end and another protein sequence, encoded in
the inserted DNA, at its carboxyl end (Figure 4.14).

However, if one is interested in high-level expression of
a cloned gene, specialized expression vectors usually work
better. Bacterial expression vectors typically have two ele-
ments that are required for active gene expression: a strong
promoter and a ribosome binding site near an initiating
AUG codon (ATG in the DNA).
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Figure 4.14 Producing a fusion protein by cloning in a pUC
plasmid. Insert foreign DNA (yellow) into the multiple cloning site
(MCS); transcription from the lac promoter (purple) gives a hybrid
mRNA beginning with a few /lacZ’ codons, changing to insert
sequence, then back to lacZ’ (red). This mRNA is translated to a
fusion protein containing a few B-galactosidase amino acids at the
beginning (amino end), followed by the insert amino acids for the
remainder of the protein. Because the insert contains a translation
stop codon, the remaining lacZ’ codons are not translated.

Inducible Expression Vectors The main function of an
expression vector is to yield the product of a gene—
usually, the more product the better. Therefore, expres-
sion vectors are ordinarily equipped with very strong
promoters; the rationale is that the more mRNA that is
produced, the more protein product will be made.

It is usually advantageous to keep a cloned gene
repressed until it is time to express it. One reason is that
eukaryotic proteins produced in large quantities in bacte-
ria can be toxic. Even if these proteins are not actually
toxic, they can build up to such great levels that they inter-
fere with bacterial growth. In either case, if the cloned
gene were allowed to remain turned on constantly, the

bacteria bearing the gene would never grow to a great
enough concentration to produce meaningful quantities of
protein product. Another problem with high expression in
bacteria is that the protein may form insoluble aggregates
called inclusion bodies. Therefore, it is helpful to keep the
cloned gene turned off by placing it downstream of an
inducible promoter that can be turned off.

The lac promoter is inducible to a certain extent, presum-
ably remaining off until stimulated by the synthetic inducer
isopropylthiogalactoside (IPTG). However, the repression
caused by the lac repressor is incomplete (leaky), and some
expression of the cloned gene will be observed even in the
absence of inducer. One way around this problem is to ex-
press a gene in a plasmid or phagemid that carries its own
lacl (repressor) gene, as pBS does (see Figure 4.7). The excess
repressor produced by such a vector keeps the cloned gene
turned off until it is time to induce it with IPTG. (For a review
of the lac operon, see Chapter 7.)

But the lac promoter is not very strong, so many vectors
have been designed with a hybrid #rc promoter, which com-
bines the strength of the #7p (tryptophan operon) promoter
with the inducibility of the lac promoter. The trp promoter
is much stronger than the lac promoter because of its =35
box (Chapter 6). Accordingly, molecular biologists have
combined the —35 box of the trp promoter with the —10 box
of the lac promoter, plus the lac operator (Chapter 7). The
-35 box of the #p promoter makes the hybrid promoter
strong, and the lac operator makes it inducible by IPTG.

A promoter from the ara (arabinose) operon, Pgap,
allows fine control of transcription. This promoter is induc-
ible by the sugar arabinose (Chapter 7), so no transcription
occurs in the absence of arabinose, but more and more
transcription occurs as more and more arabinose is added
to the medium. Figure 4.135 illustrates this phenomenon in
an experiment in which the green fluorescent protein (GFP)
gene was cloned in a Pgap vector and expression was
induced with increasing concentrations of arabinose.
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Figure 4.15 Using a Pgap vector. The green fluorescent protein (GFP)
gene was cloned into a vector under control of the Pgap promoter

and promoter activity was induced with increasing concentrations of
arabinose. GFP production was monitored by electrophoresing extracts
from cells induced with the arabinose concentrations given at top, blotting
the proteins to a membrane, and detecting GFP with an anti-GFP
antibody (immunoblotting, Chapter 5). (Source: Copyright 2003 Invitrogen
Corporation. All Rights Reserved. Used with permission.)



No GFP appeared in the absence of arabinose, but concen-
trations of arabinose 0.0004% and above yielded increas-
ing quantities of the protein.

Another strategy is to use a tightly controlled promoter
such as the lambda (\) phage promoter Py. Expression vec-
tors with this promoter—operator system are cloned into
host cells bearing a temperature-sensitive \ repressor gene
(cI857). As long as the temperature of these cells is kept
relatively low (32°C), the repressor functions, and no
expression takes place. However, when the temperature is
raised to the nonpermissive level (42°C), the temperature-
sensitive repressor can no longer function and the cloned
gene is derepressed.

A popular method of ensuring tight control, as well as
high-level induced expression, is to place the gene to be
expressed in a plasmid under control of a T7 phage pro-
moter. Then this plasmid is placed in a cell that contains a
tightly regulated gene for T7 RNA polymerase. For exam-
ple, the T7 RNA polymerase gene may be under control of
a modified lac promoter in a cell that also carries the gene
for the lac repressor. Thus, the T7 polymerase gene is
strongly repressed unless the lac inducer is present. As long
as no T7 polymerase is present, transcription of the gene of
interest cannot take place because the T7 promoter has an
absolute requirement for its own polymerase. But as soon
as a lac inducer is added, the cell begins to make T7 poly-
merase, which transcribes the gene of interest. And because
many molecules of T7 polymerase are made, the gene is
turned on to a very high level and abundant amounts of
protein product are made.

SUMMARY Expression vectors are designed to yield
the protein product of a cloned gene, usually in the
greatest amount possible. To optimize expression,
these vectors include strong bacterial or phage
promoters and bacterial ribosome binding sites
that would be missing on cloned eukaryotic genes.
Most cloning vectors are inducible, which avoids
premature overproduction of a foreign product that
could poison the bacterial host cells.

Expression Vectors That Produce Fusion Proteins Most
expression vectors produce fusion proteins. This might at
first seem a disadvantage because the natural product of
the inserted gene is not made. However, the extra amino
acids on the fusion protein can be a great help in purifying
the protein product.

Consider the oligohistidine expression vectors, one of
which has the trade name pTrcHis (Figure 4.16). These have
a short sequence just upstream of the multiple cloning site
that encodes a stretch of six histidines. Thus, a protein ex-
pressed in such a vector will be a fusion protein with six
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histidines at its amino end. Why would one want to attach
six histidines to a protein? Oligohistidine regions like this
have a high affinity for divalent metal ions like nickel (Ni*),
so proteins that have such regions can be purified using
nickel affinity chromatography. The beauty of this method
is its simplicity and speed. After the bacteria have made
the fusion protein, one simply lyses them, adds the crude
bacterial extract to a nickel affinity column, washes out all
unbound proteins, then releases the fusion protein with his-
tidine or a histidine analog called imidazole. This procedure
allows one to harvest essentially pure fusion protein in only
one step. This is possible because very few if any natural
proteins have oligohistidine regions, so the fusion protein is
essentially the only one that binds to the column.

What if the oligohistidine tag interferes with the pro-
tein’s activity? The designers of these vectors have thought-
fully provided a way to remove it. Just before the multiple
cloning site is a coding region for a stretch of amino acids
recognized by the enzyme enterokinase (a protease, not
really a kinase at all). So enterokinase can be used to cleave
the fusion protein into two parts: the oligohistidine tag and
the protein of interest. The site recognized by enterokinase
is very rare, and the chance that it exists in any given pro-
tein is insignificant. Thus, the rest of the protein should not
be chopped up as its oligohistidine tag is removed. The
enterokinase-cleaved protein can be run through the nickel
column once more to separate the oligohistidine fragments
from the protein of interest.

Lambda (\) phages have also served as the basis for
expression vectors; one designed specifically for this pur-
pose is Agt11. This phage (Figure 4.17) contains the lac
control region followed by the lacZ gene. The cloning sites
are located within the lacZ gene, so products of a gene
inserted correctly into this vector will be fusion proteins
with a leader of B-galactosidase.

The expression vector Agt11 has been a popular vehicle
for making and screening cDNA libraries. In the examples
of screening presented earlier, the proper DNA sequence
was detected by probing with a labeled oligonucleotide or
polynucleotide. By contrast, Agt11 allows one to screen a
group of clones directly for the expression of the right pro-
tein. The main ingredients required for this procedure are a
c¢DNA library in Agt11 and an antiserum directed against
the protein of interest.

Figure 4.18 shows how this works. Lambda phages
with various cDNA inserts are plated, and the proteins
released by each clone are blotted onto a support such as
nitrocellulose. Once the proteins from each plaque have been
transferred to nitrocellulose, they can be probed with anti-
serum. Next, antibody bound to protein from a particular
plaque can be detected, using labeled protein A from Staph-
ylococcus aureus. This protein binds tightly to antibody
and labels the corresponding spot on the nitrocellulose.
This label can be detected by autoradiography or by phos-
phorimaging (Chapter 5), then the corresponding plaque
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Figure 4.16 Using an oligohistidine expression vector. (a) Map
of a generic oligohistidine vector. Just after the ATG initiation codon
(green) lies a coding region (red) encoding six histidines in a row
[(His)g]. This is followed by a region (orange) encoding a recognition
site for the proteolytic enzyme enterokinase (EK). Finally, the vector
has a multiple cloning site (MCS, blue). Usually, the vector comes in
three forms with the MCS sites in each of the three reading frames.
One can select the vector that puts the gene in the right reading
frame relative to the oligohistidine. (b) Using the vector. 1. Insert
the gene of interest (yellow) into the vector in frame with the
oligohistidine coding region (red) and transform bacterial cells with
the recombinant vector. The cells produce the fusion protein (red
and yellow), along with other, bacterial proteins (green). 2. Lyse the
cells, releasing the mixture of proteins. 3. Pour the cell lysate
through a nickel affinity chromatography column, which binds the
fusion protein but not the other proteins. 4. Release the fusion
protein from the column with histidine or with imidazole, a histidine
analogue, which competes with the oligohistidine for binding to the
nickel. 5. Cleave the fusion protein with enterokinase. 6. Pass the
cleaved protein through the nickel column once more to separate
the oligohistidine from the desired protein.

can be picked from the master plate. Note that a fusion
protein is detected, not the protein of interest by itself. Fur-
thermore, it does not matter if a whole cDNA has been
cloned or not. The antiserum is a mixture of antibodies
that will react with several different parts of the protein, so
even a partial gene will do, as long as its coding region is
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cloned in the same orientation and reading frame as the
B-galactosidase coding region.

Even partial cDNAs are valuable because they can be com-
pleted by RACE, as we saw earlier in this chapter. The
B-galactosidase tag on the fusion proteins helps to stabilize
them in the bacterial cell, and can even make them easy to
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Figure 4.17 Synthesizing a fusion protein in Agt11. The gene to be
expressed (green) is inserted into the EcoRl site near the end of the
lacZ coding region (red) just upstream of the transcription terminator.
Thus, on induction of the lacZ gene by IPTG, a fused mRNA results,
containing the inserted coding region just downstream of the bulk of
the coding region of B-galactosidase. This MRNA is translated by the
host cell to yield a fusion protein.

purify by affinity chromatography on a column containing
an anti-B-galactosidase antibody.

SUMMARY Expression vectors frequently produce
fusion proteins, with one part of the protein
coming from coding sequences in the vector and
the other part from sequences in the cloned gene
itself. Many fusion proteins have the great advan-
tage of being simple to isolate by affinity chroma-
tography. The \gtll vector produces fusion
proteins that can be detected in plaques with a
specific antiserum.

Eukaryotic Expression Systems Eukaryotic genes are not
really “at home” in bacterial cells, even when they are
expressed under the control of their bacterial vectors. One
reason is that E. coli cells sometimes recognize the protein
products of cloned eukaryotic genes as outsiders and
destroy them. Another is that bacteria do not carry out the
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Figure 4.18 Detecting positive Agt11 clones by antibody
screening. A filter is used to blot proteins from phage plaques on a
Petri dish. One of the clones (red) has produced a plaque containing
a fusion protein including B-galactosidase and a part of the protein
of interest. The filter with its blotted proteins is incubated with an
antibody directed against the protein of interest, then with labeled
Staphylococcus protein A, which binds to most antibodies. It will
therefore bind only to the antibody-antigen complexes at the spot
corresponding to the positive clone. A dark spot on the film placed
in contact with the filter reveals the location of the positive clone.

same kinds of posttranslational modifications as eukary-
otes do. For example, a protein that would ordinarily be
coupled to sugars in a eukaryotic cell will be expressed as a
naked protein when cloned in bacteria. This can affect a
protein’s activity or stability, or at least its response to an-
tibodies. A more serious problem is that the interior of a
bacterial cell is not as conducive to proper folding of
eukaryotic proteins as the interior of a eukaryotic cell. Fre-
quently, the result is improperly folded, inactive products
of cloned genes. This means that one can frequently express
a cloned gene at a stupendously high level in bacteria, but
the product forms highly insoluble, inactive granules called
inclusion bodies. These are of no use unless one can get the
protein to refold and regain its activity. Fortunately, it is
frequently possible to renature the proteins from inclusion
bodies. In that case, the inclusion bodies are an advantage
because they can be separated from almost all other proteins
by simple centrifugation.

To avoid the potential incompatibility between a
cloned gene and its host, the gene can be expressed in a
eukaryotic cell. In such cases, the initial cloning is usually
done in E. coli, using a shuttle vector that can replicate in
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both bacterial and eukaryotic cells. The recombinant DNA
is then transferred to the eukaryote of choice. One eukary-
ote suited for this purpose is yeast. It shares the advan-
tages of rapid growth and ease of culture with bacteria, yet
it is a eukaryote and thus it carries out some of the protein
folding and glycosylation (adding sugars) characteristic of
a eukaryote. In addition, by splicing a cloned gene to the
coding region for a yeast export signal peptide, one can
usually ensure that the gene product will be secreted to the
growth medium. This is a great advantage in purifying the
protein. The yeast cells are simply removed in a centrifuge,
leaving relatively pure secreted gene product behind in the
medium.

The yeast expression vectors are based on a plasmid,
called the 2-micron plasmid, that normally inhabits yeast
cells. It provides the origin of replication needed by any
vector that must replicate in yeast. Yeast—bacterial shut-
tle vectors also contain the pBR322 origin of replication,
so they can also replicate in E. coli. In addition, of course,
a yeast expression vector must contain a strong yeast
promoter.

Another eukaryotic vector that has been remarkably
successful is derived from the baculovirus that infects the
caterpillar known as the alfalfa looper. Viruses in this class
have a rather large circular DNA genome, approximately
130 kb in length. The major viral structural protein, poly-
hedrin, is made in copious quantities in infected cells. In
fact, it has been estimated that when a caterpillar dies of a
baculovirus infection, up to 10% of the dry mass of the
dead insect is this one protein. This huge mass of protein
indicates that the polyhedrin gene must be very active, and
indeed it is—apparently due to its powerful promoter.
Max Summers and his colleagues, and Lois Miller and her
colleagues first developed successful vectors using the
polyhedrin promoter in 1983 and 1984, respectively. Since
then, many other baculovirus vectors have been con-
structed using this and other viral promoters.

At their best, baculovirus vectors can produce up to half
a gram per liter of protein from a cloned gene—a large
amount indeed. Figure 4.19 shows how a typical baculovi-
rus expression system works. First, the gene of interest is
cloned in one of the vectors. In this example, let us consider
a vector with the polyhedrin promoter. (The polyhedrin
coding region has been deleted from the vector. This does
not inhibit virus replication because polyhedrin is not
required for transmission of the virus from cell to cell in cul-
ture.) Most such vectors have a unique BamHI site directly
downstream of the promoter, so they can be cut with BamHI
and a fragment with BamHI-compatible ends can be in-
serted into the vector, placing the cloned gene under the
control of the polyhedrin promoter. Next the recombinant
plasmid (vector plus insert) is mixed with wild-type viral
DNA that has been cleaved so as to remove a gene essential
for viral replication, along with the polyhedrin gene. Cul-
tured insect cells are then transfected with this mixture.
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Recombination

Polh( 54

Recombinant Original
viral DNA viral DNA
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) 1

Protein product
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Figure 4.19 Expressing a gene in a baculovirus. First, insert the gene
to be expressed (red) into a baculovirus transfer vector. In this case,
the vector contains the powerful polyhedrin promoter (Polh), flanked by
the DNA sequences (yellow) that normally surround the polyhedrin
gene, including a gene (green) that is essential for virus replication; the
polyhedrin coding region itself is missing from this transfer vector.
Bacterial vector sequences are in blue. Just downstream of the promoter
is a BamHl restriction site, which can be used to open up the vector
(step a) so it can accept the foreign gene (red) by ligation (step b). In step
¢, mix the recombinant transfer vector with linear viral DNA that has
been cut so as to remove the essential gene. Transfect insect cells with
the two DNAs together. This process is known as co-transfection. The
two DNAs are not drawn to scale; the viral DNA is actually almost

15 times the size of the vector. Inside the cell, the two DNAs recombine
by a double crossover that inserts the gene to be expressed, along with
the essential gene, into the viral DNA. The result is a recombinant virus
DNA that has the gene of interest under the control of the polyhedrin
promoter. Finally, in steps d and e, infect cells with the recombinant
virus and collect the protein product these cells make. Notice that the
original viral DNA is linear and it is missing the essential gene, so it
cannot infect cells (f). This lack of infectivity selects automatically for
recombinant viruses; they are the only ones that can infect cells.

Because the vector has extensive homology with the
regions flanking the polyhedrin gene, recombination
can occur within the transfected cells. This transfers the
cloned gene into the viral DNA, still under the control
of the polyhedrin promoter. Now this recombinant
virus can be used to infect cells and the protein of interest
can be harvested after these cells enter the very late



phase of infection, during which the polyhedrin pro-
moter is most active. What about the nonrecombinant
viral DNA that enters the transfected cells along with
the recombinant vector? It cannot give rise to infectious
virus because it lacks an essential gene that can only be
supplied by the vector.

Notice the use of the term transfected with eukaryotic
cells instead of transformed, which we use with bacteria.
We make this distinction because transformation has an-
other meaning in eukaryotes: the conversion of a normal
cell to a cancer-like cell. To avoid confusion with this phe-
nomenon, we use transfection to denote introducing new
DNA into a eukaryotic cell.

Transfection in animal cells is conveniently carried
out in at least two ways: (1) Cells can be mixed with
DNA in a phosphate buffer, then a solution of a cal-
cium salt can be added to form a precipitate of
Ca3(POy)y. The cells take up the calcium phosphate
crystals, which also include some DNA. (2) The DNA
can be mixed with lipid, which forms liposomes, small
vesicles that include some DNA solution inside. These
DNA-bearing liposomes then fuse with the cell mem-
branes, delivering their DNA into the cells. Plant cells
are commonly transfected by a biolistic method in
which small metal pellets are coated with DNA and
literally shot into cells.

SUMMARY Foreign genes can be expressed in eu-
karyotic cells, and these eukaryotic systems have
some advantages over their prokaryotic counter-
parts for producing eukaryotic proteins. Two of the
most important advantages are (1) Eukaryotic pro-
teins made in eukaryotic cells tend to be folded
properly, so they are soluble, rather than aggre-
gated into insoluble inclusion bodies. (2) Eukaryotic
proteins made in eukaryotic cells are modified
(phosphorylated, glycosylated, etc.) in a eukaryotic
manner.

Other Eukaryotic Vectors

Some well-known eukaryotic vectors serve purposes other
than expressing foreign genes. For example, yeast artifi-
cial chromosomes (YACs), bacterial artificial chromo-
somes (BACs), and P1 phage artificial chromosomes
(PACs) are capable of accepting huge chunks of foreign
DNA and therefore find use in large sequencing programs
such as the human genome project, where big pieces of
cloned DNA are especially valuable. We will discuss the
artificial chromosomes in Chapter 24 in the context of
genomics. Another important eukaryotic vector is the Ti
plasmid, which can transport foreign genes into plant
cells and ensure their replication there.
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Using the Ti Plasmid to Transfer Genes
to Plants

Genes can also be introduced into plants, using vectors
that can replicate in plant cells. The common bacterial
vectors do not serve this purpose because plant cells cannot
recognize their bacterial promoters and replication origins.
Instead, a plasmid containing so-called T-DNA can be
used. This is a piece of DNA from a plasmid known as
Ti (tumor-inducing).

The Ti plasmid inhabits the bacterium Agrobacte-
rium tumefaciens, which causes tumors called crown
galls (Figure 4.20) in dicotyledonous plants. When this
bacterium infects a plant, it transfers its Ti plasmid to
the host cells, whereupon the T-DNA integrates into the
plant DNA, causing the abnormal proliferation of plant
cells that gives rise to a crown gall. This is advantageous
for the invading bacterium, because the T-DNA has genes
directing the synthesis of unusual organic acids called
opines. These opines are worthless to the plant, but the
bacterium has enzymes that can break down opines
so they can serve as an exclusive energy source for the
bacterium.

The T-DNA genes coding for the enzymes that make
opines (e.g., mannopine synthetase) have strong promot-
ers. Plant molecular biologists take advantage of them by
putting T-DNA into small plasmids, then placing foreign
genes under the control of one of these promoters. Figure 4.21
outlines the process used to transfer a foreign gene to a
tobacco plant, producing a transgenic plant. One punches
out a small disk (7 mm or so in diameter) from a tobacco
leaf and places it in a dish with nutrient medium. Under
these conditions, tobacco tissue will grow around the
edge of the disk. Next, one adds Agrobacterium cells con-
taining the foreign gene cloned into a Ti plasmid; these
bacteria infect the growing tobacco cells and introduce
the cloned gene.

When the tobacco tissue grows roots around the
edge, those roots are transplanted to medium that en-
courages shoots to form. These plantlets give rise to
full-sized tobacco plants whose cells contain the foreign
gene. This gene can confer new properties on the plant,
such as pesticide resistance, drought resistance, or dis-
ease resistance.

One of the most celebrated successes so far in plant
genetic engineering has been the development of the
“Flavr Savr” tomato. Calgene geneticists provided this
plant with an antisense copy of a gene that contributes
to fruit softening during ripening. The RNA product of
this antisense gene is complementary to the normal
mRNA, so it hybridizes to the mRNA and blocks
expression of the gene. This allows tomatoes to ripen
without softening as much, so they can ripen naturally
on the vine instead of being picked green and ripened
artificially.
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Figure 4.20 Crown gall tumors. (a) Formation of a crown gall

1. Agrobacterium cells enter a wound in the plant, usually at the
crown, or the junction of root and stem. 2. The Agrobacterium
contains a Ti plasmid in addition to the much larger bacterial
chromosome. The Ti plasmid has a segment (the T-DNA, red) that
promotes tumor formation in infected plants. 3. The bacterium
contributes its Ti plasmid to the plant cell, and the T-DNA from the

Ti plasmid integrates into the plant’s chromosomal DNA. 4. The
genes in the T-DNA direct the formation of a crown gall, which
nourishes the invading bacteria. (b) Photograph of a crown gall
tumor generated by cutting off the top of a tobacco plant and
inoculating with Agrobacterium. This crown gall tumor is a
teratoma, which generates normal as well as tumorous tissues.
(Source: (b) Dr. Robert Turgeon and Dr. B. Gillian Turgeon, Cornell University.)
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Figure 4.21 Using a T-DNA plasmid to introduce a gene into
tobacco plants. (a) A plasmid is constructed with a foreign gene
(red) under the control of the mannopine synthetase promoter
(blue). This plasmid is used to transform Agrobacterium cells.

(b) The transformed bacterial cells divide repeatedly. (c) A disk of
tobacco leaf tissue is removed and incubated in nutrient medium,
along with the transformed Agrobacterium cells. These cells infect
the tobacco tissue, transferring the plasmid bearing the cloned
foreign gene, which integrates into the plant genome. (d) The disk
of tobacco tissue sends out roots into the surrounding medium.
(e) One of these roots is transplanted to another kind of medium,
where it forms a shoot. This plantlet grows into a transgenic tobacco
plant that can be tested for expression of the transplanted gene.

Other plant molecular biologists have made additional
strides, including the following: (1) conferring herbicide
resistance on plants; (2) conferring virus resistance on to-
bacco plants by inserting a gene for the viral coat protein;
(3) endowing corn and cotton plants with a bacterial pes-
ticide; and (4) inserting the gene for firefly luciferase into
tobacco plants—this experiment has no practical value,
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but it does have the arresting effect of making the plant
glow in the dark.

SUMMARY Molecular biologists can transfer cloned
genes to plants, creating transgenic organisms with
altered characteristics, using a plant vector such as
the Ti plasmid.

SUMMARY

To clone a gene, one must insert it into a vector that can
carry the gene into a host cell and ensure that it will
replicate there. The insertion is usually carried out by
cutting the vector and the DNA to be inserted with the
same restriction endonucleases to endow them with the
same “sticky ends.” Vectors for cloning in bacteria come
in two major types: plasmids and phages.

Among the plasmid cloning vectors are pBR322
and the pUC plasmids. Screening is convenient with the
pUC plasmids and pBS phagemids. These vectors have
an ampicillin resistance gene and a multiple cloning site
that interrupts a partial B-galactosidase gene whose
product is easily detected with a color test. The desired
clones are ampicillin-resistant and do not make active
B-galactosidase.

Two kinds of phages have been especially popular as
cloning vectors. The first is A (lambda), which has had
certain nonessential genes removed to make room for
inserts. In some of these engineered phages, inserts up to
20 kb in length can be accommodated. Cosmids, a cross
between phage and plasmid vectors, can accept inserts as
large as 50 kb. This makes these vectors very useful for
building genomic libraries. The second major class of
phage vectors is the M 13 phages. These vectors have the
convenience of a multiple cloning region and the further
advantage of producing single-stranded recombinant
DNA, which can be used for DNA sequencing and for
site-directed mutagenesis. Plasmids called phagemids have
an origin of replication for a single-stranded DNA phage,
so they can produce single-stranded copies of themselves.

Expression vectors are designed to yield the protein
product of a cloned gene, usually in the greatest amount
possible. To optimize expression, bacterial expression vectors
provide strong bacterial promoters and bacterial ribosome
binding sites that would be missing from cloned eukaryotic
genes. Most cloning vectors are inducible, to avoid premature
overproduction of a foreign product that could poison the
bacterial host cells. Expression vectors frequently produce
fusion proteins, which can often be isolated quickly and
easily. Eukaryotic expression systems have the advantages
that the protein products are usually soluble, and these
products are modified in a eukaryotic manner.
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Cloned genes can also be transferred to plants, using a
plant vector such as the Ti plasmid. This procedure can
alter the plants’ characteristics.

REVIEW QUESTIONS

1. Consulting Table 4.1, determine the length and the nature
(5" or 3’) of the overhang (if any) created by the following
restriction endonucleases:

a. Alul
b. Bglll
c. Clal
d. Kpnl
e. Mbol
f. Pvul
g. Notl

2. Why does one need to attach DNAs to vectors to clone
them?

3. Describe the process of cloning a DNA fragment into the
BamHI and Pstl sites of the vector pUC18. How would you
screen for clones that contain an insert?

4. Describe the process of cloning a DNA fragment into the
EcoRlI site of the Charon 4 vector.

5. You want to clone a 1-kb cDNA. Which vectors discussed
in this chapter would be appropriate to use? Which would
be inappropriate? Why?

6. You want to make a genomic library with DNA fragments
averaging about 45 kb in length. Which vector discussed in
this chapter would be most appropriate to use? Why?

7. You want to make a library with DNA fragments averaging
over 100 kb in length. Which vectors discussed in this chap-
ter would be most appropriate to use? Why?

8. You have constructed a cDNA library in a phagemid vector.
Describe how you would screen the library for a particular
gene of interest. Describe methods using oligonucleotide
and antibody probes.

9. How would you obtain single-stranded cloned DNAs from
an M13 phage vector? From a phagemid vector?

10. Diagram a method for creating a cDNA library.
11. Diagram the process of nick translation.

12. Outline the polymerase chain reaction (PCR) method for
amplifying a given stretch of DNA.

13. What is the difference between reverse transcriptase PCR
(RT-PCR) and standard PCR? For what purpose would you
use RT-PCR?

14. Describe the use of a vector that produces fusion proteins
with oligohistidine at one end. Show the protein purifica-
tion scheme to illustrate the advantage of the oligohistidine
tag.

15. What is the difference between a \ insertion vector such as
Agt11 and a \ replacement vector? What is the advantage of
each?

16. Describe the use of a baculovirus system for expressing a
cloned gene. What advantages over a bacterial expression
system does the baculovirus system offer?

17. What kind of vector would you use to insert a transgene into
a plant such as tobacco? Diagram the process you would use.

ANALYTICAL QUESTIONS

1. Here is the amino acid sequence of part of a hypothetical
gene you want to clone:
Pro-Arg-Tyr-Met-Cys-Trp-Ile-Leu-Met-Ser

a. What sequence of five amino acids would give a 14-mer
probe with the least degeneracy for probing a library to
find your gene of interest? Notice that you do not use the
last base in the fifth codon because of its degeneracy.

b. How many different 14-mers would you have to make
in order to be sure that your probe matches the
corresponding sequence in your cloned gene perfectly?

c. If you started your probe one amino acid to the left of the
one you chose in (a), how many different 14-mers would you
have to make? Use the genetic code to determine degeneracy.

2. You are cloning the genome of a new DNA virus into pUC18.
You plate out your transformants on ampicillin plates con-
taining X-gal and pick one blue colony and one white colony.
When you check the size of the inserts in each plasmid (blue
and white), you are surprised to find that the plasmid from
the blue colony contains a very small insert of approximately
60 bp, while the plasmid from the white colony does not
appear to contain any insert at all. Explain these results.
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CHAPTER 5

Molecular Tools for Studying
Genes and Gene Activity

Two scientists examine an autoradiograph of an electrophoretic gel.
© Image Source/Getty RF

n this chapter we will describe the most
popular techniques that molecular biolo-
gists use to investigate the structure and
function of genes. Most of these start with
cloned genes. Many use gel electrophore-
sis. Many also use labeled tracers, and
many rely on nucleic acid hybridization. We
have already examined gene cloning tech-
niques. Let us continue by briefly consider-
ing three other mainstays of molecular
biology research: molecular separations
including gel electrophoresis; labeled trac-
ers; and hybridization.
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5.1 Molecular Separations

Gel Electrophoresis

It is very often necessary in molecular biology research
to separate proteins or nucleic acids from each other. For
example, we may need to purify a particular enzyme
from a crude cellular extract in order to use it or to
study its properties. Or we may want to purify a particu-
lar RNA or DNA molecule that has been produced or
modified in an enzymatic reaction, or we may simply
want to separate a series of RNAs or DNA fragments
from each other. We will describe here some of the most
common techniques used in such molecular separations,
including gel electrophoresis of both nucleic acids and

DNA migrates
toward anode

(b)

Figure 5.1 DNA gel electrophoresis. (a) Scheme of the method:
This is a horizontal gel made of agarose (a substance derived from
seaweed, and the main component of agar). The agarose melts at
high temperature, then gels as it cools. A “comb” is inserted into the
molten agarose; after the gel cools, the comb is removed, leaving
slots, or wells (orange). The DNA is then placed in the wells, and an
electric current is run through the gel. Because the DNA is an acid,
it is negatively charged at neutral pH and electrophoreses, or
migrates, toward the positive pole, or anode. (b) A photograph

of a gel after electrophoresis showing the DNA fragments as bright
bands. DNA binds to a dye that fluoresces orange under ultraviolet
light, but the bands appear pink in this photograph.

(Source: (b) Reproduced with permission from Life Technologies, Inc.)

proteins, ion exchange chromatography, and gel filtra-
tion chromatography.

Gel electrophoresis can be used to separate different
nucleic acid or protein species. We will begin by
considering DNA gel electrophoresis. In this technique
one makes an agarose gel with slots in it, as shown in
Figure 5.1. The slots are formed by pouring a hot (lig-
uid) agarose solution into a shallow box equipped with
a removable “comb” with teeth that point downward
into the agarose. Once the agarose has gelled, the comb
is removed, leaving rectangular holes, or slots, in the gel.
One puts a little DNA in a slot and runs an electric
current through the gel at neutral pH. The DNA is
negatively charged because of the phosphates in its back-
bone, so it migrates toward the positive pole (the anode)
at the end of the gel. The secret of the gel’s ability to
separate DNAs of different sizes lies in friction. Small
DNA molecules experience little frictional drag from
solvent and gel molecules, so they migrate rapidly. Large
DNAs, by contrast, encounter correspondingly more
friction, so their mobility is lower. The result is that the
electric current will distribute the DNA fragments ac-
cording to their sizes: the largest near the top, the small-
est near the bottom. Finally, the DNA is stained with a
fluorescent dye and the gel is examined under ultraviolet
illumination. Figure 5.2 depicts the results of such analy-
sis on fragments of phage DNA of known size. The mo-
bilities of these fragments are plotted versus the log of
their molecular weights (or number of base pairs). Any
unknown DNA can be electrophoresed in parallel with
the standard fragments, and its size can be estimated if it
falls within the range of the standards. For example, a
DNA with a mobility of 20 mm in Figure 5.2 would
contain about 910 bp. The same principles apply to
electrophoresing RNAs of various sizes.

Solved Problem
Problem 1

Following is a graph showing the results of a gel electropho-
resis experiment on double-stranded DNA fragments having
sizes between 0.3 and 1.2 kb.

On the basis of this graph, answer the following
questions:

a. What is the size of a fragment that migrated 16 mm in
this experiment?

b. How far would a 0.5-kb fragment migrate in this ex-
periment?

Solution

a. Draw a vertical dashed line from the 16-mm point
on the x axis up to the experimental line. From the
point where that vertical line intersects the experi-
mental line, draw a horizontal dashed line to the
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Figure 5.2 Analysis of DNA fragment size by gel electrophoresis.
(a) Photograph of a stained gel of commercially prepared fragments
after electrophoresis. The bands that would be orange in a color
photo show up white in a black-and-white photo taken with an
orange filter. The sizes of the fragments (in bp) are given at right.
Note that this photo has been enlarged somewhat, so the mobilities
of the bands appear a little higher than they really were. (b) Graph

of the migration of the DNA fragments versus their sizes in base
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pairs. The vertical axis is logarithmic rather than linear, because

the electrophoretic mobility (migration rate) of a DNA fragment

is inversely proportional to the log of its size. However, notice

the departure from this proportionality at large fragment sizes,
represented by the difference between the solid line (actual results)
and the dashed line (theoretical behavior). This suggests the
limitations of conventional electrophoresis for measuring the sizes of
very large DNAs. (Source: (a) Courtesy Bio-Rad Laboratories.)

y axis. This line intersects the y axis at the 0.9-kb
point. This shows that fragments that migrate

16 mm in this experiment are 0.9 kb (or 900 bp)
long.

b. Draw a horizontal dashed line from the 0.5-kb point
on the y axis across to the experimental line. From the
point where that horizontal line intersects the experi-
mental line, draw a vertical dashed line down to the x axis.
This line intersects the x axis at the 28-mm point. This
shows that 0.5-kb fragments migrate 28 mm in this
experiment. ]

Determining the size of a large DNA by gel electropho-
resis requires special techniques. One reason is that the re-
lationship between the log of a DNA’s size and its
electrophoretic mobility deviates strongly from linearity if
the DNA is very large. A hint of this deviation is apparent at
the top left of Figure 5.2b. Another reason is that
double-stranded DNA is a relatively rigid rod—very long

77



78 Chapter 5 / Molecular Tools for Studying Genes and Gene Activity

and thin. The longer it is, the more fragile it is. In fact, large
DNAs break very easily; even seemingly mild manipula-
tions, like swirling in a beaker or pipetting, create
shearing forces sufficient to fracture them. To visualize
this, think of DNA as a piece of uncooked spaghetti. If
it is short—say a centimeter or two—you can treat it
roughly without harming it, but if it is long, breakage
becomes almost inevitable.

In spite of these difficulties, molecular biologists
have developed a kind of gel electrophoresis that can
separate DNA molecules up to several million base pairs
(megabases, Mb) long and maintain a relatively linear
relationship between the log of their sizes and their mo-
bilities. Instead of a constant current through the gel,
this method uses pulses of current, with relatively long
pulses in the forward direction and shorter pulses in the
opposite, or even sideways, direction. This pulsed-field
gel electrophoresis (PFGE) is valuable for measuring the
sizes of DNAs even as large as some of the chromo-
somes found in yeast. Figure 5.3 presents the results of
pulsed-field gel electrophoresis on yeast chromosomes.
The 16 visible bands represent chromosomes containing
0.2-2.2 Mb.

Electrophoresis is also often applied to proteins, in
which case the gel is usually made of polyacrylamide. We
therefore call it polyacrylamide gel electrophoresis, or
PAGE. To determine the polypeptide makeup of a

Figure 5.3 Pulsed-field gel electrophoresis of yeast chromosomes.
Identical samples of yeast chromosomes were electrophoresed in

10 parallel lanes and stained with ethidium bromide. The bands
represent chromosomes having sizes ranging from 0.2 Mb (at

bottom) to 2.2 Mb (at top). Original gel is about 13 cm wide by

12.5 cm long. (Source: Courtesy Bio-Rad Laboratories/CHEF-DR(R)II
pulsed-field electrophoresis systems.)

complex protein, the experimenter must treat the protein
so that the polypeptides, or subunits, will electrophorese
independently. This is usually done by treating the protein
with a detergent (sodium dodecyl sulfate, or SDS) to
denature the subunits so they no longer bind to one another.
The SDS has two added advantages: (1) It coats all the
polypeptides with negative charges, so they all electro-
phorese toward the anode. (2) It masks the natural charges
of the subunits, so they all electrophorese according to
their molecular masses and not by their native charges.
Small polypeptides fit easily through the pores in the gel,
so they migrate rapidly. Larger polypeptides migrate more
slowly. Researchers also usually employ a reducing agent
to break covalent bonds between subunits.

Figure 5.4 shows the results of SDS-PAGE on a series of
polypeptides, each of which is attached to a dye so they can
be seen during electrophoresis. Ordinarily, the polypeptides
would all be stained after electrophoresis with a dye such
as Coomassie Blue.
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Figure 5.4 SDS-polyacrylamide gel electrophoresis. Polypeptides
of the molecular masses shown at right were coupled to dyes and
subjected to SDS-PAGE. The dyes allow us to see each polypeptide
during and after electrophoresis. (Source: Courtesy of Amersham
Pharmacia Biotech.)



SUMMARY DNAs, RNAs, and proteins of various
masses can be separated by gel electrophoresis.
The most common gel used in nucleic acid electro-
phoresis is agarose, but polyacrylamide is usu-
ally used in protein electrophoresis. SDS-PAGE is
used to separate polypeptides according to their
masses.

Two-Dimensional Gel Electrophoresis

SDS-PAGE gives very good resolution of polypeptides, but
sometimes a mixture of polypeptides is so complex that we
need an even better method to resolve them all. For
example, we may want to separate all of the thousands of
polypeptides present at a given time in a given cell type.
This is very commonly done now as part of a subfield of
molecular biology known as proteomics, which we will
discuss in Chapter 24.

To improve on the resolving power of a one-dimensional
SDS-PAGE procedure, molecular biologists have devel-
oped two-dimensional methods. In one simple method,
described in Chapter 19, one can simply run nonde-
naturing gel electrophoresis (no SDS) in one dimension
at one pH and one polyacrylamide gel concentration,
then in a second dimension at a second pH and a second

@)

Figure 5.5 Two-dimensional gel electrophoresis. In this experiment,
the investigators grew E. coli cells in the presence or absence of
benzoic acid. Then they stained a lysate of the cells grown in the
absence of benzoic acid with the red fluorescent dye Cy3, so the
proteins from that lysate would fluoresce red. They stained a lysate of
the cells grown in the presence of benzoic acid with the blue
fluorescent dye Cy5, so those proteins would fluoresce blue. Finally,
they performed two-dimensional gel electrophoresis on (a) the

5.1 Molecular Separations 79

polyacrylamide concentration. Proteins will electrophorese
at different rates at different pH values because their net
charges change with pH. They will also behave differently
at different polyacrylamide concentrations according to
their sizes. But individual polypeptides cannot be ana-
lyzed by this method because the lack of detergent makes
it impossible to separate the polypeptides that make up a
complex protein.

An even more powerful method is commonly known as
two-dimensional gel electrophoresis, even though it involves
a bit more than the name implies. In the first step, the mixture
of proteins is electrophoresed through a narrow tube gel con-
taining molecules called ampholytes that set up a pH gradi-
ent from one end of the tube to the other. A negatively charged
molecule will electrophorese toward the anode until it reaches
its isoelectric point, the pH at which it has no net charge.
Without net charge, it is no longer drawn toward the anode,
or the cathode, for that matter, so it stops. This step is called
isoelectric focusing because it focuses proteins at their iso-
electric points in the gel.

In the second step, the gel is removed from the tube and
placed at the top of a slab gel for ordinary SDS-PAGE. Now
the proteins that have been partially resolved by isoelectric
focusing are further resolved according to their sizes by
SDS-PAGE. Figure 5.5 presents two-dimensional gel electro-
phoresis separations of E. coli proteins grown in the
presence and absence of benzoic acid. Proteins from the
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proteins from cells grown in the absence of benzoic acid, (b) on the
proteins grown in the presence of benzoic acid, and (¢) on a mixture
of the two sets of proteins. In panel (c), the proteins that accumulate
only in the absence of benzoic acid fluoresce red, those that accu-
mulate only in the presence of benzoic acid fluoresce blue, and
those that accumulate under both conditions fluoresce both red and
blue, and so appear purple or black. (Source: Courtesy of Amersham
Pharmacia Biotech.)
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cells grown without benzoic acid were stained with the red
fluorescent dye Cy3, and proteins from the cells grown with
benzoic acid were stained with the blue fluorescent dye CyS5.
Two-dimensional gel electrophoresis of these two sets of pro-
teins, separately and together allows us to see which proteins
are prevalent in the presence or absence of benzoic acid, and
which are prevalent under both conditions.

SUMMARY High-resolution separation of polypep-
tides can be achieved by two-dimensional gel elec-

trophoresis, which uses isoelectric focusing in the
first dimension and SDS-PAGE in the second.

Ion-Exchange Chromatography

Chromatography is a term that originally referred to the
pattern one sees after separating colored substances on pa-
per (paper chromatography). Nowadays, many different
types of chromatography exist for separating biological
substances. Ion-exchange chromatography uses a resin
to separate substances according to their charges. For
example, DEAE-Sephadex chromatography uses an ion-
exchange resin that contains positively charged diethyl-
aminoethyl (DEAE) groups. These positive charges attract
negatively charged substances, including proteins. The
greater the negative charge, the tighter the binding.

In Chapter 10, we will see an example of DEAE-
Sephadex chromatography in which the experimenters
separated three forms of an enzyme called RNA poly-
merase. They made a slurry of DEAE-Sephadex and
poured it into a column. After the resin had packed
down, they loaded the sample, a crude cellular extract
containing the RNA polymerases. Finally, they eluted, or
removed, the substances that had bound to the resin in
the column by passing a solution of gradually increasing
ionic strength (or salt concentration) through the column.
The purpose of this salt gradient was to use the negative
ions in the salt solution to compete with the proteins for
ionic binding sites on the resin, thus removing the
proteins one by one. This is why we call it ion-exchange
chromatography.

As the ionic strength of the elution buffer increases,
samples of solution flowing through the column are
collected using a fraction collector. This device works by
positioning test tubes, one at a time, beneath the column
to collect a given volume of solution. As each tube fin-
ishes collecting its fraction of the solution, it moves aside
and a new tube moves into position to collect its fraction.
Finally, each fraction is assayed (tested) to determine how
much of the substance of interest it contains. If the sub-
stance is an enzyme, the fractions are assayed for that par-
ticular enzyme activity. It is also useful to measure the
ionic strength of each fraction to determine what salt

concentration is necessary to elute each of the enzymes
of interest.

One can also use a negatively charged resin to separate
positively charged substances, including proteins. For ex-
ample, phosphocellulose is commonly used to separate pro-
teins by cation-exchange chromatography. Note that it is
not essential for a protein to have a net positive charge to
bind to a cation-exchange resin like phosphocellulose. Most
proteins have a net negative charge, yet they can still bind to
a cation exchange resin if they have a significant center of
positive charge. Figure 5.6 depicts the results of a hypo-
thetical ion-exchange chromatography experiment in which
two forms of an enzyme are separated.

SUMMARY Ion-exchange chromatography can be
used to separate substances, including proteins,
according to their charges. Positively charged resins
like DEAE-Sephadex are used for anion-exchange
chromatography, and negatively charged resins
like phosphocellulose are used for cation-exchange
chromatography.

Gel Filtration Chromatography

Standard biochemical separations of proteins usually
require more than one step, and, because valuable pro-
tein is lost at each step, it is important to minimize the
number of these steps. One way to do this is to design a
strategy that enables each step to take advantage of a
different property of the protein of interest. Thus, if
anion-exchange chromatography is the first step and
cation-exchange chromatography is the second, a third
step that separates proteins on some other basis besides
charge is needed. Protein size is an obvious next choice.
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Figure 5.6 lon-exchange chromatography. Begin by loading a cell
extract containing two different forms of an enzyme onto an ion-
exchange column. Then pass a buffer of increasing ionic strength
through the column and collect fractions (32 fractions in this case).
Assay each fraction for enzyme activity (red) and ionic strength (blue),
and plot the data as shown. The two forms of the enzyme are clearly
separated by this procedure.
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Figure 5.7 Gel filtration chromatography. (a) Principle of the
method. A resin bead is schematically represented as a “whiffle ball”
(yellow). Large molecules (blue) cannot fit into the beads, so they are
confined to the relatively small buffer volume outside the beads. Thus,
they emerge quickly from the column. Small molecules (red), by
contrast, can fit into the beads and so have a large buffer volume

Gel filtration chromatography is one method that
separates molecules based on their physical dimensions.
Gel filtration resins such as Sephadex are porous beads of
various sizes that can be likened to “whiffle balls,” hollow
plastic balls with holes in them. Imagine a column filled
with tiny whiffle balls. When one passes a solution con-
taining different size molecules through this column, the
small molecules will easily enter the holes in the whiffle
balls (the pores in the beads) and therefore flow through
the column slowly. On the other hand, large molecules
will not be able to enter any of the beads and will flow
more quickly through the column. They emerge with the
so-called void volume—the volume of buffer surrounding
the beads, but not included in the beads. Intermediate-size
molecules will enter some beads and not others and so
will have an intermediate mobility. Thus, large molecules
will emerge first from the column, and small molecules will
emerge last. Many different resins with different size
pores are available for separating different size molecules.
Figure 5.7 illustrates this method.

SUMMARY Gel filtration chromatography uses
columns filled with porous resins that let in smaller
substances, but exclude larger ones. Thus, the
smaller substances are slowed in their journey
through the column, but larger substances travel
relatively rapidly through the column.

Affinity Chromatography

One of the most powerful separation techniques is affinity
chromatography, in which the resin contains a substance
(an affinity reagent) to which the molecule of interest has
strong and specific affinity. For example, the resin may be
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available to them. Accordingly, they take a longer time to emerge from
the column. (b) Experimental results. Add a mixture of large and small
molecules from panel (a) to the column, and elute them by passing
buffer through the column. Collect fractions and assay each for
concentration of the large (blue) and small (red) molecules. As
expected, the large molecules emerge earlier than the small ones.

coupled to an antibody that recognizes a specific protein,
or it may contain an unreactive analog of an enzyme’s
substrate. In the latter case, the enzyme will bind strongly
to the analog, but will not metabolize it. After virtually all
the contaminating proteins have flowed through the col-
umn because they have no (or weak) affinity for the affin-
ity reagent, the molecule of interest can be eluted from the
column using a solution of a substance that competes
with binding between the molecule of interest and the af-
finity reagent. For example, a solution of the enzyme ana-
log could be used. In this case, the analog in solution will
compete with the analog on the resin for binding to the
enzyme and the enzyme will elute from the column.

The power of affinity chromatography lies in the spec-
ificity of binding between the affinity reagent on the resin
and the molecule to be purified. Indeed, it is possible to
design an affinity chromatography procedure to purify a
protein in a single step because that protein is the only
one in the cell that will bind to the affinity reagent. In
Chapter 4 we saw a good example: the use of a nickel
column to purify a protein tagged with oligohistidine. Be-
cause all of the other proteins in the cell are natural and
are therefore not tagged with oligohistidine, the tagged
protein is the only one that will stick to the affinity re-
agent, nickel. In that case, one could elute the protein
from the column with a nickel solution, but that would
yield a protein-nickel complex, rather than a pure protein.
So investigators use a histidine analog, imidazole, which
also disrupts binding between the affinity reagent and the
protein of interest—by binding to the nickel on the column.

When the molecule to be purified (e.g., an oligohistidine-
tagged protein) is the only one that binds to the affin-
ity resin, column chromatography is not even needed.
Instead, the investigator can simply mix the resin with a
cell extract, spin down the resin in a centrifuge, throw
away the remaining solution (the supernatant), leaving the
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protein of interest bound to the resin in a pellet at the
bottom of the centrifuge tube. After rinsing the pellet with
buffer, the protein of interest can be released from the
resin (e.g., with a solution of imidazole, if a nickel resin
is used), and the resin can be spun down again. This time,
the protein of interest will be in the supernatant, which
can be removed and saved. This procedure is simpler and
faster than traditional chromatography.

SUMMARY Affinity chromatography is a powerful
purification technique that exploits an affinity
reagent with strong and specific affinity for a mole-
cule of interest. That molecule binds to a column
coupled to the affinity reagent but all or most other
molecules flow through without binding. Then the
molecule of interest can be eluted from the column
with a solution of a substance that disrupts the
specific binding.

5.2 Labeled Tracers

Until recently, “labeled” has been virtually synonymous
with “radioactive” because radioactive tracers have been
available for decades, and they are easy to detect.
Radioactive tracers allow vanishingly small quantities
of substances to be detected. This is important in molecular
biology because the substances we are trying to detect in a
typical experiment are present in very tiny amounts. Let
us assume, for example, that we are attempting to measure
the appearance of an RNA product in a transcription reac-
tion. We may have to detect RNA quantities of less than a
picogram (pg; only one trillionth of a gram, or 10712 g).
Direct measurement of such tiny quantities by UV light
absorption or by staining with dyes is not possible because
of the limited sensitivities of these methods. On the other
hand, if the RNA is radioactive we can measure small
amounts of it easily because of the great sensitivity of the
equipment used to detect radioactivity. Let us now consider
the favorite techniques molecular biologists use to detect
radioactive tracers: autoradiography, phosphorimaging, and
liquid scintillation counting.

Autoradiography

Autoradiography is a means of detecting radioactive com-
pounds with a photographic emulsion. The form of emul-
sion favored by molecular biologists is a piece of x-ray
film. Figure 5.8 presents an example in which the investi-
gator electrophoreses some radioactive DNA fragments
on a gel and then places the gel in contact with the x-ray
film and leaves it in the dark for a few hours, or even days.
The radioactive emissions from the bands of DNA
expose the film, just as visible light would. Thus, when the
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Figure 5.8 Autoradiography. (a) Gel electrophoresis. Electrophorese
radioactive DNA fragments in three parallel lanes on a gel, either
agarose or polyacrylamide, depending on the sizes of the
fragments. At this point the DNA bands are invisible, but their
positions are indicated here with dotted lines. (b) Autoradiography.
Place a piece of x-ray film in contact with the gel and leave it for
several hours, or even days if the DNA fragments are only weakly
radioactive. Finally, develop the film to see where the radioactivity
has exposed the film. This shows the locations of the DNA bands
on the gel. In this case, the large, slowly migrating bands are the
most radioactive, so the bands on the autoradiograph that
correspond to them are the darkest.

film is developed, dark bands appear, corresponding
to the DNA bands on the gel. In effect, the DNA bands
take a picture of themselves, which is why we call this
technique agutoradiography.

To enhance the sensitivity of autoradiography, at least
with 2P, one can use an intensifying screen. This is a screen
coated with a compound that fluoresces when it is excited by
B electrons at low temperature. (B electrons are the radioac-
tive emissions from the common radioisotopes used in mo-
lecular biology: 3H, 14¢, 35, and 3?P.) Thus, one can put a
radioactive gel (or other medium) on one side of a
photographic film and the intensifying screen on the other.
Some B electrons expose the film directly, but others pass
right through the film and would be lost without the screen.



When these high-energy electrons strike the screen, they
cause fluorescence, which is detected by the film.

An intensifying screen works well with 3P B electrons
because they have high energy and therefore can pass
easily through an x-ray film. The B electrons emitted by
14C and %3S are about 10-fold less energetic, and so
barely make it out of a gel, let alone through an x-ray
film. Tritium (°H) B electrons are about 10-fold weaker
still, and so cannot reach the x-ray film in significant
numbers. For these lower energy radioisotopes, fluorog-
raphy provides a way to enhance the image. In this tech-
nique, the experimenter soaks the gel in a fluor, a
compound that fluoresces when it is impacted by a B elec-
tron, even one from °H. Because the fluor disperses
throughout the gel, there are always fluor molecules very
close to the radioactive nuclei, so even weak B electrons
will excite them and give rise to light. This light then ex-
poses the x-ray film.

What if the goal is to measure the exact amount of
radioactivity in a fragment of DNA? One can get a rough
estimate by looking at the intensity of a band on an auto-
radiograph, and an even better estimate by scanning the
autoradiograph with a densitometer. This instrument
passes a beam of light through a sample—an autoradio-
graph in this case—and measures the absorbance of that
light by the sample. If the band is very dark, it will ab-
sorb most of the light, and the densitometer records a
large peak of absorbance (Figure 5.9). If the band is faint,
most of the light passes through, and the densitometer
records only a minor peak of absorbance. By measuring
the area under each peak, one can get an estimate of the
radioactivity in each band. This is still an indirect mea-
sure of radioactivity, however. To get a really accurate
reading of the radioactivity in each band, one can scan
the gel with a phosphorimager, or subject the DNA to
liquid scintillation counting.

Light
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Figure 5.9 Densitometry. An autoradiograph is pictured beneath a
densitometer scan of the same film. Notice that the areas under the
three peaks of the scan are proportional to the darkness of the
corresponding bands on the autoradiograph.
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Phosphorimaging

The technique of phosphorimaging has several advantages
over standard autoradiography, but the most important is
that it is much more accurate in quantifying the amount of
radioactivity in a substance. This is because its response to
radioactivity is far more linear than that of an x-ray film.
With standard autoradiography, a band with 50,000 ra-
dioactive disintegrations per minute (dpm) may look no
darker than one with 10,000 dpm because the emulsion in
the film is already saturated at 10,000 dpm. But the phos-
phorimager detects radioactive emissions and analyzes
them electronically, so the difference between 10,000 dpm
and 50,000 dpm would be obvious. Here is how this tech-
nique works: One starts with a radioactive sample—a blot
with RNA bands that have hybridized with a labeled
probe, for example. This sample is placed in contact with
a phosphorimager plate, which absorbs B electrons. These
electrons excite molecules on the plate, and these mole-
cules remain in an excited state until the phosphorimager
scans the plate with a laser. At that point, the B electron
energy trapped by the plate is released and monitored by a
computerized detector. The computer converts the energy
it detects to an image such as the one in Figure 5.10. This
is a false color image, in which the different colors repre-
sent different degrees of radioactivity, from the lowest
(vellow) to the highest (black).

Figure 5.10 False color phosphorimager scan of an RNA blot.
After hybridizing a radioactive probe to an RNA blot and washing
away unhybridized probe, the blot was exposed to a phosphorimager
plate. The plate collected energy from B electrons from the
radioactive probe bound to the RNA bands, then gave up this energy
when scanned with a laser. A computer converted this energy into

an image in which the colors correspond to radiation intensity
according to the following color scale: yellow (lowest) < purple

< magenta < light blue < green < dark blue < black (highest).
(Source: © Jay Freis/Image Bank/Getty.)
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Liquid Scintillation Counting

Liquid scintillation counting uses the radioactive emissions
from a sample to create photons of visible light that a pho-
tomultiplier tube can detect. To do this, one places the radio-
active sample (a band cut out of a gel, for example), into a
vial with scintillation fluid. This fluid contains a fluor, which,
in effect, converts the invisible radioactivity into visible light,
just as it does in the fluorography technique discussed earlier
in this chapter. A liquid scintillation counter is an instrument
that lowers the vial into a dark chamber with a photomulti-
plier tube. There, the tube detects the light resulting from the
radioactive emissions exciting the fluor. The instrument
counts these bursts of light, or scintillations, and records
them as counts per minute (cpm). This is not the same as
disintegrations per minute because the scintillation counter is
not 100% efficient. One common radioisotope used by mo-
lecular biologists is >*P. The B electrons emitted by this isotope
are so energetic that they create photons even without a fluor,
so a liquid scintillation counter can count them directly,
though at a lower efficiency than with scintillation fluid.

SUMMARY Detection of the tiny quantities of sub-
stances used in molecular biology experiments gen-
erally requires the use of labeled tracers. If the tracer
is radioactive one can detect it by autoradiography,
using x-ray film or a phosphorimager, or by liquid
scintillation counting.
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Figure 5.11 Detecting nucleic acids with a nonradioactive probe.
This sort of technique is usually indirect; detecting a nucleic acid of
interest by hybridization to a labeled probe that can in turn be detected
by virtue of its ability to produce a colored or light-emitting substance. In
this example, the following steps are executed. (a) Replicate the probe
DNA in the presence of dUTP that is tagged with the vitamin biotin (blue).
This generates biotinylated probe DNA. (b) Denature this probe and

(c) hybridize it to the DNA to be detected (pink). (d) Mix the hybrids with
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Nonradioactive Tracers

As we pointed out earlier in this section, the enormous ad-
vantage of radioactive tracers is their sensitivity, but now
nonradioactive tracers rival the sensitivity of their radioac-
tive forebears. This can be a significant advantage because
radioactive substances pose a potential health hazard and
must be handled very carefully. Furthermore, radioactive
tracers create radioactive waste, and disposal of such waste
is increasingly difficult and expensive. How can a nonra-
dioactive tracer compete with the sensitivity of a radioactive
one? The answer is, by using the multiplier effect of an en-
zyme. An enzyme is coupled to a probe that detects the
molecule of interest, so the enzyme will produce many mol-
ecules of product, thus amplifying the signal. This works
especially well if the product of the enzyme is chemilumi-
nescent (light-emitting, like the tail of a firefly), because
each molecule emits many photons, amplifying the signal
again. Figure 5.11 shows the principle behind one such
tracer method. The light can be detected by autoradiogra-
phy with x-ray film, or by a phosphorimager.

To avoid the expense of a phosphorimager or x-ray
film, one can use enzyme substrates that change color in-
stead of becoming chemiluminescent. These chromogenic
substrates produce colored bands corresponding to the lo-
cation of the enzyme and, therefore, to the location of the
molecule of interest. The intensity of the color is directly
related to the amount of that molecule, so this is also a
quantitative method.
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a bifunctional reagent containing both avidin and the enzyme alkaline
phosphatase (green). The avidin binds tightly and specifically to the
biotin in the probe DNA. (e) Add a phosphorylated compound that will
become chemiluminescent as soon as its phosphate group is removed.
(f) The alkaline phosphatase enzymes attached to the probe cleave the
phosphates from these substrate molecules, rendering them
chemiluminescent (light-emitting). The light emitted from the
chemiluminescent substrate can be detected with an x-ray film.
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SUMMARY Some very sensitive nonradioactive
labeled tracers are now available. Those that employ
chemiluminescence can be detected by autoradiog-
raphy or by phosphorimaging, just as if they were
radioactive. Those that produce colored products
can be detected directly, by observing the appear-
ance of colored spots.

5.3 Using Nucleic Acid
Hybridization

The phenomenon of hybridization—the ability of one
single-stranded nucleic acid to form a double helix with
another single strand of complementary base sequence—is
one of the backbones of modern molecular biology. We
have already encountered plaque and colony hybridization
in Chapter 4. Here we will illustrate several further exam-
ples of hybridization techniques.

Southern Blots: Identifying Specific
DNA Fragments

Many eukaryotic genes are parts of families of closely re-
lated genes. How would one determine the number of fam-
ily members in a particular gene family? If a member of
that gene family—even a partial cDNA—has been cloned,
one can estimate this number.

One begins by using a restriction enzyme to cut genomic
DNA isolated from the organism. It is best to use a restric-
tion enzyme such as EcoRI or HindIIl that recognizes a
6-bp cutting site. These enzymes will produce thousands of
fragments of genomic DNA, with an average size of about
4000 bp. Next, these fragments are electrophoresed on an
agarose gel (Figure 5.12). The result, if the bands are visual-
ized by staining, will be a blurred streak of thousands of
bands, none distinguishable from the others (although Fig-
ure 5.12, for simplicity’s sake shows just a few bands).
Eventually, a labeled probe will be hybridized to these bands
to see how many of them contain coding sequences for the
gene of interest. First, however, the bands are transferred to
a medium on which hybridization is more convenient.

Edward Southern was the pioneer of this technique; he
transferred, or blotted, DNA fragments from an agarose
gel to nitrocellulose by diffusion, as depicted in Figure
5.12. This process has been called Southern blotting ever
since. Nowadays, blotting is frequently done by electro-
phoresing the DNA bands out of the gel and onto the blot.
Before blotting, the DNA fragments are denatured with
alkali so that the resulting single-stranded DNA can bind
to the nitrocellulose, forming the Southern blot. Media
superior to nitrocellulose are now available; some use nylon
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Figure 5.12 Southern blotting. First, electrophorese DNA fragments
in an agarose gel. Next, denature the DNA with base and transfer the
single-stranded DNA fragments from the gel (yellow) to a sheet of
nitrocellulose or another DNA-binding material (red). One can do this in
two ways: by diffusion, as shown here, in which buffer passes through
the gel, carrying the DNA with it, or by electrophoresis (not shown).
Next, hybridize the blot to a labeled probe and detect the labeled
bands by autoradiography or phosphorimaging.

supports that are far more flexible than nitrocellulose.
Next, the cloned DNA is labeled by adding DNA poly-
merase to it in the presence of labeled DNA precursors.
Then this labeled probe is denatured and hybridized to the
Southern blot. Wherever the probe encounters a comple-
mentary DNA sequence, it hybridizes, forming a labeled
band corresponding to the fragment of DNA containing
the gene of interest. Finally, these bands are visualized by
autoradiography with x-ray film or by phosphorimaging.
If only one band is seen, the interpretation is relatively easy;
probably only one gene has a sequence matching the cDNA
probe. Alternatively, a gene (e.g., a histone or ribosomal
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RNA gene) could be repeated over and over again in tandem,
with a single restriction site in each copy of the gene. This
would yield a single very dark band. If multiple bands are
seen, multiple genes are probably present, but it is difficult to
tell exactly how many. One gene can give more than one
band if it contains one or more cutting sites for the restriction
enzyme used. One can minimize this problem by using a
short probe, such as a 100-200-bp restriction fragment of the
cDNA, for example. Chances are, a restriction enzyme that
cuts on average only every 4000 bp will not cut within the
100-200-bp region of the genes that hybridize to such a
probe. If multiple bands are still obtained with a short probe,
they probably represent a gene family whose members’ se-
quences are similar or identical in the region that hybridizes
to the probe.

SUMMARY Labeled DNA (or RNA) probes can be
used to hybridize to DNAs of the same, or very simi-
lar, sequence on a Southern blot. The number of
bands that hybridize to a short probe gives an estimate
of the number of closely related genes in an organism.

DNA Fingerprinting and DNA Typing

Southern blots are not just a research tool. They are widely
used in forensic laboratories to identify individuals who have
left blood or other DNA-containing material at the scenes of
crimes. Such DNA typing has its roots in a discovery by Alec
Jeffreys and his colleagues in 1985. These workers were in-
vestigating a DNA fragment from the gene for a human
blood protein, a-globin, when they discovered that this frag-
ment contained a sequence of bases repeated several times.
This kind of repeated DNA is called a minisatellite. More
interestingly, they found similar minisatellite sequences in
other places in the human genome, again repeated several
times. This simple finding turned out to have far-reaching
consequences, because individuals differ in the pattern of re-
peats of the basic sequence. In fact, they differ enough that
two individuals have only a remote chance of having exactly
the same pattern. That means that these patterns are like
fingerprints; indeed, they are called DNA fingerprints.

A DNA fingerprint is really just a Southern blot. To
make one, investigators first cut the DNA under study with
a restriction enzyme such as Haelll. Jeffreys chose this en-
zyme because the repeated sequence he had found did not
contain a Haelll recognition site. That means that Haelll
will cut on either side of the minisatellite regions, but not
inside, as shown in Figure 5.13a. In this case, the DNA has
three sets of repeated regions, containing four, three, and
two repeats, respectively. Thus, three different-size
fragments bearing these repeated regions will be produced.

Next, the fragments are electrophoresed, denatured,
and blotted. The blot is then probed with a labeled
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Figure 5.13 DNA fingerprinting. (a) First, cut the DNA with a
restriction enzyme. In this case, the enzyme Haelll cuts the DNA in
seven places (short arrows), generating eight fragments. Only three of
these fragments (labeled A, B, and C according to size) contain the
minisatellites, represented by blue boxes. The other fragments (yellow)
contain unrelated DNA sequences. (b) Electrophorese the fragments
from part (a), which separates them according to their sizes. All eight
fragments are present in the electrophoresis gel, but they remain
invisible. The positions of all the fragments, including the three (A, B,
and C) with minisatellites are indicated by dotted lines. (c) Denature
the DNA fragments and Southern blot them. (d) Hybridize the DNA
fragments on the Southern blot to a labeled DNA with several copies
of the minisatellite. This probe will bind to the three fragments
containing the minisatellites, but with no others. Finally, use x-ray film
or phosphorimaging to detect the three labeled bands.

minisatellite DNA, and the labeled bands are detected with
x-ray film, or by phosphorimaging. In this case, three
labeled bands occur, so three dark bands will appear on the
film (Figure 5.13d).

Real animals have a much more complex genome than
the simple piece of DNA in this example, so they will have
many more than three fragments that contain a minisatellite
sequence that will react with the probe. Figure 5.14 shows
an example of the DNA fingerprints of several unrelated
people and a set of monozygotic twins. As we have already
mentioned, this is such a complex pattern of fragments that
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Figure 5.14 DNA fingerprint. (a) The nine lanes contain DNA from
nine unrelated white subjects. Note that no two patterns are identical,
especially at the upper end. (b) The two lanes contain DNA from
monozygotic twins, so the patterns are identical (although there is
more DNA in lane 10 than in lane 11). (Source: G. Vassart et al.,

A sequence in M13 phage detects hypervariable minisatellites in human

and animal DNA. Science 235 (6 Feb 1987) p. 683, f. 1. © AAAS.)

the patterns for two individuals are extremely unlikely to
be identical, unless they come from monozygotic twins.
This complexity makes DNA fingerprinting a very power-
ful identification technique.

Forensic Uses of DNA Fingerprinting
and DNA Typing

A valuable feature of DNA fingerprinting is the fact that, al-
though almost all individuals have different patterns, parts of
the pattern (sets of bands) are inherited in a Mendelian fash-
ion. Thus, fingerprints can be used to establish parentage. An
immigration case in England illustrates the power of this
technique. A Ghanaian boy born in England had moved to
Ghana to live with his father. When he wanted to return to
England to be with his mother, British authorities questioned
whether he was a son or a nephew of the woman. Informa-
tion from blood group genes was equivocal, but DNA finger-
printing of the boy demonstrated that he was indeed her son.

In addition to testing parentage, DNA fingerprinting
has the potential to identify criminals. This is because a
person’s DNA fingerprint is, in principle, unique, just like a
traditional fingerprint. Thus, if a criminal leaves some of
his cells (blood, semen, or hair, for example) at the scene of
a crime, the DNA from these cells can identify him. As Fig-
ure 5.14 showed, however, DNA fingerprints are very com-
plex. They contain dozens of bands, some of which smear
together, which can make them hard to interpret.

To solve this problem, forensic scientists have devel-
oped probes that hybridize to a single DNA locus that varies
from one individual to another, rather than to a whole set
of DNA loci as in a classical DNA fingerprint. Each probe
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now gives much simpler patterns, containing only one or a
few bands. This is an example of a restriction fragment
length polymorphism (RFLP) disussed in detail in Chapter
24, RFLPs occur because the pattern of restriction frag-
ment sizes at a given locus varies from one person to an-
other. Of course, each probe by itself is not as powerful an
identification tool as a whole DNA fingerprint with its
multitude of bands, but a panel of four or five probes can
give enough different bands to be definitive. We sometimes
still call such analysis DNA fingerprinting, but a better,
more inclusive term is DNA typing.

One early, dramatic case of DNA typing involved a
man who murdered a man and woman as they slept in a
pickup truck, then about forty minutes later went back
and raped the woman. This act not only compounded the
crime, it also provided forensic scientists with the means
to convict the perpetrator. They obtained DNA from the
sperm cells in the semen he had left behind, typed it, and
showed that the pattern matched that of the suspect’s
DNA. This evidence helped convince the jury to convict
the defendant. Figure 5.15 presents an example of DNA
typing that was used to identify another rape suspect. The
pattern from the suspect clearly matches that from the sperm
DNA. This is the result from only one probe. The others also
gave patterns that matched the sperm DNA.

One advantage of DNA typing is its extreme sensitivity.
Only a few drops of blood or semen are sufficient to per-
form a test. However, sometimes forensic scientists have
even less to go on—a hair pulled out by the victim, for ex-
ample. Although the hair by itself may not be enough for
DNA typing, it can be useful if it is accompanied by hair
follicle cells. Selected segments of DNA from these cells can
be amplified by PCR and typed.

In spite of its potential accuracy, DNA typing has some-
times been effectively challenged in court, most famously in
the O.]. Simpson trial in Los Angeles in 1995. Defense law-
yers have focused on two problems with DNA typing:
First, it is tricky and must be performed very carefully to
give meaningful results. Second, there has been controversy
about the statistics used in analyzing the data. This second
question revolves around the use of the product rule in
deciding whether the DNA typing result uniquely identifies
a suspect. Let us say that a given probe detects a given allele
(a set of bands in this case) in one in a hundred people in
the general population. Thus, the chance of a match with a
given person with this probe is one in a hundred, or 1072,
If we use five probes, and all five alleles match the suspect,
we might conclude that the chances of such a match are the
product of the chances of a match with each individual
probe, or (1072)° or 107!, Because fewer than 10'°
(10 billion) people are now on earth, this would mean this
DNA typing would statistically eliminate everyone but
the suspect. Prosecutors have used a more conservative
estimate that takes into account the fact that members of
some ethnic groups have higher probabilities of matches
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Figure 5.15 Use of DNA typing to help identify a rapist. Two
suspects have been accused of attacking and raping a young
woman, and DNA analyses have been performed on various
samples from the suspects and the woman. Lanes 1, 5, and

9 contain marker DNAs. Lane 2 contains DNA from the blood cells
of suspect A. Lane 3 contains DNA from a semen sample found
on the woman'’s clothing. Lane 4 contains DNA from the blood
cells of suspect B. Lane 6 contains DNA obtained by swabbing

with certain probes. Still, probabilities greater than one in
a million are frequently achieved, and they can be quite
persuasive in court. Of course, DNA typing can do more
than identify criminals. It can just as surely eliminate a
suspect (see suspect A in Figure 5.15).

SUMMARY Modern DNA typing uses a battery of
DNA probes to detect variable sites in individual
animals, including humans. As a forensic tool, DNA
typing can be used to test parentage, to identify crim-
inals, or to remove innocent people from suspicion.

In Situ Hybridization: Locating
Genes in Chromosomes

This chapter has illustrated the use of probes to identify the
band on a Southern blot that contains a gene of interest.
Labeled probes can also be used to hybridize to chromo-
somes and thereby reveal which chromosome has the gene
of interest. The strategy of such in situ hybridization is to
spread the chromosomes from a cell and partially denature
the DNA to create single-stranded regions that can hybrid-
ize to a labeled probe. One can use x-ray film to detect the
label in the spread after it is stained and probed. The stain
allows one to visualize and identify the chromosomes, and
the darkening of the photographic emulsion locates the la-
beled probe, and therefore the gene to which it hybridized.

Other means of labeling the probe are also available.
Figure 5.16 shows the localization of the muscle glycogen
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the woman'’s vaginal canal. (Too little of the victim’s own DNA was
present to detect.) Lane 7 contains DNA from the woman’s blood
cells. Lane 8 contains a control DNA. Lane 10 is a control
containing no DNA. Partly on the basis of this evidence, suspect
B was found guilty of the crime. Note how his DNA fragments in
lane 4 match the DNA fragments from the semen in lane 3 and the
vaginal swab in lane 6. (Source: Courtesy Lifecodes Corporation,
Stamford, CT.)

Figure 5.16 Using a fluorescent probe to find a gene in a
chromosome by in situ hybridization. A DNA probe specific for

the human muscle glycogen phosphorylase gene was coupled to
dinitrophenol. A human chromosome spread was then partially
denatured to expose single-stranded regions that can hybridize to the
probe. The sites where the DNP-labeled probe hybridized were
detected indirectly as follows: A rabbit anti-DNP antibody was bound
to the DNP on the probe; then a goat antirabbit antibody, coupled with
fluorescein isothiocyanate (FITC), which emits yellow fluorescent light,
was bound to the rabbit antibody. The chromosomal sites where the
probe hybridized show up as bright yellow fluorescent spots against a
red background that arises from staining the chromosomes with the
fluorescent dye propidium iodide. This analysis identifies chromosome
11 as the site of the glycogen phosphorylase gene. (Source: Courtesy

Dr. David Ward, Science 247 (5 Jan 1990) cover. © AAAS.)
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(d) Bind labeled
secondary antibody

(e) Detect label

Figure 5.17 Immunoblotting (Western blotting). (a) An immunoblot
begins with separation of a mixture of proteins by SDS-PAGE.

(b) Next, the separated proteins, represented by dotted lines, are
blotted to a membrane. (c) The blot is probed with a primary antibody
specific for a protein of interest on the blot. Here, the antibody has
reacted with one of the protein bands (red), but the reaction is
undetectable so far. (d) A labeled secondary antibody (or protein A) is

phosphorylase gene to human chromosome 11 using a
DNA probe labeled with dinitrophenol, which can be de-
tected with a fluorescent antibody. The chromosomes are
counterstained with propidium iodide, so they will fluoresce
red. Against this background, the yellow fluorescence of the
antibody probe on chromosome 11 is easy to see. This tech-
nique is known as fluorescence in situ hybridization (FISH).

SUMMARY One can hybridize labeled probes to
whole chromosomes to locate genes or other spe-
cific DNA sequences. This type of procedure is
called in situ hybridization; if the probe is fluores-
cently labeled, the technique is called fluorescence in
situ hybridization (FISH).

Immunoblots (Western Blots)

Immunoblots (also known as Western blots, keeping to the
Southern nomenclature system), although they do not use
hybridization, follow the same experimental pattern as
Southern blots: The investigator electrophoreses molecules
and then blots these molecules to a membrane where they
can be identified readily. However, immunoblots involve
electrophoresis of proteins instead of nucleic acids. We have
seen that DNAs on Southern blots are detected by hybridiza-
tion to labeled oligonucleotide or polynucleotide probes. But
hybridization is appropriate only for nucleic acids, so how
are the blotted proteins detected? Instead of a nucleic acid,
one uses an antibody (or antiserum) specific for a particular
protein. That antibody binds to the target protein on the
blot. Then a labeled secondary antibody (for example, a goat
antibody that recognizes all rabbit antibodies in the IgG
class), or a labeled IgG-binding protein such as Staphylococcal
protein A, can be used to label the band with the target pro-
tein, by binding to the antibody already attached there. (The
fact that antibodies are products of the immune system gives

used to detect the primary antibody, and therefore the protein of
interest. Here, the presence of the secondary antibody attached

to the primary antibody is denoted by the change in color of the band
from red to purple, but this reaction is also undetectable so far.

(e) Finally, the labeled band is detected —using an x-ray film or a
phosphorimager if the label is radioactive. If the label is nonradioactive,
it can be detected as described in Figure 5.11.

rise to the term “immunoblot.”’) Immunoblots can tell us
whether or not a particular protein is present in a mixture,
and can also give at least a rough idea of the quantity of
that protein.

Why bother with a secondary antibody or protein A;
why not just use a labeled primary antibody? The main
reason is that this would require individually labeling every
different antibody used to probe a series of immunoblots.
It is much simpler and cheaper to use unlabeled primary
antibody, and buy a stock of labeled secondary antibody or
protein A that can bind to and detect any primary anti-
body. Figure 5.17 illustrates the process of making and
probing an immunoblot for a particular protein.

SUMMARY Proteins can be detected and quantified
in complex mixtures using immunoblots (or West-
ern blots). Proteins are electrophoresed, then blot-
ted to a membrane and the proteins on the blot are
probed with specific antibodies that can be detected
with labeled secondary antibodies or protein A.

5.4 DNA Sequencing
and Physical Mapping

In 1975, Frederick Sanger and his colleagues, and Alan
Maxam and Walter Gilbert developed two different
methods for determining the exact base sequence of a
cloned piece of DNA. These spectacular breakthroughs
revolutionized molecular biology and won the 1980 Nobel
prize in chemistry for Gilbert and Sanger. They have
allowed molecular biologists to determine the sequences of
thousands of genes and many whole genomes, including
the human genome. Modern DNA sequencing derives from
the Sanger method, so that is the one we will describe here.
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The Sanger Chain-Termination
Sequencing Method

The original method of sequencing a piece of DNA by the
Sanger method (Figure 5.18) is presented here to explain
the principles. In practice, it is rarely done manually this
way anymore. In the next section we will see how the tech-

(a) Primer extension reaction:

—

21-base primer

ATG
(26 bases)

(b) Products of the four reactions:

Tube 1: Products of ddA reaction

Template: TACTATGCCAGA —
(22)
(25) ATGO
(27) ATGATQ

Tube 2: Products of ddG reaction

Template: TACTATGCCAGA —
(24) ——— ATO
(29) ———— ATGATAC®
(30)————— ATGATACG®

(c) Electrophoresis of the products:

ddA ddC ddG ddT

Figure 5.18 The Sanger dideoxy method of DNA sequencing.

(a) The primer extension (replication) reaction. A primer, 21 nt long in
this case, is hybridized to the single-stranded DNA to be sequenced,
then mixed with the Klenow fragment of DNA polymerase and dNTPs
to allow replication. One dideoxy NTP is included to terminate
replication after certain bases; in this case, ddTTP is used, and it has
caused termination at the second position where dTTP was called for.

(b) Products of the four reactions. In each case, the template strand is
shown at the top, with the various products underneath. Each product
begins with the 21-nt primer and has one or more nucleotides added to

nique has been automated. The original method began
with cloning the DNA into a vector, such as M13 phage or
a phagemid, that would give the cloned DNA in single-
stranded form. These days, one can start with double-
stranded DNA and simply heat it to create single-stranded
DNAs for sequencing. To the single-stranded DNA one
hybridizes an oligonucleotide primer about 20 bases long.

TACTATGCCAGA————————/ /—

Replication with ddTTP

TACTATGCCAGA————/ /—

Tube 3: Products of ddC reaction

Template: TACTATGCCAGA —
(28) ———— ATGATA®
(32) ———— ATGATACGGT@®

Tube 4: Products of ddT reaction

Template: TACTATGCCAGA —
(23)——— A@
(26) ——— ATGAD
(31) ———— ATGATACGG@
(33) ———— ATGATACGGTC@

T

C

T

G

G

C , ,

A >—> 5" ATGATACGGTCT-3

A

A

G

T

A_

the 3’-end. The last nucleotide is always a dideoxy nucleotide (color)
that terminated the chain. The total length of each product is given in
parentheses at the left end of the fragment. Thus, fragments ranging
from 22 to 33 nt long are produced. (c) Electrophoresis of the products.
The products of the four reactions are loaded into parallel lanes of a
high-resolution electrophoresis gel and electrophoresed to separate
them according to size. By starting at the bottom and finding the
shortest fragment (22 nt in the A lane), then the next shortest (23 nt in
the T lane), and so forth, one can read the sequence of the product
DNA. Of course, this is the complement of the template strand.



This synthetic primer is designed to hybridize to a se-
quence adjacent to the multiple cloning site of the vector
and is oriented with its 3'-end pointing toward the insert in
the multiple cloning site.

Extending the primer using the Klenow fragment of
DNA polymerase (Chapter 20) produces DNA comple-
mentary to the insert. The trick to Sanger’s method is to
carry out such DNA synthesis reactions in four separate
tubes and to include in each tube a different chain
terminator. The chain terminator is a dideoxy nucleotide
such as dideoxy ATP (ddATP). Not only is this terminator
2'-deoxy, like a normal DNA precursor, it is 3'-deoxy as
well. Thus, it cannot form a phosphodiester bond because
it lacks the necessary 3’-hydroxyl group. That is why we
call it a chain terminator; whenever a dideoxy nucleotide
is incorporated into a growing DNA chain, DNA synthe-
sis stops.

Dideoxy nucleotides by themselves do not permit any
DNA synthesis at all, so an excess of normal deoxy nucleo-
tides must be used, with just enough dideoxy nucleotide to
stop DNA strand extension once in a while at random.
This random arrest of DNA growth means that some
strands will terminate early, others later. Each tube con-
tains a different dideoxy nucleotide: ddATP in tube 1, so
chain termination will occur with A’s; ddCTP in tube 2, so
chain termination will occur with C’s; and so forth. Radio-
active dATP is also included in all the tubes so the DNA
products will be radioactive.

The result is a series of fragments of different lengths in
each tube. In tube 1, all the fragments end in A; in tube 2,
all end in C; in tube 3, all end in G; and in tube 4, all end
in T. Next, all four reaction mixtures are electrophoresed
in parallel lanes in a high-resolution polyacrylamide gel
under denaturing conditions, so all DNAs are single-
stranded. Finally, autoradiography is performed to visual-
ize the DNA fragments, which appear as horizontal bands
on an x-ray film.

Figure 5.18c shows a schematic of the sequencing film.
To begin reading the sequence, start at the bottom and find
the first band. In this case, it is in the A lane, so you know
that this short fragment ends in A. Now move to the next
longer fragment, one step up on the film; the gel electro-
phoresis has such good resolution that it can separate frag-
ments differing by only one base in length, at least until the
fragments become much longer than this. And the next
fragment, one base longer than the first, is found in the T
lane, so it must end in T. Thus, so far you have found the
sequence AT. Simply continue reading the sequence in this
way as you work up the film. The sequence is shown, read-
ing bottom to top, at the right of the drawing. At first you
will be reading just the sequence of part of the multiple
cloning site of the vector. However, before very long, the
DNA chains will extend into the insert—and unknown ter-
ritory. An experienced sequencer can continue to read se-
quence from one film for hundreds of bases.
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Figure 5.19 A typical sequencing film. The sequence begins
CAAAAAACGG. You can probably read the rest of the sequence to
the top of the film. (Source: Courtesy Life Technologies, Inc., Gaithersburg, MD.)

Figure 5.19 shows a typical sequencing film. The short-
est band (at the very bottom) is in the C lane. After that, a
series of six bands occurs in the A lane. So the sequence
begins CAAAAAA. It is easy to read many more bases on
this film; try it yourself.

Automated DNA Sequencing

The “manual” sequencing technique just described is power-
ful, but it is still relatively slow. If one is to sequence a really
large amount of DNA, such as the 3 billion base pairs found
in the human genome, then rapid, automated sequencing
methods are required. Indeed, automated DNA sequencing
has been in use for many years. Figure 5.20a describes one
such technique, again based on Sanger’s chain-termination
method. This procedure uses dideoxy nucleotides, just as in
the manual method, with one important exception. The prim-
ers, or, more commonly, the dideoxy nucleotides used in each
of the four reactions are tagged with a different fluorescent
molecule, so the products from each tube will emit a differ-
ent color fluorescence when excited by light.

After the extension reactions and chain termination
are complete, all four reactions are mixed and electropho-
resed together in the same lane on a gel in a short, thin
column (Figure 5.20b). Near the bottom of the gel is an
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(a) Primer extension reactions:

ddA reaction: ddC reaction:
TACTATGCCAGA —  TACTATGCCAGA
- ATGO — ATGATA®
Primer
ddG reaction: ddT reaction:
TACTATGCCAGA — TACTATGCCAGA
ATGATAC® —— ATGA®

(b) Electrophoresis:

4>04>4000>0® >

Fluorescent light —>
emitted by band

<— Laser light

Detector Laser

To computer

30 40 50
Figure 5.20 Automated DNA sequencing. (a) The primer extension oligonucleotides ending in ddA, blue for those ending in ddC, and
reactions are run in the same way as in the manual method, except so forth). A laser scanner excites the fluorescent tag on each band
that the dideoxy nucleotides in each reaction are labeled with as it passes by, and a detector analyzes the color of the resulting
a different fluorescent molecule that emits light of a distinct color. emitted light. This information is converted to a sequence of bases
Only one product is shown for each reaction, but all possible and stored by a computer. (c) Sample printout of an automated
products are actually produced, just as in manual sequencing. DNA sequencing experiment. Each colored peak is a plot of the
(b) Electrophoresis and detection of bands. The various primer fluorescence intensity of a band as it passes through the laser beam.
extension reaction products separate according to size on gel The colors of these peaks, and those of the bands in part (b) and
electrophoresis. The bands are color-coded according to the the tags in part (a), were chosen for convenience. They may not

termination reaction that produced them (e.g., green for correspond to the actual colors of the fluorescent light.



analyzer that excites the fluorescent oligonucleotides with
a laser beam as they pass by. Then the color of the fluores-
cent light emitted from each oligonucleotide is detected
electronically. This information then passes to a computer,
which has been programmed to convert the color infor-
mation to a base sequence. If it “sees” blue, for example,
this might mean that this oligonucleotide came from the
dideoxy C reaction, and therefore ends in C (actually a
ddC). Green may indicate A; orange, G; and red, T. The
computer gives a printout of the profile of each passing
fluorescent band, color-coded for each base (Figure 5.20c¢),
and stores the sequence of these bases in its memory for
later use.

Nowadays, automated sequencers (sequenators) may
simply print out the sequence or send it directly to a com-
puter for analysis. Large genome projects use many se-
quenators with 96, or even 384, columns apiece, running
simultaneously to obtain millions or even billions of
bases of sequence (Chapter 24). One 384-column se-
quenator can produce 200,000 nt of sequence in one
three-hour run.

SUMMARY The Sanger DNA sequencing method
uses dideoxy nucleotides to terminate DNA synthe-
sis, yielding a series of DNA fragments whose sizes
can be measured by electrophoresis. The last base in
each of these fragments is known, because we know
which dideoxy nucleotide was used to terminate
each reaction. Therefore, ordering these fragments
by size—each fragment one (known) base longer than
the next—tells us the base sequence of the DNA. Au-
tomated sequenators make this process very efficient.

High-Throughput Sequencing

Once an organism’s genome sequence is known, very
rapid sequencing techniques can be applied to sequence
the genome of another member of the same species. These
high-throughput DNA sequencing techniques (also called
next-generation sequencing) typically produce relatively
short reads, or contiguous sequences obtained from a sin-
gle run of the sequencing apparatus. Whereas Sanger se-
quencing typically produces reads more than 500 bases
long, high-throughput sequencing typically produces
reads in the 25-35-base or 200-300-base range, depend-
ing on the specific method. These relatively short snippets
of sequence make finding overlaps among reads difficult,
but that is not a problem if a reference sequence is already
available, as it can serve as a guide for piecing the reads
together.

In the late 1990s, one such high-throughput method,
called pyrosequencing, was reported. This technique has
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the great advantages of speed and accuracy, and it does not
require electrophoresis. With refinements introduced by
2005, a company known as 454 Life Sciences launched a
commercial automated sequencer that could read 20 mil-
lion base pairs per 4.5-h run.

The idea behind pyrosequencing is to allow DNA poly-
merase (usually the Klenow fragment of DNA polymerase [;
Chapter 20) to replicate the DNA to be sequenced and
follow the incorporation of each nucleotide in real time.
Each nucleotide incorporation event results in the release
of pyrophosphate (PPi), and that can be measured quanti-
tatively by coupling it to the generation of light according
to the following sequence of reactions:

DNA polymerase
1) Growing DNA fragment (AINMP,, ) + ANTP —— dNMP, ;¢
+ PPi

ATP sulfurylase
2) PPi + adenosine phosphosulfate —— ATP + sulfate

Luciferase
3) ATP + luciferin + Oy —— AMP + PPi + oxyluciferin
+ CO; + light.

The pyrosequencing system is automated, so the ap-
paratus feeds the DNA polymerase each of the four deoxy-
nucleotides in turn. For example, it could supply them in
the order dA, dG, dC, then dT. In a solid-state system, the
DNA and DNA polymerase are tethered to a solid sup-
port, such as a resin bead, and the reagents, including each
dNTP, are quickly washed away after allowing time for
each ANMP to be incorporated. If a dAMP is incorpo-
rated, it liberates PPi, which results in a burst of light that
is detected and quantified by the apparatus as a peak. If
two dAMPs in a row are incorporated, the peak of light
will be twice as high. This linearity persists in strings of up
to eight dAMPs in a row. After that, the ratio of light in-
tensity to number of nucleotides incorporated levels off,
and analysis becomes more difficult. If, on the other hand,
dAMP is not incorporated, only a small peak, perhaps due
to contamination of the dATP reagent by another nucleo-
tide, will be seen.

In a liquid system, the DNA and DNA polymerase are
in solution, not tethered to a bead, so there must be a sys-
tem to remove each dNTP before the next one is added.
That is typically accomplished by the enzyme apyrase,
which carries out a two-step degradation of dNTPs:

Apyrase Apyrase
dANTP ——> dNDP ——> dNMP.

This removal of the ANTP allows dNTPs to be added in
very rapid succession without washing in between.

The light produced by each deoxynucleotide incorpo-
ration stimulates a charge-coupled device (CCD) camera,
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Figure 5.21 A hypothetical pyrogram. The light produced from the addition of each dNTP in a pyrosequencing run is recorded as a
peak. Nucleotides that are not incorporated generate only a small amount of light. Incorporation of a single nucleotide yields a relative
light intensity of 1. Incorporation of two, three, or four nucleotides of the same kind in a row generate relative light intensities of 2, 3, or
4, respectively. Thus, the sequence of bases added to this growing oligonucleotide can be determined and is presented at bottom:

ACGGACCCTCTTTTAAC

which sends the signal to a computer, which produces a
pyrogram, as illustrated in Figure 5.21. It is easy to see
from the peak height the difference in incorporation of
one, two, three, or four nucleotides of the same kind in a
row. It is also easy to distinguish between incorporation
of a nucleotide and nonincorporation, which gives only a
small blip. The computer converts the series of peaks into
a sequence.

One drawback of the pyrosequencing technique is that
each read on a given piece of DNA can currently go only
about 200-300 nt before the sequence accuracy is unac-
ceptably degraded. In the liquid version of the procedure,
this degradation comes from dilution of the sample by re-
peated additions of reagents, and buildup of inhibitory
products, as well as the fact that some chains inevitably get
ahead of the majority, and some fall behind. With increas-
ing chain length, these asynchronous chain elongations
build up to the point that the pyrogram is difficult to inter-
pret. In the solid-state version, the first two problems don’t
arise, because of the washing step before each nucleotide
addition, but the last one still limits accuracy in long reads.
The inability of pyrosequencing to perform long reads pre-
vents its use in sequencing new, large genomes because re-
petitive DNAs with repeats longer than about 250 nt do
not have unique regions that would allow the short reads
to be ordered properly.

On the other hand, the speed and economy of pyrose-
quencing make it a powerful tool for resequencing known
genomes. For example, it works well for sequencing parts
of an individual’s genes to detect mutations that can cause
disease. In fact, in cases like this, nucleotides can be added
in the known, normal sequence, speeding up the process. A
mutation is then readily detected by the failure of the nor-
mal nucleotide to be incorporated at a particular position.

Pyrosequencing is also very useful in a method called
ChIPSeq (Chapter 24), which can be used to locate binding
sites for transcription factors.

Each pyrosequencing run is inherently fast, but the
factor that gives the technique its great advantage in speed
is the ability to perform many runs in parallel. For ex-
ample, 96 different runs can be carried out simultane-
ously in a 96-well microtiter plate. The light from each
well can be focused onto the chip of a CCD camera, so the
camera can keep track of all 96 reactions simultaneously.
The whole process is automated, so it requires very little
human attention.

Another high-throughput method, developed by the
Illumina company, starts by attaching short pieces of
DNA to a solid surface, amplifying each DNA in a tiny
patch on the surface, then sequencing the patches to-
gether by extending them one nucleotide at a time using
fluorescent chain-terminating nucleotides. After each
cycle of nucleotide addition, in which all four chain-
terminating nucleotides are provided, the surface is
scanned by a CCD camera attached to a microscope to
detect the color of the fluorescent tag added to each patch.
That color reveals the identity of the nucleotide just
added. The fluorescent tags and chain-terminating groups
(3'-azidomethyl groups) are easily removed chemically, so
the process can be repeated over and over until the whole
piece of DNA (averaging about 35 nt long) is sequenced.
So many patches of DNA can be analyzed simultaneously
that 1-2 billion base pairs can be sequenced in one
72-hour run of the sequencer. Figure 5.22 shows a
representation of the colored patches the camera would
see in a field with a very low density of patches. Overlap-
ping patches would confuse the analysis and so are auto-
matically discarded.



Figure 5.22 Image of clusters of growing DNA chains in an lllumina
Genome Analyzer (GA1). The camera actually uses four filters to detect
each color individually, so all colors would not really reach the camera

at the same time. This is a simulated image in which the patches in

each of the four images have been colored artificially and combined,

so it approximates what the eye would see at one point during the
sequencing process. Patches that overlap are discarded because they
would give confusing results. (Source: Reprinted by permission from Macmillan
Publishers Ltd: Nature, 456, 53-59, 6 November 2008. Bentley et al, Accurate whole
human genome sequencing using reversible terminator chemistry. © 2008.)

SUMMARY High-throughput sequencing allows
very rapid sequencing of genomes if the genome of
one member of the species has already been se-
quenced. In pyrosequencing, nucleotides are added
one by one, and the incorporation of a nucleotide is
detected by the release of pyrophosphate, which
leads through a chain of reactions to a flash of light.
Many reactions can be carried out simultaneously in
automated sequencing machines. Another method,
developed by the Illumina company, uses short pieces
of DNA amplified in tiny, closely spaced patches on
a support surface. These DNA pieces are sequenced
by adding fluorescent, chain-terminating nucleo-
tides, the color of whose fluorescence reveals their
identity. The colors are visualized with a microscope
fitted with a CCD camera. After each round of DNA
elongation, the fluorescent and chain-terminating
groups are removed and the process is repeated to
obtain the whole fragment’s sequence.

Restriction Mapping

Before sequencing a large stretch of DNA, some preliminary
mapping is usually done to locate landmarks on the DNA
molecule. These are not genes, but small regions of the
DNA—cutting sites for restriction enzymes, for example. A
map based on such physical characteristics is called, naturally
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enough, a physical map. (If restriction sites are the only mark-
ers involved, we can also call it a restriction map.)

To introduce the idea of restriction mapping, let us con-
sider the simple example illustrated in Figure 5.23. We start
with a HindIIl fragment 1.6 kb (1600 bp) long (Fig-
ure 5.23a). When this fragment is cut with another restric-
tion enzyme (BamHI), two fragments are generated, 1.2 and
0.4 kb long. The sizes of these fragments can be measured
by electrophoresis, as pictured in Figure 5.23a. The sizes
reveal that BamHI cuts 0.4 kb from one end of the 1.6-kb
HindIll fragment, and 1.2 kb from the other.

Now suppose the 1.6-kb HindIlI fragment is cloned into
the HindIIl site of a hypothetical plasmid vector, as illus-
trated in Figure 5.23b. Because this is not directional clon-
ing, the fragment will insert into the vector in either of the
two possible orientations: with the BamHI site on the right
(left side of Figure 5.23), or with the BamHI site on the left
(right side of the Figure 5.23). How can you determine
which orientation exists in a given clone? To answer this
question, locate a restriction site asymmetrically situated in
the vector, relative to the HindIIl cloning site. In this case,
an EcoRI site is only 0.3 kb from the HindIIl site. This
means that if you cut the cloned DNA pictured on the left
with BamHI and EcoRI, you will generate two fragments:
3.6 and 0.7 kb long. On the other hand, if you cut the DNA
pictured on the right with the same two enzymes, you will
generate two fragments: 2.8 and 1.5 kb in size. You can
distinguish between these two possibilities easily by electro-
phoresing the fragments to measure their sizes, as shown at
the bottom of Figure 5.23. Usually, DNA is prepared from
several different clones, each of them is cut with the two
enzymes, and the fragments are electrophoresed side by side
with one lane reserved for marker fragments of known
sizes. On average, half of the clones will have one orienta-
tion, and the other half will have the opposite orientation.

These examples are relatively simple, but we use the
same kind of logic to solve much more complex mapping
problems. Sometimes it helps to label (radioactively or
nonradioactively) one restriction fragment and hybridize it
to a Southern blot of fragments made with another restric-
tion enzyme to help sort out the relationships among frag-
ments. For example, consider the linear DNA in Figure 5.24.
We might be able to figure out the order of restriction sites
without the use of hybridization, but it is not simple. Con-
sider the information we get from just a few hybridizations.
If we Southern blot the EcoRI fragments and hybridize
them to the labeled BamHI-A fragment, for example, the
EcoRI-A and EcoRI-C fragments will become labeled. This
demonstrates that BamHI-A overlaps these two EcoRI frag-
ments. If we hybridize the blot to the BamHI-B fragment,
the EcoRI-A and EcoRI-D fragments become labeled. Thus,
BamHI-B overlaps EcoRI-A and EcoRI-D. Ultimately, we
will discover that no other BamHI fragments besides A and
B hybridize to EcoRI-A, so BamHI-A and BamHI-B must
be adjacent. Using this kind of approach, we can piece to-
gether the physical map of the whole 30-kb fragment.
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Figure 5.23 A simple restriction mapping experiment.

(a) Determining the position of a BamHI site. A 1.6-kb Hindlll
fragment is cut by BamHlI to yield two subfragments. The sizes of
these fragments are determined by electrophoresis to be 1.2 kb and
0.4 kb, demonstrating that BamHI cuts once, 1.2 kb from one end of
the Hindlll fragment and 0.4 kb from the other end. (b) Determining
the orientation of the Hindlll fragment in a cloning vector. The 1.6-kb
Hindlll fragment can be inserted into the Hindlll site of a cloning

SUMMARY A physical map tells us about the spatial
arrangement of physical “landmarks,” such as re-
striction sites, on a DNA molecule. One important
strategy in restriction mapping (mapping of restric-
tion sites) is to cut the DNA in question with two or
more restriction enzymes in separate reactions, mea-
sure the sizes of the resulting fragments, then cut
each with another restriction enzyme and measure

B H E

[ /- —

1.5kb

Electrophoresis

2.8 kb
1.5kb

vector, in either of two ways: (1) with the BamH] site near an EcoRl
site in the vector or (2) with the BamHI site remote from an EcoRl site
in the vector. To determine which, cleave the DNA with both BamHI
and EcoRI and electrophorese the products to measure their sizes.

A short fragment (0.7 kb) shows that the two sites are close together
(left). On the other hand, a long fragment (1.5 kb) shows that the two
sites are far apart (right).

the sizes of the subfragments by gel electrophoresis.
These sizes allow us to locate at least some of the
recognition sites relative to the others. We can im-
prove this process considerably by Southern blot-
ting some of the fragments and then hybridizing
these fragments to labeled fragments generated by
another restriction enzyme. This strategy reveals
overlaps between individual restriction fragments.
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Figure 5.24 Using Southern blots in restriction mapping. A 30-kb
fragment is being mapped. It is cut three times each by EcoRl (E)

and BamHI (B). To aid in the mapping, first cut with EcoRl, and
electrophorese the four resulting fragments (EcoRI-A, -B, -C, and -D);
next, Southern blot the fragments and hybridize them to labeled, cloned

5.5 Protein Engineering with
Cloned Genes: Site-Directed
Mutagenesis

Traditionally, protein biochemists relied on chemical meth-
ods to alter certain amino acids in the proteins they stud-
ied, so they could observe the effects of these changes on
protein activities. But chemicals are rather crude tools for
manipulating proteins; it is difficult to be sure that only one
amino acid, or even one kind of amino acid, has been
altered. Cloned genes make this sort of investigation much
more precise, allowing us to perform microsurgery on a
protein. By changing specific bases in a gene, we also
change amino acids at corresponding sites in the protein
product. Then we can observe the effects of those changes
on the protein’s function.

Let us suppose that we have a cloned gene in which we
want to change a single codon. In particular, the gene codes
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A 12 kb
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BamHI-A and -B fragments. The results, shown at lower left,
demonstrate that the BamHI-A fragment overlaps EcoRI-A and -C,

and the BamHI-B fragment overlaps EcoRI-A and -D. This kind of
information, coupled with digestion of EcoRI fragments by BamHI

(and vice versa), allows the whole restriction map to be pieced together.

for a sequence of amino acids that includes a tyrosine. The
amino acid tyrosine contains a phenolic group:

@OH

To investigate the importance of this phenolic group, we
can change the tyrosine codon to a phenylalanine codon.
Phenylalanine is just like tyrosine except that it lacks the
phenolic group; instead, it has a simple phenyl group:

©

If the tyrosine phenolic group is important to a protein’s
activity, replacing it with phenylalanine’s phenyl group
should diminish that activity.

In this example, let us assume that we want to change
the DNA codon TAC (Tyr) to TTC (Phe). How do we per-
form such site-directed mutagenesis? A popular technique,
depicted in Figure 5.235, relies on PCR (Chapter 4). We be-
gin with a cloned gene containing a tyrosine codon (TAC)
that we want to change to a phenylalanine codon (TTC).
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Figure 5.25 PCR-based site-directed mutagenesis. Begin with a
plasmid containing a gene with a TAC tyrosine codon that is to be
altered to a TTC phenylalanine codon. Thus, the A-T pair (blue) in the
original must be changed to a T-A pair. This plasmid was isolated from
a normal strain of E. coli that methylates the A’'s of GATC sequences
(Dpnl sites). The methyl groups are indicated in yellow. (a) Heat the
plasmid to separate its strands. The strands of the original plasmid are
intertwined, so they don’t completely separate. They are shown here
separating completely for simplicity’s sake. (b) Hybridize mutagenic
primers that contain the TTC codon, or its reverse complement, GAA,

The CHj symbols indicate that this DNA, like DNAs
isolated from most strains of E. coli, is methylated on
5'-GATC-3' sequences. This methylated sequence happens
to be the recognition site for the restriction enzyme Dpnl,
which will come into play later in this procedure. Two
methylated Dpnl sites are shown, even though many more
are usually present because GATC occurs about once every
250 bp in a random sequence of DNA.

The first step is to denature the DNA by heating. The
second step is to hybridize mutagenic primers to the DNA.
One of these primers is a 25-base oligonucleotide (a 25-mer)
with the following sequence:

3’-CGAGTCTGCCAAAGCATGTATAGTA-5’

This primer was designed to have the same sequence as a
piece of the gene’s nontemplate strand, except that the central

(b)  Hybridize
mutagenic AN
primers
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VAZEEN
n Plasmid
made
in vitro
(d) Dpnl +
TAC
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Plasmid
made
in vivo

to the single-stranded DNA. The altered base in each primer is indicated
in red. (c) Perform a few rounds of PCR (about eight) with the mutagenic
primers to amplify the plasmid with its altered codon. Use a faithful,
heat-stable DNA polymerase, such as Pfu polymerase, to minimize
mistakes in copying the plasmid. (d) Treat the DNA in the PCR reaction
with Dpnl to digest the methylated wild-type DNA. Because the PCR
product was made in vitro, it is not methylated and is not cut. Finally,
transform E. coli cells with the treated DNA. In principle, only the
mutated DNA survives to transform. Check this by sequencing the
plasmid DNA from several clones.

triplet has been changed from ATG to AAG, with the
altered base underlined. The other primer is the comple-
mentary 25-mer. Both primers incorporate the altered base
to change the codon we are targeting. The third step is to
use a few rounds of PCR with these primers to amplify the
DNA, and incorporate the change we want to make. We
deliberately use just a few rounds of PCR to minimize other
mutations that might creep in by accident during DNA rep-
lication. For the same reason, we use a very faithful DNA
polymerase called Pfu polymerase. This enzyme is purified
from archaea called Pyrococcus furiosus (Latin: furious
fireball), which live in the boiling hot water surrounding
undersea thermal vents. It has the ability to “proofread” the
DNA it synthesizes, so it makes relatively few mistakes. A
similar enzyme from another hyperthermophilic (extreme
heat-loving) archeon is called vent polymerase.



Once the mutated DNA is made, we must either
separate it from the remaining wild-type DNA or destroy
the latter. This is where the methylation of the wild-type
DNA comes in handy. Dpnl will cut only GATC sites that
are methylated. Because the wild-type DNA is methylated,
but the mutated DNA, which was made in vitro, is not,
only the wild-type DNA will be cut. Once cut, it is no lon-
ger capable of transforming E. coli cells, so the mutated
DNA is the only species that yields clones. We can check
the sequence of DNA from several clones to make sure it is
the mutated sequence and not the original, wild-type se-
quence. Usually, it is mutated.

SUMMARY Using cloned genes, we can introduce
changes at will, thus altering the amino acid se-
quences of the protein products. The mutagenized
DNA can be made with double-stranded DNA, two
complementary mutagenic primers, and PCR. Sim-
ply digesting the PCR product with Dpnl removes
almost all of the wild-type DNA, so cells can be
transformed primarily with mutagenized DNA.

5.6 Mapping and Quantifying
Transcripts

One recurring theme in molecular biology has been map-
ping transcripts (locating their starting and stopping points)
and quantifying them (measuring how much of a transcript
exists at a certain time). Molecular biologists use a variety
of techniques to map and quantify transcripts, and we will
encounter several in this book.

You might think that the simplest way of finding out
how much transcript is made at a given time would be to
label the transcript by allowing it to incorporate labeled
nucleotides in vivo or in vitro, then to electrophorese it
and detect the transcript as a band on the electrophoretic
gel by autoradiography. In fact, this has been done for
certain transcripts, both in vivo and in vitro. However, it
works in vivo only if the transcript in question is quite
abundant and easy to separate from other RNAs by elec-
trophoresis. Transfer RNA and 5S ribosomal RNA satisfy
both these conditions and their synthesis has been traced
in vivo by simple electrophoresis (Chapter 10). This direct
method succeeds in vitro only if the transcript has a clear-
cut terminator, so a discrete species of RNA is made, rather
than a continuum of species with different 3'-ends that
would produce an unintelligible smear, rather than a sharp
band. Again, in some instances this is true, most notably in
the case of prokaryotic transcripts, but eukaryotic exam-
ples are rare. Thus, we frequently need to turn to other,
less direct, but more specific methods. Several popular
techniques are available for mapping the 5'-ends of tran-
scripts, and one of these also locates the 3'-end. Some of
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them can also tell how much of a given transcript is in a
cell at a given time. These methods rely on the power of
nucleic acid hybridization to detect just one kind of RNA
among thousands.

Northern Blots

Suppose you have cloned a ¢cDNA (a DNA copy of an
RNA) and want to know how actively the corresponding
gene (gene X) is expressed in a number of different tissues
of organism Y. You could answer that question in several
ways, but the method we describe here will also tell the size
of the mRNA the gene produces.

You would begin by collecting RNA from several tissues
of the organism in question. Then you electrophorese these
RNAs in an agarose gel and blot them to a suitable support.
Because a similar blot of DNA is called a Southern blot, it
was natural to name a blot of RNA a Northern blot.

Next, you hybridize the Northern blot to a labeled
c¢DNA probe. Wherever an mRNA complementary to the
probe exists on the blot, hybridization will occur, resulting
in a labeled band that you can detect with x-ray film. If you
run marker RNAs of known size next to the unknown
RNAs, you can tell the sizes of the RNA bands that “light
up” when hybridized to the probe.

Furthermore, the Northern blot tells you how abun-
dant the gene X transcript is. The more RNA the band
contains, the more probe it will bind and the darker the
band will be on the film. You can quantify this darkness by
measuring the amount of light it absorbs in a densitometer.
Or you can quantify the amount of label in the band di-
rectly by phosphorimaging. Figure 5.26 shows a Northern
blot of RNA from eight different rat tissues, hybridized to
a probe for a gene encoding G3PDH (glyceraldehyde-3-
phosphate dehydrogenase), which is involved in sugar me-
tabolism. Clearly, transcripts of this gene are most
abundant in the heart and skeletal muscle, and least abun-
dant in the lung.
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Figure 5.26 A Northern blot. Cytoplasmic mRNA was isolated from
the rat tissues indicated at the top, then equal amounts of RNA from
each tissue were electrophoresed and Northern blotted. The RNAs on
the blot were hybridized to a labeled probe for the rat glyceraldehyde-
3-phosphate dehydrogenase (G3PDH) gene, and the blot was then
exposed to x-ray film. The bands represent the G3PDH mRNA, and
their intensities are indicative of the amounts of this mRNA in each
tissue. (Source: Courtesy Clontech.)
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SUMMARY A Northern blot is similar to a Southern
blot, but it contains electrophoretically separated
RNAs instead of DNAs. The RNAs on the blot can
be detected by hybridizing them to a labeled probe.
The intensities of the bands reveal the relative
amounts of specific RNA in each.

S1 Mapping

$1 mapping is used to locate the 5'- or 3’-ends of RNAs and
to quantify the amount of a given RNA in cells at a given
time. The principle behind this method is to label a single-
stranded DNA probe that can hybridize only to the transcript
of interest. The probe must span the sequence where the tran-
script starts or ends. After hybridizing the probe to the tran-
script, one applies S1 nuclease, which degrades only
single-stranded DNA and RNA; double-stranded DNAs,
RNAs, and hybrids are protected from S1 nuclease degrada-
tion. Thus, because the transcript forms a double-stranded

RNA-DNA hybrid with the DNA probe, it protects part of
the probe from degradation. The size of this part can be mea-
sured by gel electrophoresis, and the extent of protection tells
where the transcript starts or ends. Figure 5.27 shows in de-
tail how S1 mapping can be used to find the transcription
start site. First, the DNA probe is labeled at its 5’-end with
32p_phosphate. The 5'-end of a DNA strand usually already
contains a nonradioactive phosphate, so this phosphate is
removed with an enzyme called alkaline phosphatase before
the labeled phosphate is added. Then the enzyme polynucleo-
tide kinase is used to transfer the 3*P-phosphate group from
[y-3*P]ATP to the 5'-hydroxyl group at the beginning of the
DNA strand.

In this example, a BamHI fragment has been labeled on
both ends, which would yield two labeled single-stranded
probes. However, this would needlessly confuse the analysis,
so the label on the left end must be removed. That task is ac-
complished here by recutting the DNA with another restric-
tion enzyme, Sall, then using gel electrophoresis to separate
the short, left-hand fragment from the long fragment that will
produce the probe. Now the double-stranded DNA is labeled

BamHI Sall BamHI Sall
l l l (@) BamHI l
——
350 nt
(b)  Alkaline phosphatase
Sall then polynucleotide
kinase + [y-32P]ATP
0 . (C) Sall O
© then gel o
electrophoresis
(d) Denature
DNA
I Probe (e) Hybridize I Probe
to transcript Transcript
— T_tz) (f) Sl nuclease
= (0.8
= 0.6 (9) Denature, o
350 nt —> | w— : 0.4 electrophorese,
0.2 autoradiograph
= 0.1

Figure 5.27 S1 mapping the 5’-end of a transcript. Begin with a
cloned piece of double-stranded DNA with several known restriction
sites. In this case, the exact position of the transcription start site is
not known, even though it is marked here () based on what will be
learned from the S1 mapping. It is known that the transcription start
site is flanked by two BamHI sites, and a single Sall site occurs
upstream of the start site. In step (a) cut with BamHI to produce the
BamHI fragment shown at upper right. In step (b) remove the
unlabeled phosphates on this fragment’s 5’-hydroxyl groups, then
label these 5'-ends with polynucleotide kinase and [y-SZP]ATP. The
orange circles denote the labeled ends. In step (c) cut with Sall and
separate the two resulting fragments by electrophoresis. This

removes the label from the left end of the double-stranded DNA.
In step (d) denature the DNA to generate a single-stranded probe
that can hybridize with the transcript (red) in step (e). In step

(f) treat the hybrid with S1 nuclease. This digests the single-
stranded DNA on the left and the single-stranded RNA on the
right of the hybrid from step (e), but leaves the hybrid intact.

In step (g) denature the remaining hybrid and electrophorese the
protected piece of the probe to see how long it is. DNA fragments
of known length are included as markers in a separate lane. The
length of the protected probe indicates the position of the transcription
start site. In this case, it is 350 bp upstream of the labeled BamHI
site in the probe.
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Figure 5.28 S1 mapping the 3'-end of a transcript. The principle is
the same as in 5’-end mapping except that a different means of labeling
the probe—at its 3’-end instead of its 5’-end—is used (detailed in

Figure 5.29). In step (a) cut with Hindlll, then in step (b) label the 3'-ends
of the resulting fragment. The orange circles denote these labeled ends.
In step (c) cut with Xhol and purify the left-hand labeled fragment by gel

on only one end, and it can be denatured to yield a labeled
single-stranded probe. Next, the probe DNA is hybridized to
a mixture of cellular RNAs that contains the transcript of in-
terest. Hybridization between the probe and the complemen-
tary transcript will leave a tail of single-stranded DNA on the
left, and single-stranded RNA on the right. Next, S1 nuclease
is used. This enzyme specifically degrades single-stranded
DNA or RNA, but leaves double-stranded polynucleotides,
including RNA-DNA hybrids, intact. Thus, the part of the
DNA probe, including the terminal label, that is hybridized to
the transcript will be protected. Finally, the length of the pro-
tected part of the probe is determined by high-resolution gel
electrophoresis alongside marker DNA fragments of known
length. Because the location of the right-hand end of the probe
(the labeled BamHI site) is known exactly, the length of the
protected probe automatically tells the location of the left-
hand end, which is the transcription start site. In this case, the
protected probe is 350 nt long, so the transcription start site is
350 bp upstream of the labeled BamHI site.

One can also use S1 mapping to locate the 3’-end of a
transcript. It is necessary to hybridize a 3’-end-labeled

electrophoresis. In step (d) denature the probe and hybridize it to RNA
(red) in step (e). In step (f) remove the unprotected region of the probe
(and of the RNA) with S1 nuclease. Finally, in step (g) electrophorese the
labeled protected probe to determine its size. In this case it is 225 nt
long, which indicates that the 3’-end of the transcript lies 225 bp
downstream of the labeled Hindlll site on the left-hand end of the probe.

probe to the transcript, as shown in Figure 5.28. All other
aspects of the assay are the same as for 5’-end mapping.
3’-end-labeling is different from 5’-labeling because
polynucleotide kinase will not phosphorylate 3’-hydroxyl
groups on nucleic acids. One way to label 3’-ends is to
perform end-filling, as shown in Figure 5.29. When a DNA
is cut with a restriction enzyme that leaves a recessed 3’-end,
that recessed end can be extended in vitro until it is flush
with the 5'-end. If labeled nucleotides are included in this
end-filling reaction, the 3’-ends of the DNA will become
labeled.

S1 mapping can be used not only to map the ends of a
transcript, but to tell the transcript concentration. Assum-
ing that the probe is in excess, the intensity of the band on
the autoradiograph is proportional to the concentration of
the transcript that protected the probe. The more tran-
script, the more protection of the labeled probe, so the
more intense the band on the autoradiograph. Thus, once
it is known which band corresponds to the transcript of
interest, its intensity can be used to measure the transcript
concentration.
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Figure 5.29 3’-end-labeling a DNA by end-filling. The DNA
fragment at the top has been created by cutting with Hindlll, which
leaves 5’-overhangs at each end, as shown. These can be filled in
with a fragment of DNA polymerase called the Klenow fragment
(Chapter 20). This enzyme fragment has an advantage over the whole
DNA polymerase in that it lacks the normal 5'—3’ exonuclease
activity, which could degrade the 5'-overhangs before they could be
filled in. The end-filling reaction is run with all four nucleotides, one of
which (dATP) is labeled, so the DNA end becomes labeled. If more
labeling is desired, more than one labeled nucleotide can be used.

One important variation on the S1 mapping theme is
RNase mapping (RNase protection assay). This procedure
is analogous to S1 mapping and can yield the same infor-
mation about the 5'- and 3'-ends and concentration of a
specific transcript. The probe in this method, however, is
made of RNA and can therefore be degraded with RNase
instead of S1 nuclease. This technique is very popular,
partly because of the relative ease of preparing RNA probes
(riboprobes) by transcribing recombinant plasmids or
phagemids in vitro with purified phage RNA polymerases.
Another advantage of using riboprobes is that they can be
labeled to very high specific activity by including a labeled
nucleotide in the in vitro transcription reaction, yielding a
uniformly-labeled, rather than an end-labeled probe. The
higher the specific activity of the probe, the more sensitive
it is in detecting tiny quantities of transcripts.

SUMMARY In S1 mapping, a labeled DNA probe is
used to detect the 5'- or 3'-end of a transcript. Hy-
bridization of the probe to the transcript protects a
portion of the probe from digestion by S1 nuclease,
which specifically degrades single-stranded polynu-
cleotides. The length of the section of probe pro-
tected by the transcript locates the end of the
transcript, relative to the known location of an end
of the probe. Because the amount of probe protected
by the transcript is proportional to the concentra-
tion of transcript, ST mapping can also be used as a
quantitative method. RNase mapping is a variation
on S1 mapping that uses an RNA probe and RNase
instead of a DNA probe and S1 nuclease.

Primer Extension

S1 mapping has been used in some classic experiments we
will introduce in later chapters, and it is the best method for
mapping the 3'-end of a transcript, but it has some draw-

backs. One is that the S1 nuclease tends to “nibble” a bit on
the ends of the RNA-DNA hybrid, or even within the hybrid
where A-T-rich regions can melt transiently. On the other
hand, sometimes the S1 nuclease will not digest the single-
stranded regions completely, so the transcript appears to be
a little longer than it really is. These can be serious problems
if we need to map the end of a transcript with one-nucleotide
accuracy. But another method, called primer extension, can
tell the 5'-end (but not the 3’-end) to the exact nucleotide.
Figure 5.30 shows how primer extension works. The
first step, transcription, generally occurs naturally in vivo.

(@) Transcription
5 3
(b)  Hybridize labeled primer
5’ 3
¥ WWe 5
(c) Extend primer
with reverse transcriptase
5 3
¥ YWe =
(d)  Denature hybrid,
electrophorese

Lanes: E A C G T

Figure 5.30 Primer extension. (a) Transcription occurs naturally
within the cell, so begin by harvesting cellular RNA. (b) Knowing the
sequence of at least part of the transcript, synthesize and label a DNA
oligonucleotide that is complementary to a region not too far from the
suspected 5'-end, then hybridize this oligonucleotide to the transcript.
It should hybridize specifically to this transcript and to no others.

(c) Use reverse transcriptase to extend the primer by synthesizing DNA
complementary to the transcript, up to its 5’-end. If the primer itself is
not labeled, or if it is desirable to introduce extra label into the extended
primer, labeled nucleotides can be included in this step. (d) Denature
the hybrid and electrophorese the labeled, extended primer
(experimental lane, E). In separate lanes (lanes A, C, G, and T) run
sequencing reactions, performed with the same primer and a DNA from
the transcribed region, as markers. In principle, this can indicate the
transcription start site to the exact base. In this case, the extended
primer (arrow) coelectrophoreses with a DNA fragment in the
sequencing A lane. Because the same primer was used in the primer
extension reaction and in all the sequencing reactions, this shows that
the 5’-end of this transcript corresponds to the middle A (underlined) in
the sequence TTCGACTGACAGT.



One simply harvests cellular RNA containing the transcript
whose 5’-end is to be mapped and whose sequence is
known. Next, one hybridizes a labeled oligonucleotide (the
primer) of approximately 18 nt to the cellular RNA. Notice
that the specificity of this method derives from the comple-
mentarity between the primer and the transcript, just as the
specificity of S1 mapping comes from the complementarity
between the probe and the transcript. In principle, this
primer (or an S1 probe) will be able to pick out the tran-
script to be mapped from a sea of other, unrelated RNAs.

Next, one uses reverse transcriptase to extend the oligo-
nucleotide primer to the 5'-end of the transcript. As pre-
sented in Chapter 4, reverse transcriptase is an enzyme that
performs the reverse of the transcription reaction; that is, it
makes a DNA copy of an RNA template. Hence, it is per-
fectly suited for the job we are asking it to do: making a
DNA copy of the RNA to be mapped. Once this primer
extension reaction is complete, one can denature the RNA-
DNA hybrid and electrophorese the labeled DNA along
with markers on a high-resolution gel such as the ones used
in DNA sequencing. In fact, it is convenient to use the same
primer used during primer extension to do a set of sequenc-
ing reactions with a cloned DNA template. One can then use
the products of these sequencing reactions as markers. In the
example illustrated here, the product comigrates with a band
in the A lane, indicating that the 5'-end of the transcript
corresponds to the second A (underlined) in the sequence
TTCGACTGACAGT. This is a very accurate determination
of the transcription start site.

Just as with S1 mapping, primer extension can also give
an estimate of the concentration of a given transcript. The
higher the concentration of transcript, the more molecules
of labeled primer will hybridize and therefore the more la-
beled reverse transcripts will be made. The more labeled
reverse transcripts, the darker the band on the autoradio-
graph of the electrophoretic gel.

SUMMARY Using primer extension one can locate
the 5'-end of a transcript by hybridizing an oligonu-
cleotide primer to the RNA of interest, extending
the primer with reverse transcriptase to the 5'-end
of the transcript, and electrophoresing the reverse
transcript to determine its size. The intensity of the
signal obtained by this method is a measure of the
concentration of the transcript.

Run-Off Transcription and
G-Less Cassette Transcription

Suppose you want to mutate a gene’s promoter and observe
the effects of the mutations on the accuracy and efficiency
of transcription. You would need a convenient assay that
would tell you two things: (1) whether transcription is
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accurate (i.e., it initiates in the right place, which you have
already mapped in previous primer extension or other ex-
periments); and (2) how much of this accurate transcription
occurred. You could use S1 mapping or primer extension,
but they are relatively complicated. A simpler method,
called run-off transcription, will give answers more rapidly.

Figure 5.31 illustrates the principle of run-off tran-
scription. You start with a DNA fragment containing the
gene you want to transcribe, then cut it with a restriction
enzyme in the middle of the transcribed region. Next, you
transcribe this truncated gene fragment in vitro with
labeled nucleotides so the transcript becomes labeled.

Smal Smal

b |

| 327 nt |

Smal

Transcription (in vitro)
with labeled NTPs

N
/@—

RNA
polymerase
runs off

l—>

_— 0O

Electrophorese
run-off RNA

l—>

~—— 327 nt

Figure 5.31 Run-off transcription. Begin by cutting the cloned gene,
whose transcription is to be measured, with a restriction enzyme. Then
transcribe this truncated gene in vitro. When the RNA polymerase
(orange) reaches the end of the shortened gene, it falls off and
releases the run-off transcript (red). The size of the run-off transcript
(827 nt in this case) can be measured by gel electrophoresis and
corresponds to the distance between the start of transcription and the
known restriction site at the 3’-end of the shortened gene (a Smal site
in this case). The more actively this gene is transcribed, the stronger
the 327-nt signal.
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Because you have cut the gene in the middle, the poly-
merase reaches the end of the fragment and simply “runs
off.” Hence the name of this method. Now you can mea-
sure the length of the run-off transcript. Because you know
precisely the location of the restriction site at the 3’-end of
the truncated gene (a Smal site in this case), the length of
the run-off transcript (327 nt in this case) confirms that the
start of transcription is 327 bp upstream of the Smal site.
Notice that S1 mapping and primer extension are well
suited to mapping transcripts made in vivo; by contrast,
run-off transcription relies on transcription in vitro. Thus,
it will work only with genes that are accurately transcribed
in vitro and cannot give information about cellular tran-
script concentrations. However, it is a good method for
measuring the rate of in vitro transcription. The more tran-
script is made, the more intense will be the run-off tran-
scription signal. Indeed, run-off transcription is most
useful as a quantitative method. After you have identified
the physiological transcription start site by S1 mapping or
primer extension you can use run-off transcription in vitro.
A variation on the run-off theme of quantifying accu-
rate transcription in vitro is the G-less cassette assay (Fig-
ure 5.32). Here, instead of cutting the gene, a G-less
cassette, or stretch of nucleotides lacking guanines in the
nontemplate strand, is inserted just downstream of the pro-
moter. This template is transcribed in vitro with CTP, ATP,
and UTP, one of which is labeled, but no GTP. Transcription
will stop at the end of the cassette where the first G is re-
quired, yielding an aborted transcript of predictable size
(based on the size of the G-less cassette, which is usually a
few hundred base pairs long). These transcripts are electro-

Ti ipti here.
Transcription begins here. ranscription stops here

Promoter | G-less cassette (355 bp) TGC
| |

(a) Transcribe with ATP, CTP, and
UTP, including [0-32P]UTP.

Transcript (356 nt)

(b)  Gel electrophoresis;
autoradiography

356 nt

Figure 5.32 G-less cassette assay. (a) Transcribe a template with a
G-less cassette (pink) inserted downstream of the promoter in vitro
in the absence of GTP. This cassette is 355 bp long, contains no G’s
in the nontemplate strand, and is followed by the sequence TGC, so
transcription stops just before the G, producing a transcript 356 nt
long. (b) Electrophorese the labeled transcript and autoradiograph
the gel and measure the intensity of the signal, which indicates how
actively the cassette was transcribed.

phoresed, and the gel is autoradiographed to measure the
transcription activity. The stronger the promoter, the more
of these aborted transcripts will be produced, and the stron-
ger the corresponding band on the autoradiograph will be.

SUMMARY Run-off transcription is a means of
checking the efficiency and accuracy of in vitro
transcription. A gene is truncated in the middle
and transcribed in vitro in the presence of labeled
nucleotides. The RNA polymerase runs off the end
and releases an incomplete transcript. The size of
this run-off transcript locates the transcription
start site, and the amount of this transcript reflects
the efficiency of transcription. In G-less cassette
transcription, a promoter is fused to a double-
stranded DNA cassette lacking G’s in the nontem-
plate strand, then the construct is transcribed in
vitro in the absence of GTP. Transcription aborts
at the end of the cassette, yielding a predictable
size band on gel electrophoresis.

5.7 Measuring Transcription
Rates in Vivo

Primer extension, S1 mapping, and Northern blotting are
useful for determining the concentrations of specific tran-
scripts in a cell at a given time, but they do not necessarily
tell us the rates of synthesis of the transcripts. That is be-
cause the transcript concentration depends not only on its
rate of synthesis, but also on its rate of degradation. To
measure transcription rates, we can employ other methods,
including nuclear run-on transcription and reporter gene
expression.

Nuclear Run-On Transcription

The idea of this assay (Figure 5.33a) is to isolate nuclei from
cells, then allow them to extend in vitro the transcripts they
had already started in vivo. This continuing transcription
in isolated nuclei is called run-on transcription because
the RNA polymerase that has already initiated transcrip-
tion in vivo simply “runs on” or continues to elongate the
same RNA chains. The run-on reaction is usually done in
the presence of labeled nucleotides so the products will
be labeled. Because initiation of new RNA chains in iso-
lated nuclei does not generally occur, one can be fairly
confident that any transcription observed in the isolated
nuclei is simply a continuation of transcription that was
already occurring in vivo. Therefore, the transcripts ob-
tained in a run-on reaction should reveal not only tran-
scription rates but also give an idea about which genes
are transcribed in vivo. To eliminate the possibility of
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Figure 5.33 Nuclear run-on transcription. (a) The run-on reaction.
Start with cells that are in the process of transcribing the Y gene,
but not the X or Z genes. The RNA polymerase (orange) is making a
transcript (blue) of the Y gene. Isolate nuclei from these cells and
incubate them with nucleotides so transcription can continue
(run-on). Also include a labeled nucleotide in the run-on reaction so
the transcripts become labeled (red). Finally, extract the labeled
run-on transcripts. (b) Dot blot assay. Spot single-stranded DNA

initiation of new RNA chains in vitro, one can add hepa-
rin, an anionic polysaccharide that binds to any free
RNA polymerase and prevents reinitiation.

Once labeled run-on transcripts have been produced,
they must be identified. Because few if any of them are
complete transcripts, their sizes will not be meaningful. The
easiest way to perform the identification is by dot blotting
(see Figure 5.33b). Samples of known, denatured DNAs
are spotted on a filter and this dot blot is hybridized to the
labeled run-on RNA. The RNA is identified by the DNA to
which it hybridizes. Furthermore, the relative activity of a
given gene is proportional to the degree of hybridization to
the DNA from that gene. The conditions in the run-on re-
action can also be manipulated, and the effects on the
products can be measured. For example, inhibitors of cer-
tain RNA polymerases can be included to see if they inhibit
transcription of a certain gene. If so, the RNA polymerase
responsible for transcribing that gene can be identified.

transcripts

(run-on
transcripts)

from genes X, Y, and Z on nitrocellulose or another suitable medium,
and hybridize the blot to the labeled run-on transcripts. Because
gene Y was transcribed in the run-on reaction, its transcript will be
labeled, and the gene Y spot becomes labeled. The more active the
transcription of gene Y, the more intense the labeling will be. On the
other hand, because genes X and Z were not active, no labeled X
and Z transcripts were made, so the X and Z spots remain
unlabeled.

SUMMARY Nuclear run-on transcription is a way
of ascertaining which genes are active in a given cell
by allowing transcription of these genes to continue
in isolated nuclei. Specific transcripts can be identi-
fied by their hybridization to known DNAs on dot
blots. The run-on assay can also be used to deter-
mine the effects of assay conditions on nuclear
transcription.

Reporter Gene Transcription

Another way to measure transcription in vivo is to place
a surrogate reporter gene under control of a specific pro-
moter, and then measure the accumulation of the product
of this reporter gene. For example, imagine that you want
to examine the structure of a eukaryotic promoter. One
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way to do this is to make mutations in the DNA region
that contains the promoter, then introduce the mutated
DNA into cells and measure the effects of the mutations
on promoter activity. You can use S1 mapping or primer
extension analysis to do this measurement, but you can
also substitute a reporter gene for the natural gene, and
then assay the activity of the reporter gene product.

Why do it this way? The main reason is that reporter
genes have been carefully chosen to have products that
are very convenient to assay—more convenient than S1
mapping or primer extension. One of the most popular
reporter genes is lacZ, whose product, B-galactosidase, can
be measured using chromogenic substrates such as X-gal,
which turns blue on cleavage. Another widely used re-
porter gene is the bacterial gene (cat) encoding the en-
zyme chloramphenicol acetyl transferase (CAT). The
growth of most bacteria is inhibited by the antibiotic
chloramphenicol (CAM), which blocks a key step in pro-
tein synthesis (Chapter 18). Some bacteria have devel-
oped a means of evading this antibiotic by acetylating it
and therefore blocking its activity. The enzyme that car-
ries out this acetylation is CAT. But eukaryotes are not
susceptible to this antibiotic, so they have no need for
CAT. Thus, the background level of CAT activity in eu-
karyotic cells is zero. That means that one can introduce
a cat gene into these cells, under control of a eukaryotic
promoter, and any CAT activity observed is due to the
introduced gene.

How could you measure CAT activity in cells that have
been transfected with the cat gene? In one of the most pop-
ular methods, an extract of the transfected cells is mixed
with radioactive chloramphenicol and an acetyl donor
(acetyl-CoA). Then thin-layer chromatography is used to
separate the chloramphenicol from its acetylated products.
The greater the concentrations of these products, the higher
the CAT activity in the cell extract, and therefore the higher
the promoter activity. Figure 5.34 outlines this procedure.

(Thin layer chromatography uses a thin layer of adsor-
bent material, such as silica gel, attached to a plastic backing.
One places substances to be separated in spots near the bot-
tom of the thin layer plate, then places the plate into a cham-
ber with a shallow pool of solvent in the bottom. As the
solvent wicks upward through the thin layer, substances
move upward as well, but their mobilities depend on their
relative affinities for the adsorbent material and the solvent.)

Another standard reporter gene is the luciferase gene
from firefly lanterns. The enzyme luciferase, mixed with
ATP and luciferin, converts the luciferin to a chemilumines-
cent compound that emits light. That is the secret of the
firefly’s lantern, and it also makes a convenient reporter
because the light can be detected easily with x-ray film, or
even in a scintillation counter.

In the experiments described here, we are assuming that
the amount of reporter gene product is a reasonable mea-
sure of transcription rate (the number of RNA chain initia-

tions per unit of time) and therefore of promoter activity.
But the gene products come from a two-step process that
includes translation as well as transcription. Ordinarily, we
are justified in assuming that the translation rates do not
vary from one DNA construct to another, as long as we are
manipulating only the promoter. That is because the pro-
moter lies outside the coding region. For this reason changes
in the promoter cannot affect the structure of the mRNA
itself and therefore should not affect translation. However,
one can deliberately make changes in the region of a gene
that will be transcribed into mRNA and then use a reporter
gene to measure the effects of these changes on translation.
Thus, depending on where the changes to a gene are made,
a reporter gene can detect alterations in either transcription
or translation rates.

SUMMARY To measure the activity of a promoter,
one can link it to a reporter gene, such as the genes
encoding B-galactosidase, CAT, or luciferase, and let
the easily assayed reporter gene products indicate
the activity of the promoter. One can also use re-
porter genes to detect changes in translational effi-
ciency after altering regions of a gene that affect
translation.

Measuring Protein Accumulation in Vivo

Gene activity can also be measured by monitoring the
accumulation of the ultimate products of genes—proteins.
This is commonly done in two ways, immunoblotting
(Western blotting), which we discussed earlier in this chapter,
and immunoprecipitation.

Immunoprecipitation begins with labeling proteins in
a cell by 3growing the cells with a labeled amino acid,
typically [>°S] methionine. Then the labeled cells are ho-
mogenized and a particular labeled protein is bound to a
specific antibody or antiserum directed against that pro-
tein. The antibody-protein complex is precipitated with a
secondary antibody or protein A coupled to resin beads
that can be sedimented in a low-speed centrifuge, or cou-
pled to magnetic beads that can be isolated magnetically.
Then the precipitated protein is released from the antibody,
electrophoresed, and detected by autoradiography. Note
that the antibody and other reagents will also be present in
the precipitate, but will not be detected because they are
not labeled. The more label in the protein band, the more
that protein has accumulated in vivo.

SUMMARY Gene expression can be quantified by
measuring the accumulation of the protein products
of genes. Immunoblotting and immunoprecipitation
are the favorite ways of accomplishing this task.
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Figure 5.34 Using a reporter gene. (a) Outline of the method.

Step 1: Start with a plasmid containing gene X, (blue) under control of
its own promoter (yellow) and use re