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Fundamentals

ofMolecular Biology

ONTEMPORARY MOLECULAR BIOLOGYis concerned principally with under-
standing the mechanismsresponsible for transmission and expression of
the genetic information that governscell structure and function. As

reviewed in Chapter1, all cells share a numberof basic properties, and this
underlying unity ofcell biology is particularly apparent at the molecularlevel.
Suchunity has allowed scientists to choose simple organisms(suchas bacteria)
as models for many fundamental experiments, with the expectation that similar
molecular mechanisms are operative in organisms as diverse as E. coli and
humans. Numerousexperiments have established the validity of this assump-
tion, andit is nowclearthat the molecular biology of cells provides a unifying
theme to understanding diverse aspectsofcell behavior.

Initial advances in molecular biology were made by taking advantageof the
rapid growth andreadily manipulable genetics of simple bacteria, such as E.
coli, and their viruses. The development of recombinant DNAthenallowed both
the fundamental principles and many of the experimental approachesfirst
developed in prokaryotes to be extended to eukaryotic cells. The application of
recombinant DNA technology has had a tremendousimpact,initially allowing
individual eukaryotic genes to be isolated and characterized in detail and more
recently allowing the determination of the complete genome sequences of com-
plex plants and animals, including humans.

Heredity, Genes, and DNA
Perhaps the most fundamental property of all living thingsis the ability to
reproduce. All organismsinherit the genetic information specifying their struc-
ture and function from their parents. Likewise,all cells arise from preexisting
cells, so the genetic material must be replicated and passed fromparent to prog-
enycell at each cell division. How genetic information is replicated and trans-
mitted from cell to cell and organismto organism thus represents a question that
is central to all of biology. Consequently, elucidation of the mechanisms of
genetic transmission and identification of the genetic material as DNA weredis-
coveries that formed the foundation of our current understanding of biology at
the molecular level.
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Figure 3.1 Inheritance of dominant
and recessive genes

 

The parental strains of peas each contain
two copies(alleles) of the gene for either
yellow(Y) or green (vi seeds.

 
  
 

The parents produce germ cells (gametes),2 i neeGameles @) () each conlaining one of these genes, that
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Since Y is dominant, all the F, planis have
yellowseeds.

 
 

Gametes

 

 A cross between (wo F, plants yields an
Fa generation, with a characteristic
4:1 ratio of dominant (yellow) to recessive

F, generation (green) phenatypes,  
Genes and Chromosomes

Theclassical principles of genetics were deduced by Gregor Mendel in
1865, on the basis of the results of breeding experiments with peas. Mendel
studied the inheritance of a numberof well-defined traits, such as seed
color, and wasable to deduce general rules for their transmission. In all
cases, he could correctly interpret the observed patterns of inheritance by
assuming that eachtrait is determined bya pairofinherited factors, which
are now called genes. One gene copy (called anallele) specifying each trait
is inherited from each parent. For example, breeding twostrains of peas—
one having yellow seeds, and the other green seeds—yields the following
results (Figure 3.1). The parental strains each have two identical copies of
the gene specifying yellow (Y)or green (y) seeds, respectively. The progeny
plants are therefore hybrids, having inherited one gene for yellow seeds (Y)
and onefor green seeds (y), All these progenyplants(thefirstfilial, or Fi;
generation) have yellow seeds, so yellow (Y) is said to be dominant and
green(y) recessive. The genotype(genetic composition) of the F, peasis
thus Yy, and their phenotype (physical appearance)is yellow.If one F, off-
spring is bred with another, giving rise to F, progeny, the genesfor yellow
and green seeds segregate in a characteristic manner such that the ratio
betweenF, plants with yellow seeds and those with green seedsis 3;1.

Mendel’s findings, apparently ahead oftheir time, were largely ignored
until 1900, when Mendel’s laws were rediscovered andtheir importance
recognized. Shortly thereafter, the role of chromosomesas the carriers of
genes was proposed.It was realized that mostcells of higher plants and ani-
mals are diploid—containing two copies of each chromosome. Formation
of the germ cells (the sperm and egg), however, involves a unique type of
cell division (meiosis) in which only one memberof each chromosome pair
is transmitted to each progeny cell (Figure 3.2). Consequently, the sperm
and egg are haploid, containing only one copy of each chromosome.The
union of these two haploid cellsatfertilization creates a new diploid organ-
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ism, now containing one memberof each chromosomepair derived from
the male and one from the female parent. The behavior of chromosome
pairs thus parallels that of genes, leading to the conclusion that genes are
carried on chromosomes.

The fundamentals of mutation, genetic linkage, and the relationships
between genes and chromosomeswerelargely established by experiments
performed with thefruit fly, Drosophila melanogaster. Drosophila can be easily
maintained in the laboratory, and they reproduce about every two weeks,
which is a considerable advantage for genetic experiments. Indeed, these
features continue to make Drosophila an organism of choice for genetic stud-
ies of animals, particularly the genetic analysis of development and differ-
entiation.

In the early 1900s, a numberof genetic alterations (mutations) were iden-
tified in Drosophila, usually affecting readily observable characteristics such
as eye color or wing shape. Breeding experiments indicated that someof the
genes governingthesetraits are inherited independently of each other, sug-
gesting that these genes are located on different chromosomesthat segre-
gate independently during meiosis (Figure 3.3). Other genes, however, are
frequently inherited together as paired characteristics. Such genesare said
to be linked to each other by virtue of being located on the same chromo-
some. The numberof groupsof linked genes is the same as the numberof
chromosomes(four in Drosophila), supporting the idea that chromosomes
are carriers of the genes. By 1915, nearly a hundred genes had been defined
and mapped onto the four chromosomesof Drosophila, leading to general
acceptance of the chromosomalbasis ofheredity.

Genes and Enzymes
Early genetic studies focused onthe identification and chromosomallocal-
ization of genes that control readily observable characteristics, such as the
eye color of Drosophila. How these genes lead to the observed phenotypes,
however, was unclear. Thefirst insight into the relationship between genes
and enzymes camein 1909, whenit wasrealized that the inherited human

Figure 3.2 Chromosomesat meiosis
andfertilization

Two chromosomepairs of a hypotheti-
cal organism areillustrated.
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(A) Segregation of two hypothetical genes located on different (B) Linkage of two genes located on the same chromosome
chromosomes (A/a = square/round and B/b = red/blue)
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gives rise to four different
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The F; generation displays only two phenotypes—
square/red and round/blue—in the 3:1 ratio that is
characteristic of inheritance ofa single gene. 

The F, generation therefore
displays four distinct
phenotypes—square/red,
square/blue, round/red,
and round/blue—in a
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Figure 3.3 Gene segregation
and linkage
(A) Segregation of two hypothetical
genesfor shape (A/a = square/round) disease phenylketonuria (see Molecular Medicine in Chapter2) results from
and color (B/b = red/blue) located on a genetic defect in metabolism of the amino acid phenylalanine. This defect
different chromosomes. (B) Linkage of was hypothesized to result from a deficiency in the enzyme neededtocat-
twogeneslocated on the samechro- alyze the relevant metabolic reaction, leading to the general suggestion thatmosome.

genes specify the synthesis of enzymes.
Clearer evidence linking genes with the synthesis of enzymes came from

experiments of George Beadle and Edward Tatum, performed in 1941 with
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the fungus Newrospora crassa. In the laboratory, Neurospora can be grown on
minimalor rich media similar to those discussed in Chapter1 for the growth
of E. coli. For Neurospora, minimal media consist only ofsalts, glucose, and
biotin; rich media are supplemented with aminoacids, vitamins, purines,
and pyrimidines. Beadle and Tatum isolated mutants of Neurospora that
grew normally on rich media but could not growon minimal media. Each
mutant was found to require a specific nutritional supplement, such as a
particular amino acid, for growth. Furthermore, the requirementfor a spe-
cific nutritional supplementcorrelated with the failure of the mutantto syn-
thesize that particular compound. Thus, each mutation resultedin a defi-
ciency in a specific metabolic pathway. Since such metabolic pathways were
knownto be governed by enzymes, the conclusion from these experiments
was that each gene specified the structure of a single enzyme—the one
gene-one enzyme hypothesis. Many enzymes are now knownto consistof
multiple polypeptides, so the currently accepted statementof this hypothe-
sis is that each genespecifies the structure of a single polypeptide chain.

Identification ofDNA asthe Genetic Material

Understanding the chromosomalbasis of heredity and the relationship
between genes and enzymesdid notinitself provide a molecular explana-
tion of the gene. Chromosomescontain proteins as well as DNA,andit was
initially thought that genes wereproteins. Thefirst evidence leading to the
identification of DNA as the genetic material camefromstudiesin bacteria.
These experiments represent a prototypefor current approachesto defining
the function of genes by introducing new DNA sequencesintocells, as dis-
cussed later in this chapter.

The experiments that defined the role of DNA were derived from studies
of the bacterium that causes pneumonia (Prewmococcus). Virulent strains of
Pneumococcus are surrounded by a polysaccharide capsule that protects the
bacteria from attack by the immunesystem ofthe host. Because the capsule
gives bacterial colonies a smooth appearancein culture, encapsulated
strains are denoted S. Mutant strains that havelost the ability to make a
capsule (denoted R) form rough-edged colonies in culture and are no longer
lethal when inoculated into mice. In 1928 it was observed that mice inocu-
lated with nonencapsulated (R) bacteria plus heat-killed encapsulated (5)
bacteria developed pneumonia and died. Importantly, the bacteria that
were then isolated from these mice wereof the S type. Subsequent experi-
ments showedthata cell-free extract of S bacteria was similarly capable of
converting (or transforming) R bacteria to the S state. Thus, a substancein
the S extract (called the transforming principle) was responsible for induc-
ing the genetic transformation of R to S bacteria.

In 1944 Oswald Avery, Colin MacLeod, and Maclyn McCarty established
that the transforming principle was DNA,bothby purifyingit from bacter-
ial extracts and by demonstratingthat the activity of the transformingprin-
ciple is abolished by enzymatic digestion of DNA but notby digestion of
proteins (Figure 3.4). Although these studies did not immediately lead to
the acceptance of DNA as the genetic material, they were extended within a
few years by experiments with bacterial viruses.In particular, it was shown
that, when a bacterial virus infects a cell, the viral DNA rather thantheviral
protein must enter the cell in order for the virus to replicate. Moreover, the
parental viral DNA (but not the protein) is transmitted to progeny virus
particles. The concurrence ofthese results with continuing studiesof the
activity of DNAin bacterial transformation led to acceptanceof the idea
that DNAis the genetic material.

93
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Figure 3.4 Transferof genetic information by DNA
DNAis extracted from a pathogenicstrain of Pneuniococcus, which is surrounded
by a capsule and forms smooth colonies (S). Addition of the purified S DNA toa
culture of nonpathogenic, nonencapsulated bacteria (R for “rough”colonies) re-
sults in the formation of S colonies. The purified DNAtherefore contains the genet-
ic information responsible for transformationofR to S bacteria.

The Structure ofDNA

Our understanding of the three-dimensional structure of DNA, deduced in
1953 by James Watson and Francis Crick, has been the basis for present-day
molecular biology. At the time of Watson and Crick’s work, DNA was
knownto be a polymer composed of four nucleic acid bases—two purines
(adenine [A] and guanine [G]) and two pyrimidines (cytosine [C] and
thymine [T])—linked to phosphorylated sugars. Given the central role of
DNAasthe genetic material, elucidation ofits three-dimensional structure
appearedcritical to understanding its function. Watson and Crick’s consid-
eration of the problemwasheavily influenced by Linus Pauling’s descrip-
tion of hydrogen bonding and the @ helix, a common elementof the sec-
ondary structure of proteins (see Chapter 2). Moreover, experimental data
on the structure of DNA wereavailable from X-ray crystallography studies
by Maurice Wilkins and Rosalind Franklin. Analysis of these data revealed
that the DNA moleculeis a helix that turns every 3.4 nm. In addition, the
data showedthatthe distance between adjacentbasesis 0.34 nm, so there
are ten bases per turn ofthe helix. An importantfinding wasthat the diam-
eter of the helix is approximately 2 nm, suggesting thatit is composedof
not one but two DNAchains.

From these data, Watson and Crick built their model of DNA (Figure3.5).
The central features of the model are that DNAis a double helix with the
sugar—phosphate backbones onthe outside of the molecule. The bases are

8
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on the inside, oriented such that hydrogen bonds are formed between
purines and pyrimidines on opposite chains. The base pairing is very spe-
cific: A alwayspairs with T and G with C.This specificity accounts for the
earlier results of Erwin Chargaff, who had analyzed the base composition of
various DNAsand foundthat the amountof adenine was always equal to
that of thymine, and the amountof guanineto thatof cytosine. Because of
this specific base pairing, the two strands of a DNA molecule are comple-
mentary: Each strand containsall the information required to specify the
sequencesof bases on the other.

 

Replication ofDNA
The discovery of complementary base pairing between DNAstrands imme-
diately suggested a molecular solution to the question of how the genetic
material could direct its own replication—aprocessthatis required each time
a cell divides. It was proposed that the twostrands of a DNA molecule could
separate and serve as templates for synthesis of new complementary strands,
the sequence of which would be dictated by the specificity of base pairing

 

DNAis a double helix with the bases on the

inside and the sugar—-phosphate backbones on
the outside of the molecule.

Figure 3.5 The structure of DNA

 Bases on opposite strands are paired by hydrogen bonds between adenine (A) and
thymine (T), and between guanine (G) andcytosine (C), The two DNAstrands run in opposite
directions, detined bythe 5° and 3° groups of deoxyribose. 

3’ end  
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(Figure 3.6). The processis called semiconservative replication because one
strand of parental DNAis conserved in each progeny DNA molecule.

Direct support for semiconservative DNA replication was obtained in
1958 as a result of elegant experiments, performed by Matthew Meselson
and Frank Stahl, in which DNA waslabeled with isotopesthat altered its
density (Figure 3.7). E. coli were first grown in media containing the heavy
isotope of nitrogen ('5N) in place of the normal light isotope ('*N). The
DNAofthese bacteria consequently contained '°N and washeavier than
that of bacteria grown in 4N. Such heavy DNAcould be separated from
DNAcontaining 'N by equilibrium centrifugation in a density gradientof
CsCl. This ability to separate heavy (SN) DNA from light ('4"N) DNA
enabled the study of DNA synthesis. E. coli that had been grown in '°N
were transferred to media containing ''N and allowedto replicate one more
time. Their DNA wasthen extracted and analyzed by CsCl density gradient
centrifugation. The results of this analysis indicated thatall of the heavy
DNAhad been replaced by newly synthesized DNA with a density inter-
mediate betweenthat of heavy ('°N) andthatoflight ("N) DNA molecules,
The implication wasthat during replication, the two parentalstrands of
heavy DNAseparated and served as templates for newly synthesized prog-
eny strandsof light DNA,yielding double-stranded molecules of interme-
diate density. This experiment thus provided direct evidence for semicon-
servative DNA replication, clearly underscoring the importance of
complementary base pairing between strandsof the double helix.

The ability of DNAto serve as a template for its own replication wasfur-
ther established with the demonstration that an enzymepurified from E.
coli (DNA polymerase) could catalyze DNAreplication invitro. In the pres-
ence of DNAto act as a template, DNA polymerase wasable to direct the
incorporation of nucleotides into a complementary DNA molecule.

Expression of Genetic Information
Genes act by determining the structure of proteins, which are responsible
for directing cell metabolism through their activity as enzymes. The identi-
fication of DNA asthe genetic material and the elucidationof its structure

Old DNAstrand

New DNAstrand

Figure 3.6 Semiconservative replication of DNA
The twostrands of parental DNA separate, and each serves as a
template for synthesis of a new daughter strand by complemen-

3 tary base pairing.
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revealed that genetic information mustbe specified by the orderof the four
bases (A, C, G, and T) that make up the DNA molecule. Proteins, in turn,
are polymers of 20 aminoacids, the sequence of which determines their
structure and function. The first direct link between a genetic mutation and
an alteration in the amino acid sequence of a protein was madein 1957,
whenit was found that patients withthe inherited disease sickle-cell ane-
mia had hemoglobin moleculesthat differed from normalones bya single
amino acid substitution. Deeper understanding of the molecularrelation-
ship between DNAandproteins came, however, from a series of experi-
ments that took advantageof E,coli andits viruses as genetic models.

Colinearity ofGenes and Proteins
The simplest hypothesis to accountforthe relationship between genes and
enzymes wasthat the orderof nucleotides in DNAspecified the order of
aminoacids in a protein. Mutations in a gene would correspondto alter-
ations in the sequence of DNA, which mightresult from the substitution of
one nucleotide for another or from the addition or deletion of nucleotides.

These changes in the nucleotide sequence of DNA would thenlead to cor-
responding changes in the amino acid sequenceofthe protein encoded by
the gene in question. This hypothesis predicted that different mutations
within a single gene couldalter different amino acidsin the encoded pro-
tein, and that the positions of mutations in a gene shouldreflect the posi-
tions of aminoacid alterationsin its protein product.

The rapid replication and the simplicity of the genetic system ofE.coli
were of major help in addressing these questions. A variety of mutants ofE.
coli could be isolated, including nutritional mutantsthat (like the Newrospora
mutants discussed earlier) require particular amino acids for growth.
Importantly, the rapid growthofE. coli made feasible the isolation and
mapping of multiple mutants in a single gene, leading to the first demon-
stration of the linear relationship between genes and proteins. In these stud-
ies, Charles Yanofsky and his colleagues mappeda series of mutations in
the gene that encodes an enzymerequired for synthesis of the amino acid
tryptophan, Analysis of the enzymes encoded by the mutant genesindi-
cated that the relative positions of the aminoacid alterations were the same
as those of the corresponding mutations (Figure 3.8). Thus, the sequence of
aminoacidsin the protein was colinear with that of mutationsin the gene,

11

Transfer to '4N media for onedivision

Extract DNA

Centrifugein
CsCl solution

Increasing
Hybrid DNA density 

Figure 3.7 Experimental demonstra-
tion of semiconservative replication
Bacteria grown in medium containing
the normal isotope of nitrogen (!4N)
are transferred into medium contain-

ing the heavy isotope (°N) and grown
in this medium for several generations.
They are then transferred back to
medium containing ''N and grownfor
one additional generation. DNAis ex-
tracted from these bacteria and ana-

lyzed by equilibrium ultracentrifuga-
tion in a CsCl solution. The CsCl sedi-

ments to form a density gradient, and
the DNA molecules band at a position
wheretheir density is equal to that of
the CsCl solution. DNA ofthe bacteria
transferred from N to *N medium

for a single generation bands at a den-
sity intermediate betweenthat of °N
DNAandthatof '4N DNA, indicating
that it represents a hybrid molecule
with one heavy and onelight strand.
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Figure 3.9 Synthesis of RNA from
DNA

The twostrands of DNA unwind, and
one is used as a template for synthesis
of a complementary strand of RNA.

 
Figure 3.8 Colinearity of genes and proteins
Aseries of mutations (arrowheads) were mapped inthe E. coli gene encoding tryp-
tophan synthetase (top line). The amino acid substitutions resulting from each of
the mutations were then determined by sequence analysis of the proteins of mu-
tant bacteria (bottom line). These studies revealed that the order of mutationsin
DNAwasthe sameas the order of amino acid substitutions in the encoded protein.

as expectedif the order of nucleotides in DNAspecifies the order of amino
acidsin proteins.

The Role ofMessenger RNA
Although the sequence of nucleotides in DNA appearedto specify the order
of amino acidsin proteins,it did not necessarily follow that DNAitself
directs protein synthesis. Indeed, this appeared notto be the case, since
DNAis located in the nucleus of eukaryotic cells, whereas protein synthesis
takes place in the cytoplasm. Some other molecule was therefore needed to
convey genetic information from DNA tothesites of protein synthesis (the
ribosomes).

RNA appeareda likely candidate for such an intermediate because the
similarity of its structure to that of DNA suggested that RNA could be syn-
thesized from a DNA template (Figure 3.9). RNA differs from DNAin that
it is single-stranded rather than double-stranded,its sugar componentis
ribose instead of deoxyribose, and it contains the pyrimidine baseuracil (U)
instead of thymine (T) (see Figure 2.10). However, neither the changein
sugarnorthe substitution of U for T alters base pairing, so the synthesis of
RNA canbereadily directed by a DNA template. Moreover, since RNAis
located primarily in the cytoplasm,it appeared a logical intermediate to
convey information from DNAto the ribosomes. These characteristicsof
RNAsuggested a pathwayfor the flow of genetic information that is known
as the central dogmaof molecularbiology:

DNA — RNA = Protein

According to this concept, RNA molecules are synthesized from DNA tem-
plates (a process called transcription), and proteins are synthesized from
RNAtemplates (a process called translation).

Experimental evidence for the RNA intermediates postulated by the cen-
tral dogma wasobtained by Sidney Brenner, Francois Jacob, and Matthew
Meselsonin studies of E, coli infected with the bacteriophage T4. The syn-
thesis of E. coli RNA stops following infection by T4, and the only new RNA
synthesized in infected bacteria is transcribed from T4 DNA. This T4 RNA
becomesassociated with bacterial ribosomes, thus conveying the informa-
tion from DNAto thesite of protein synthesis. Because of their role as inter-
mediates in the flow of genetic information, RNA molecules that serve as
templates for protein synthesis are called messenger RNAs (mRNAs). They

12
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are transcribed by an enzyme (RNA polymerase)that catalyzes the synthe-
sis of RNA from a DNA template.

In addition to mRNA, twoother types of RNA molecules are important
in protein synthesis. Ribosomal RNA (rRNA)is a componentof ribosomes,
and transfer RNAs(tRNAs)serve as adaptor molecules that align amino
acids along the mRNAtemplate. The structures and functions of these mol-
ecules are discussedin the following section and in moredetail in Chapters
6and7.

The Genetic Code

Howis the nucleotide sequence of mRNAtranslated into the aminoacid
sequence of a protein? In this step of gene expression genetic informationis
transferred between chemically unrelated types of macromolecules—
nucleic acids and proteins—raising two new typesof problemsin under-
standing the action of genes.

First, since amino acidsare structurally unrelated to the nucleic acid
bases, direct complementary pairing between mRNAand aminoacids dur-
ing the incorporation of aminoacids into proteins seemed impossible. How
then could amino acids align on an mRNAtemplate during protein synthe-
sis? This question wassolved by the discovery that tRNAsserve as adaptors
between amino acids and mRNAduring translation (Figure 3.10). Prior to its
use in protein synthesis, each aminoacid is attached by a specific enzymeto
its appropriate tRNA. Base pairing between a recognition sequence on each
tRNA and a complementary sequence on the mRNAthendirects the
attached aminoacidto its correct position on the mRNAtemplate.

The second problem in the translation of nucleotide sequence to amino
acid sequence was determination of the genetic code. How could the infor-
mation contained in the sequence of fourdifferent nucleotides be converted
to the sequences of 20 different amino acids in proteins? Because 20 amino
acids must be specified by only four nucleotides, at least three nucleotides
must be used to encode each aminoacid. Used singly, four nucleotides
could encode only four aminoacids and, used in pairs, four nucleotides
could encode only sixteen (4°) amino acids. Used as triplets, however, four
nucleotides could encode 64 (4°) different amino acids—morethan enough
to account for the 20 aminoacidsactually found in proteins.

Direct experimental evidencefor the triplet code was obtained by studies
of bacteriophage T4 bearing mutations in an extensively studied gene
called rlJ. Phages with mutations in this gene form abnormally large
plaques, which can beclearly distinguished from those formed by wild-
type phages. Hence,isolating and mapping a numberofrll mutants was
easy and led to the establishmentof a detailed genetic mapof this locus.
Study of recombinants betweenr/] mutants that had arisen by additions or
deletions of nucleotides revealed that phages containing additionsor dele-
tions of one or two nucleotides always exhibited the mutant phenotype.
Phages containing additions or deletions of three nucleotides, however,
were frequently wild-type in function (Figure 3.11). These findings sug-
gested that the geneis read in groupsof three nucleotides, starting from a

Figure 3.10 Function of transfer RNA
Transfer RNA serves as an adaptor during protein synthesis. Each aminoacid (e.g.,
histidine) is attached to the 3’ end of a specific tRNA byan appropriate enzyme(an
aminoacyl tRNA synthetase). The charged tRNAsthen align on an mRNAtemplate
by complementary basepairing.
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Figure 3.11 Genetic evidence
for a triplet code
Aseries of mutations consisting of ad-
ditions of one, two, or three nu-
cleotides were studied in the rll gene
of bacteriophage T4. Additions of one
or two nucleotides alter the reading
frame of the remainderof the gene.
Therefore, all the subsequent amino
acids are abnormal, and an inactive

protein is produced, giving rise to mu-
tant phage. Additions of three nu-
cleotides, however, alter only a single
aminoacid. The reading frameofthe
remainderofthe geneis normal, and
anactive protein giving rise to wild-
type (WT) phageis produced.
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Figure 3.12 The triplet UUU encodes
phenylalanine
In vitro translation of a synthetic RNA
consisting of repeated uracils (a poly-U
template) results in the synthesis of a
polypeptide containing only pheny-
lalanine.

DNA ACG TCA TAT CCG CAT ACC GAG...

Amino acids(The)Ser (yn) Pro His G Glu
DNA ACG GTC ATA TCC GCA TAC CGAG..

CONC ND
7

DNA ACG GAT CAT ATC CGC ATA CCGAG .

Amino acids (Th) ‘Asp His (ite)Arg, (ite)Pro
vv

DNA ACG GAC TCA TAT CCG CAT ACC GAG +3 nucleotides

Amino acids (TW) Asp Ser (TyPro(His (Thr)

fixed point. Additions or deletions of one or two nucleotides would then
alter the reading frameof the entire gene, leading to the coding of abnormal
aminoacids throughoutthe encoded protein. In contrast, additions or dele-
tions of three nucleotides would lead to the addition or deletion of only a
single aminoacid; the rest of the amino acid sequence would remain unal-
tered, frequently yielding an active protein.

Deciphering the genetic code thus becamea problem of assigning
nucleotide triplets to their corresponding amino acids. This problem was
approached usingivitro systems that could carry out protein synthesis (im
vitro translation). Cell extracts containing ribosomes, amino acids, tRNAs,
and the enzymesresponsible for attaching aminoacids to the appropriate
tRNAs(aminoacyl-tRNA synthetases) were knownto catalyze the incorpo-
ration of aminoacids into proteins. However, such protein synthesis
depends on the presence of mRNA boundto the ribosomes, and can be
greatly enhanced by the addition of purified mRNA. Since added mRNA
directs protein synthesis in such systems, the genetic code could be deci-
phered by study ofthe translation of synthetic mRNAs of knownbase
sequence.

Thefirst such experiment, performed by Marshall Nirenberg and Hein-
rich Matthaei, involved the in vitro translation of a synthetic RNA polymer
containing only uracil (Figure 3.12), This poly-U template was found to
direct the incorporationof only a single amino acid—phenylalanine—into a
polypeptide consisting of repeated phenylalanine residues. Therefore, the
triplet UUU encodes the aminoacid phenylalanine. Similar experiments
with RNA polymers containing only single nucleotides established that
AAA encodeslysine and CCC encodesproline. The remainder ofthe code
wasdeciphered using RNA polymers containing mixtures of nucleotides,
leading to the coding assignmentofall 64 possibletriplets (called codons)
(Table 3.1). Of the 64 codons, 61 specify an aminoacid; the remaining three
(UAA, UAG, and UGA)are stop codonsthat signal the termination of pro-
tein synthesis. The code is degenerate; that is, many aminoacids are speci-
fied by more than one codon. With few exceptions (discussed in Chapter10),
all organismsutilize the same genetic code, providing strong supportfor the
conclusionthatall present-day cells evolved from a commonancestor.

Normal gene

Active protein’ —*» WTphage

+1 nucleotide

Aminoacids Inactive protein —» rll mutant 
+2 nucleotides

Inactive protein — ri? mutant

Active protein. —* WT phage

RNAViruses and Reverse Transcription
With the elucidation of the genetic code, the fundamental principles of the
molecular biology of cells appeared to have been established. According to
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First Second position Third
Position U c A G Position

Phe Ser Tyr Cys U
U Phe Ser Tyr Cys Cc

Leu Ser stop stop A
Leu Ser stop Trp G

Leu Pro His Arg U
le Leu Pro His Arg iS

Leu Pro Gin Arg A
Leu Pro Gln Arg G

lle Thr Asn Ser U
A lle Thr Asn Ser Cc

Ne Thr Lys Arg A
Met Thr Lys Arg G

Val Ala Asp Gly U
G Val Ala Asp Gly Cc

Val Ala Glu Gly A
Val Ala Glu Gly G

eee

the central dogma,the genetic material consists of DNA,whichis capable
of self-replication as well as being transcribed into mRNA, which servesin
turn as the template for protein synthesis. However, as noted in Chapter1,
many viruses contain RNA rather than DNA as their genetic material,
implying the use of other modes of information transfer.

RNA genomeswerefirst discovered in plant viruses, many of which
were found to be composed of only RNAandprotein. Direct proofthat
RNAacts as the genetic material of these viruses was obtained in the 1950s
by experiments demonstrating that RNA purified from tobacco mosaic
virus could infect new hostcells, giving rise to infectious progenyvirus.
The modeofreplication of most viral RNA genomes was subsequently
determined by studies:of the RNA bacteriophagesofE.coli. These viruses
were found to encodea specific enzyme that could catalyze the synthesis of
RNA from an RNA template (RNA-directed RNA synthesis), using the
same mechanism ofbase pairing between complementary strandsas is
employed during DNAreplication or transcription of RNA from DNA.

Although most animal viruses, such as poliovirus or influenza virus,
were found to replicate by RNA-directed RNA synthesis, this mechanism
did not appearto accountfor the replication of one family of animalviruses
(the RNA tumorviruses), which were of particular interest becauseoftheir
ability to cause cancerin infected animals. Althoughthese viruses contain
genomic RNAintheir viral particles, experiments performed by Howard
Teminin the early 1960s indicated thattheir replication requires DNA syn-
thesis in infected cells, leading to the hypothesis that the RNA tumor
Viruses (nowcalled retroviruses) replicate via synthesis of a DNA interme-
diate, called a DNAprovirus (Figure 3.13). This hypothesis wasinitially met
with widespread disbelief becauseit involves RNA-directed synthesis of
DNA—areversalof the central dogma.In 1970, however, Temin and David
Baltimore independently discovered that the RNA tumor viruses contain a
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KEY EXPERIMENT 
The DNA Provirus Hypothesis

Nature of the Provirus of Rous Sarcoma

Howard M. Temin

McArdle Laboratory, University of Wisconsin, Madison, WI
National Cancer Institute Monographs, Volume 17, 1964, pages 557-570

The Context

Rous sarcoma virus (RSV), the first

cancer-causing virus to be described,
was of considerable interest as an

experimental system for studying the
molecular biologyof cancer. Howard
Temin began his researchin this area
when, as a graduate student in 1958,
he developed thefirst assay for the
transformation of normal cells to can-

cer cells in culture following infection
with RSV. The availability of sucha
quantitative in vitro assay provided
the tool needed for further studies of
both cell transformation and virus

replication. As Temin proceeded with
these studies, he made a series of

unexpected observations indicating
that the replication of RSV was funda-
mentally different from that of other
RNAviruses. These experiments led
to Temin’s proposal of the DNA
provirus hypothesis, which stated that
the viral RNA was copied into DNA in
infected cells—a proposal that ran
directly counter to the universally
accepted central dogma of molecular
biology.

The Experiments
The DNA provirus hypothesis was
based on several different types of
experimental evidence. First, studies
of cell transformation using mutants
of RSV indicated that important char-
acteristics of transformed cells were

determined by genetic information of
the virus. This information was regu-
larly transmitted to daughter cells fol-
lowing cell division, even in the
absence of virus replication. Temin
therefore proposed that the viral
genomewaspresent in infected cells
ina stably inherited form, which he
called a provirus.

Evidence that the provirus was
DNA wasthen derived from experi-
ments with metabolic inhibitors. First,

actinomycin D, which inhibits the syn-
thesis of RNA from a DNA template,
was found to inhibit virus production
by RSV-infected cells (see figure). Sec-
ond, inhibitors of DNAsynthesis inhib-
ited early stages ofcell infection by RSV.
Thus, DNA synthesis appeared to be
required early in infection, and DNA-
directed RNA synthesis appeared to be

d 
Howard Temin

needed subsequently for the produc-
tion of progenyviruses, leading to the
proposal that the provirus was a DNA
copyof the viral RNA genome. Temin
sought further evidencefor this pro-
posal by using nucleic acid hybridiza-
tion to detect viral sequences in infected
cell DNA, but the sensitivity of the
available techniques was limited and
the data were unconvincing.

The Impact

The DNA provirus hypothesis was
thus proposed principally on thebasis
of genetic experiments andthe effects
of metabolic inhibitors. It was a radical

proposal, which contradicted the
accepted central dogma of molecular
biology. In this setting, Temin’s hypoth-
esis that RSVreplicated bythe transfer
of information from RNA to DNA not

only failed to win the acceptance of the 

novel enzymethat catalyzes the synthesis of DNA from an RNA template.
In addition, clear-cut evidence for the existence of viral DNA sequencesin
infected cells was obtained. The synthesis of DNA from RNA, nowcalled
reverse transcription, was thus established as a mode of informationtrans-
fer in biological systems.

Reverse transcription is important not only in the replication of retro-
viruses, but also in at least two other broad aspects of molecular and cellu-
lar biology. First, reverse transcription is not restricted to retroviruses;it
also occursin cells and, as discussed in Chapters 4 and5,is frequently
responsible for the transposition of DNA sequences from one chromosomal
location to another. Indeed, the sequence of the human genomehas
revealed that approximately 40%of human genomic DNAis derived from
reverse transcription. Second, enzymesthat catalyze RNA-directed DNA
synthesis (reverse transcriptases) can be used experimentally to generate

16
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scientific community, but was met
with general derision. Nonetheless,
Temin persevered through the 1960s,
continuing with experiments to test his
hypothesis and providing increasingly
convincing evidencein its support.
These efforts culminated in 1970 with

the discovery by Temin and Satoshi
Mizutani, and at the same time by
David Baltimore, of a viral enzyme,
now knownasreverse transcriptase,
that synthesizes DNA from an RNA
template—an unambiguous biochemi- 10
cal demonstration that the central

dogma could be reversed.
Temin concluded his 1970 paper S12

with the statement that the results

“constitute strong evidence that the
DNAprovirus hypothesisis correct and
that RNA tumourviruses have a DNA

 100

0.1 g/ml 

 
 10 we/mlActinomycinDVirusproduction(percentofinitialcontrolrate)

present
 

genome whenthey are in cells and an
RNA genomewhen they are in virions.

Effect of actinomycin D on RSV replica-
tion. RSV-infected cells were cultured
with the indicated concentrations ofacti-

nomycin D for 8 hours. Actinomycin D
was then removed and the amountof

virus produced was determined.

This result would havestrong implica-
tionsfor theories ofviral carcinogenesis
and, possibly, for theories of informa-
tion transfer in other biological sys-
tems.” As Temin predicted, the discov-
ery of RNA-directed DNAsynthesis
has led to major advances in our under-
standing of cancer, human retroviruses,
and gene rearrangements. Reverse
transcriptase has further provided a
critical tool for cDNAcloning, thereby
impacting virtually all areas of contem-
porary cell and molecular biology.
 

DNAcopies of any RNA molecule. The use of reverse transcriptase has thus
allowed mRNAsof eukaryotic cells to be studied using the molecular
approachesthatare currently applied to the manipulation of DNA,asdis-
cussedin the following section.

Retrovirus particle

RNA genome 
 
 
 

 
Virus infection

Reverse transcription

DNAprovirus

Progeny virus
particles
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Figure 3.13 Reverse transcription
and retrovirus replication
Retroviruses contain RNA genomesin
their viral particles. When a retrovirus
infects a host cell, however, a DNA
copyof the viral RNAis synthesized
via reverse transcription. This viral
DNAis thenintegrated into chromoso-
mal DNAofthe host to form a DNA

provirus, which is transcribed to yield
progeny virus RNA.
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Recombinant DNA

Classical experiments in molecular biology were strikingly successful in
developing our fundamental concepts of the nature and expression of genes.
Since these studies were based primarily on genetic analysis, their success
dependedlargely on the choice of simple, rapidly replicating organisms
(such as bacteria and viruses) as models. It was not clear, however, how
these fundamentalprinciples could be extended to provide a molecular
understanding of the complexities of eukaryotic cells, since the genomes of
most eukaryotes (e.g., the human genome)are up to a thousand times more
complex than thatof E. coli. In the early 1970s, the possibility of studying
such genomesat the molecular level seemed daunting. In particular, there
appeared to be no wayin which individual genes could beisolated and
studied.

This obstacle to the progress of molecular biology was overcome by the
developmentof recombinant DNAtechnology, which providedscientists
with the ability to isolate, sequence, and manipulate individual genes
derived from any typeofcell. The application of recombinant DNA has
thus enabled detailed molecularstudiesof the structure and functionof
eukaryotic genes and genomes, thereby revolutionizing our understanding
of cell biology.

Restriction Endonucleases

Thefirst step in the developmentof recombinant DNA technology was the
characterization of restriction endonucleases—enzymesthat cleave DNA
at specific sequences. These enzymes wereidentified in bacteria, where
they apparently provide a defense againstthe entry of foreign DNA(e.g.,
from a virus) into the cell. Bacteria have a variety of restriction endonucle-
ases that cleave DNAat more than a hundreddistinct recognition sites, each
of which consists of a specific sequence of four to eight base pairs (examples
are given in Table 3.2).

Since restriction endonucleases digest DNAatspecific sequences, they
can be used to cleave a DNA molecule at uniquesites. For example, the
restriction endonuclease EcoRI recognizes the six-base-pair sequence
GAATTC.This sequenceis presentatfive sites in DNAofthe bacteriophage

TABLE 3.2 Recognition Sites of Representative Restriction Endonucleases

 Enzyme? ____ Source Ps: Recognitionsite’ _
BamHI Bacillus amyloliquefaciens H GGATCC
EcoRI Escherichia coli RY13 GAATTC
Haelll Haemophilus aegyptius GGCC
Andi Haemophilus influenzae Rd AAGCTT
Hpal Haemophilus parainfluenzae GTTAAC
Hpall Haemophilus parainfluenzae CCGG
Mbol Moraxella bovis GATC
Nofl Nocardia otitidis-caviarum GCGGCCGC
Sfil Streptomycesfimbriatus GGCCNNNNNGGCC
Tagl Thermus aquaticus TCGA
 
“Enzymes are namedaccordingto their species ofisolation, followed by a numberto distinguish differ-
ent enzymesisolated from the same organism (e.g., Hpal and Hpall).
* Recognition sites show the sequence of only one strand of double-stranded DNA. “N"represents anybase.
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The Disease

Acquired immune deficiency syn-
drome (AIDS) is a new disease,first
described in 1981. It has now become a
worldwide pandemic, with more than
50 million people having been infected
with HIV and approximately 20 mil-
lion having died of AIDS. Theclinical
manifestations of AIDSresult princi-
pally from failure of the immunesys-
tem to function normally. In the
absence of normal immunity, AIDS
patients are sensitive to opportunistic
infections by agents (viruses, bacteria,
fungi, and protozoans) against which
a healthy individual would beresist-
ant. People with AIDSalso suffer a
high frequency of some typesof can-
cers, particularly lymphomas and
Kaposi’s sarcoma, althoughit is the
opportunistic infections that are
responsible for most deaths.

Molecular and Cellular Basis

AIDSis caused bya retrovirus (human
immunodeficiency virus or HIV) that
was discovered by the research groups
of Robert Gallo and Luc Montagnierin
1983. HIV infects principally a specific
type of lymphocyte (the T4 lympho-
cyte) that is required for a normal
immuneresponse. In contrast to many
other retroviruses, such as Rous sar-
coma virus, HIV does not cause the
cells it infects to become cancerous.
Instead, HIV eventually kills the cells
in which it replicates, ul timately
resulting in the depletion of the popu-
lation of T4 lymphocytes andthefail-
ure of the immunesystem in infected
individuals. This failure of the
immunesystem in turn leads to the
opportunistic infections and cancers
that represent the clinical manifesta-
tions of AIDS.

Fundamentals ofMolecular Biology

MOLECULAR MEDICINE

HIVandAIDS

Prevention and Treatment

At present, the only meansof prevent-
ing AIDSis to avoid HIV infection.
HIVis a fragile virus that quickly loses
infectivity outside the body,so it can-
not be transmitted by casual contact
with an infected person. HIV can be
transmitted in three ways: through
sexual contact, through contaminated
blood products, and from mother to
child during pregnancyorbreast-feed-
ing. Following the isolation of HIV,
screening tests were developed to
ensure the safety of clotting factors
and blood supplies used for transfu-
sions. Prevention of HIVinfection by
other routes currently depends on
individuals minimizing their personal
risk of infection by adheringto safe
sexual practices and avoiding sources
of contaminated blood, such as shared

needles used for intravenous drug
injection.

 

 
Beyond modifying individual

behavior to reducetherisk of infec-
tion, the identification of HIV as the
cause of AIDS openspossibilities for
prevention and treatment. A vaccine to

preventHIV infectionis being actively
pursued, although several features of
the biology of HIV posedifficulties to
this approach. Alternatively, drugs
that inhibit virus replication are now
providingeffective therapies for HIV-
infected individuals. These drugs
either act as inhibitors of the HIV
reverse transcriptase or of the HIV
protease, whichis an enzymerequired
for processing viral proteins. Combi-
nations of such drugs are now pro-
longing the lives of AIDSpatients,
although further work is clearly
needed to develop drugsthat are not
only more effective but also less
expensive and morepractical for use
in developing countries.

 
Scanning electron micrograph of HIV budding from T lymphocytes
(Cecil Fox/Photo Researchers, Inc.)

 

i, so EcoRI digests A DNAinto six fragments ranging from 3.6 to 21.2 kilo-
bases long (1 kilobase, or kb = 1000 basepairs) (Figure 3.14). These frag-
ments can be separated according to size by gel electrophoresis—a com-
mon method in which molecules are separated based on therates of their
migration in an electric field. A gel, usually formed from agarose or poly-
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Figure 3.14 EcoRI digestion and
gel electrophoresis ofA DNA
EcoRI cleaves A DNA at fivesites(ar-
rows), yielding six DNA fragments.
These fragments are then separated by
electrophoresis in an agarose gel, The
DNAfragments migrate toward the
positive electrode, with smaller frag-
ments moving more rapidly through
the gel. Following electrophoresis, the
DNAis stained with a fluorescent dye
and photographed. The sizes of DNA
fragments are indicated.

= a oo oev ' ’

| EcoR| digestion

5.7 kb a
5.6 kb -——]

4.9 kb ES
 

3.6 kb [——

Gel electrophoresis

(+) electrode

21.2kb

Migration
of DNA

(+) electrode

Photo

of gel

acrylamide, is placed between two buffer compartments containing elec-
trodes. The sample (e.g., the mixture of DNA fragments to be analyzed) is
then pipetted into preformedslots in the gel, and the electric field is turned
on, Nucleic acids are negatively charged (because of their phosphate back-
bone), so they migrate toward the positive electrode. The gel acts like a
sieve, selectively retarding the movement oflarger molecules. Smaller mol-
ecules therefore move throughthe gel more rapidly, allowing a mixture of
nucleic acids to be separated on thebasis ofsize.

In additionto size, the order of restriction fragments can be determined
by a variety of methods, yielding (for example) a map of the EcoRI sites in A
DNA. The locations of cleavage sites for multiple different restriction
endonucleases can be used to generate detailed restriction maps of DNA
molecules, such as viral genomes(Figure 3.15). In addition, individual
DNAfragments produced byrestriction endonuclease digestion can beiso-
lated following electrophoresis for further study—including determination
of their DNA sequence. The DNAsof many viruses have been characterized
by this approach.

Restriction endonuclease digestion alone, however, does not provide suf-
ficient resolution for the analysis of larger DNA molecules, such as cellular
genomes.A restriction endonuclease with a six-base-pair recognitionsite
(such as EcoRI) cleaves DNA witha statistical frequency of once every 4096
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Y¥!iviyw Figure 3.15 Restriction maps ofA
and adenovirus DNAs

2 The locationsof cleavagesites for
BamHI, EcoRI, and HindUl are shown

i ¥ Bambi in the DNAs ofE.coli bacteriophage A
VY Ecori (48.5 kb) and human adenovirus-2

(35.9 kb).Adenovirus | Hinditl

  
base pairs (1/4°). A moleculethe size of A DNA (48.5 kb) would therefore be
expected to yield about ten EcoRI fragments, consistent with the results
illustrated in Figure 3.14. However,restriction endonuclease digestion of ee wensert vector
larger genomesyields quite different results. For example, the human
genomeis approximately 3 x 10° kb long andis therefore expected to yield is =
more than 500,000 EcoRI fragments. Such a large number of fragments can-
not be separated fromone another, so agarose gel electrophoresis of EcoRI- Insert and vector
digested human DNAyields a continuous smearrather thana discrete pat- Phaed
tern of DNA fragments. Becauseit is impossible to isolate single restriction
fragments from such digests,restriction endonuclease digestion alone does elect
not yield a source of homogeneous DNA suitablefor further analysis. —S——
Quantities of such purified DNA fragments, however, can be obtained ce
through molecular cloning. Been ne

Recombinant

Generation ofRecombinant DNA Molecules

The basic strategy in molecular cloning is to insert a DNA fragmentof
interest (e.g., a segment of human DNA) intoa DNA molecule (called a vec-
tor) that is capable of independent replication in a hostcell. The result is a
recombinant molecule or molecular clone, composed of the DNAinsert
linked to vector DNA sequences. Large quantities of the inserted DNA can
be obtainedif the recombinant moleculeis allowed to replicate in an appro-
priate host. For example, fragments of human DNAcanbe clonedin bacte-
tiophage A vectors (Figure 3.16). These recombinant molecules can then be
introduced into E. coli, where they replicateefficiently to yield millions of
progeny phages containing the human DNAinsert. The DNAofthese
phages can then beisolated, yielding large quantities of recombinant mole-

cules containing a single fragment of human DNA. Whereasthis fragment Seton
might represent one partin 100,000 of human genomic DNA,it represents DNAproduced
approximately one partin 10 after being cloned in the A vector. Moreover,
the fragmentcan beeasily isolated from therest of the vector DNA by
restriction endonucleasedigestion and gelelectrophoresis, allowing a pure
fragment of human DNAto be analyzed andfurther manipulated.

The DNAfragments used to create recombinant moleculesare usually
generated by digestion with restriction endonucleases. Manyof these a

 
DNAreplication<j--——

 

enzymescleave their recognition sequencesat staggeredsites, leaving over-
hanging or cohesive single-strandedtails that can associate with each other
by complementarybasepairing (Figure 3.17). The association between such
paired complementary endscan be established permanently by treatment
with DNAligase, an enzymethatseals breaks in DNAstrands (see Chapter Figure 3.16 Generation of a
5). Thus, two different fragments of DNA(e.g.,a human DNAinsert anda_recombinant DNA molecule
4 DNAvector) prepared by digestion with the samerestriction endonucle- A fragment of human DNAisinserted
ase can be readily joined to create a recombinant DNA molecule, eseee4

The fragmentsof DNAthat can be cloned are not limited to those that into E.coli, whereit replicates to yield
terminate in restriction endonuclease cleavagesites. Synthetic DNA “link- recombinant progeny phage confain-
ers” containing a variety of restriction endonucleasesites can be added to ing the human DNAinsert.
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Figure 3.17 Joining of DNA
molecules

Vector and insert DNAsare digested
witha restriction endonuclease (such
as EcoRI), which cleaves at staggered
sites leaving overhangingsingle-
strandedtails. Vector and insert DNAs

can thenassociate by complementary
base pairing, and covalentjoining of
the DNA strands by DNAligase yields
a recombinant molecule.

mRNA GSS)

Reverse transcriptase
is used to generale a
CDNA copyof an
mRNA molecule,

 
ooa

Oligonucleotidelinkers
containing restriction
endonuclease cleavage
sites are addedto the
ends of the CDNA,

 
CDNA is|toan|vector,
i———clone
 
Figure 3.18 cDNA cloning

Vector DNA
EcoR| EcoR|

Insert DNA

 
EeoR| FeoR|

EcoR| cleavage
results in overhanging
single-stranded tails. 

Complementary
base pairing

ne 3"

Joining by
DNAligase

Recombinant molecule 
the blunt ends of any DNA fragment. Linkers are short oligonucleotides
that can be readily obtained by chemical synthesis, allowing virtually any
fragment of DNAto be preparedforligation to a vector.

Not only DNA,but also RNA sequencescan be cloned (Figure 3.18). The
first step is to synthesize a DNA copyof the RNA using the enzymereverse
transcriptase. The DNA product(called a cDNA becauseit is complemen-
tary to the RNA used as a template) can then be ligated to vector DNA as
already described. Since eukaryotic genes are usually interrupted by non-
coding sequences(introns; see Chapter 4), which are removed from mRNA
by splicing, the ability to clone cDNA as well as genomic DNAhasbeen
critical for understanding genestructure and function.

Vectors for Recombinant DNA

Dependingonthe size of the insert DNA and the purposeof the experi-
ment, many different types of cloning vectors can be used for the genera-
tion of recombinant molecules. The basic vector systems used for theisola-
tion and propagation of cloned DNAsare reviewed here. Other vectors
developed for the expression of cloned DNAsand the introduction of
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recombinant molecules into eukaryotic cells are discussed in subsequent
sections.

Bacteriophage A vectors are frequently used for theinitial isolation of
either genomic or cDNA clones from eukaryotic cells (Figure 3,19). Ind
cloning vectors, sequencesofthe bacteriophage genomethat are dispensa-
ble for virus replication have been removed and replaced with unique
restriction sites for insertion of cloned DNA. DNAinserts can be as large as
about 15 kb and still yield a recombinant genomethat can be packaged into
phageparticles. To isolate genomic clones of human DNA,for example,
random fragments of human DNA with an average size of about 15 kb are
ligated to A vector arms. These recombinant DNA molecules can then be
efficiently packaged into phage particles by mixing DNA with A proteins
(called packaging extracts) in vitro. The phage particles are then used to
infect cultures of E. coli. Since each recombinant phage formsa single
plaque, recombinants carrying unique inserts of human DNAcanbe iso-
lated. In addition, recombinant phages containing particular genesof inter-
est can be identified by nucleic acid hybridization or other screening meth-
ods, as discussed in the next section.

Plasmid vectors (Figure 3.20) allow easier manipulation of cloned DNA
sequencesthan do phage vectors. Plasmids are small circular DNA mole-
cules that can replicate independently—without being associated with
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Figure 3.19 Cloning in
bacteriophage A vectors
The vector containsa restriction site
(e.g.,an EcoRI site) for insertion of
cloned DNA.Inaddition, cossites (co-
hesive ends), which are required for
packaging DNAinto phage particles,
are present on both endsof the vector
DNA.Insert DNA(e.g., human DNA)
is ligated to the vector, and the recom-
binant molecules are packaged into
the phageparticles by being mixed
with phageproteins. The recombinant
phagesare then usedto infect F.coli.
Each recombinant phage, which car-
ries a unique insert of cloned DNA,
formsa single plaquein the infected
bacterial culture. Progeny phagecar-
rying unique DNA inserts can then be
isolated from individual plaques and
grownin large quantities.
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Insert DNAaan
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Figure 3.20 Cloning in
plasmid vectors
The vectoris a small circular molecule

that contains an origin ofreplication
(ori), a gene conferring resistance to
ampicillin (Amp"), and a restriction site
(e.g., EcoRI) which can be used to in-
sert foreign DNA.Insert DNAisligat-
ed to the vector, and the recombinant
plasmids are used to transform E.coli.
The bacteria are plated on medium
containing ampicillin, so that only the
bacteria that are ampicillin-resistant
because they carry plasmid DNAsare
able to formcolonies. Individual

colonies of plasmid-containing bacteria
can then be isolated and grownin large
quantities for isolation of recombinant
plasmids.
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Ampicillin-resistant containing ampicillin
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E. coli DNA

Bacteria containing
recombinant plasmid

chromosomal DNA—inbacteria. All that is required on the plasmid DNAis
an origin of replication—the DNA sequencethatsignals the host cell DNA
polymerase to replicate the DNA molecule. In addition, plasmid vectors
carry genesthat confer resistance to antibiotics (e.g., ampicillin resistance),
so bacteria carrying the plasmids canbeselected. Plasmid vectors usually
consist of only 2 to 4 kb of DNA, in contrast to the 30 to 45 kb of phage
DNA presentin A vectors, facilitating the analysis of an inserted DNA frag-
ment.
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To be cloned into a plasmid vector, a fragmentof the insert DNAislig-
ated to an appropriate restriction site in the vector and the recombinant
molecule is used to transform E. coli. Antibiotic-resistant colonies, which
contain plasmid DNA,are selected. Such plasmid-containingbacteria can
then be grownin large quantities and their DNAextracted. The small circu-
lar plasmid DNA molecules, of which there are often hundreds of copies
per cell, can be separated from thebacterial chromosomal DNA;theresult
is purified plasmid DNAthatis suitable for analysis of the clonedinsert.

For many studies involving analysis of genomic DNA,it is desirableto
clone even larger fragments of DNA than are accommodated by A vectors.
There are five major types of vectors that are used for this purpose(Table
3.3), Cosmid vectors accommodate inserts of approximately 45 kb. These
vectors contain bacteriophage A sequencesthatallowefficient packaging of
the cloned DNAinto phageparticles. In addition, cosmids contain origins
of replication and the genes forantibiotic resistance that are characteristic of
plasmids, so they are able to replicate as plasmidsin bacterial cells. Two
other types of vectors are derived from bacteriophage P1, rather than from
bacteriophage A. Bacteriophage P1 vectors, which will accommodate DNA
fragments of 70-100 kb, contain sequencesthat allow recombinant mole-
cules to be packagedivitro into P1 phageparticles and thento berepli-
cated as plasmidsin E.coli. P1 artificial chromosome (PAC)vectors also
contain sequencesof bacteriophage P1, but are introduced directlyas plas-
midsinto E. coli and will accommodatelargerinserts of 130-150 kb. Bacter-
ial artificial chromosome (BAC)vectors are derived from a naturally-
occurring plasmid ofE.coli (called the F factor). Thereplication origin and
other F factor sequences allow BACstoreplicate as stable plasmids carrying
inserts of 120-300 kb, Even larger fragments of DNA (250-400 kb) can be
cloned in yeastartificial chromosome (YAC)vectors. These vectors contain
yeast origins of replication as well as other sequences (centromeres and
telomeres, discussed in chapter 4) that allow them to replicate as linear
chromosome-like molecules in yeastcells.

DNA Sequencing

Molecular cloning allowsthe isolation of individual fragments of DNA in
quantities suitable for detailed characterization, including the determina-
tion of nucleotide sequence. Indeed, determination of the nucleotide
sequences of many genes haselucidated notonly the structureof their pro-
tein products, but also the properties of DNA sequencesthat regulate gene
expression. Furthermore, the coding sequencesof novel genesare fre-
quently related to those of previously studied genes, and the functions of
newly isolated genes can often be correctly deduced onthe basis of such
sequencesimilarities.

Current methods of DNA sequencing are both rapid and accurate, and
determining the sequenceof several kilobases of DNAis a straightforward

TABLE 3.3 Vectors for Cloning Large Fragments of DNA

  
Vector DNAInsert (kb) Hostcell

Cosmids 30-45 E. cali

Bacteriophage P1 70-100 E. cali

Pl Artificial Chromosomes (PACs) 130-150 E, coli

Bacterial Artificial Chromosomes (BACs) 120-300 E. coli

Yeast Artificial Chromsomes (YACs) 250—4100 Yeast
ns—————————————— ———————————————EeEeeEeEeEeEeS#S
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Figure 3.21 DNA sequencing by the
Sanger procedure
Dideoxynucleotides, which lack OH
groupsatthe 3’ as well as the 2° posi-
tion of deoxyribose, are used to termi-
nate DNA synthesis at specific bases.
These molecules are incorporated nor-
mally into growing DNA strands. Be-
cause they lack a 3’ OH, however, the
next nucleotide cannot be added, so
synthesis of that DNA strand termi-
nates. DNA synthesisis initiated with
a radioactive primer. Four separate re-
actions are carried out, each containing
one dideoxynucleotide mixed with its
normal counterpartas well as the three
other normal deoxynucleotides. When
the dideoxynucleotideis incorporated,
DNAsynthesis stops, so each reaction
yields a series of products extending
fromthe radioactive primerto the base
substituted by a dideoxynucleotide.
Products of the four reactionsare sepa-
rated by electrophoresis and analyzed
by autoradiographyto determine the
DNAsequence.

Electrophoresis

Autoradiography

Fragment
migration

Sequence of
complementary
strandaAnNaFFarad 

task. Thus,it is now far easier to clone and sequence DNA thanitis to
determine the amino acid sequenceof a protein. Since the nucleotide
sequenceof a gene can bereadily translated into the aminoacid sequenceof
its encoded protein, the easiest way of determining protein sequenceis the
sequencing of a cloned gene or cDNA.

The most common method of DNA sequencing is based on premature
termination of DNA synthesis resulting from the inclusion of chain-termi-
nating dideoxynucleotides (which do not contain the deoxyribose 3’
hydroxyl group) in DNA polymerase reactions(Figure 3.21). DNA synthe-
sis is initiated from a primerthat has been labeled at one end witha
radioisotope. Four separate reactions are run, each including one
dideoxynucleotide (either A, C, G, or T) in addition to its normal counter-
part. Incorporation ofa dideoxynucleotide stopsfurther DNA synthesis
because no 3’ hydroxyl group is available for addition of the next
nucleotide. Thus, a series of labeled DNA moleculesis genera ted, eachter-
minatingat the base represented by the dideoxynucleotidein eachreaction.
These fragments of DNA are then separated accordingto size by gel elec-
trophoresis and detected by exposure of the gel to X-ray film (autoradiog-
raphy). The size of each fragment is determined byits terminal dideoxynu-
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Sequencing reactions using different fluorescent-labeled
primers with each dideoxynucleatide 
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Figure 3.22 Automated DNA
sequencing
Four separate sequencing reactions are
performed, each containing one chain-
terminating dideoxynucleotide and a
primer labeled with a distinct fluores-
cent tag. The productsare then pooled
and subjected to gel electrophoresis. As
the DNA strands migrate through the

; : gel, they pass through a laser beamcleotide, so the DNA sequencecorrespondsto the order of fragments read thatiexcites thediiovedaanelabel’ Tha
from the gel. emitted light is detected by a photo-

Large-scale DNA sequencingis frequently performed using automated multiplier, which is connected to a
systems, which use fluorescent-labeled primers in dideoxynucleotide|computerthat collects and analyzes
sequencing reactions (Figure 3.22). As the newly synthesized DNA strands_the data.
are electrophoresed through a gel, they pass through a laser beam that
excites the fluorescent label. The resulting emitted light is then detected by
a photomultiplier, and a computercollects and analyzes the data. This type
of automated DNA sequencing has enabled the large-scale analysis
required for determination of the complete sequence of the human genome,
as well as the genome sequences of a numberofspecies ofbacteria, yeast,
Arabidopsis, C, elegans, Drosophila, and the mouse.

 
 

Laser beam

  

Expression ofCloned Genes
In addition to enabling determination of the nucleotide sequences of
genes—andhencethe aminoacid sequencesof their protein products—
molecular cloning has provided new approaches to obtaining large
amounts of proteins for structural and functional characterization. Many
proteins of interest are present at only low levels in eukaryotic cells and
therefore cannot be purified in significant amounts by conventionalbio-
chemical techniques. Given a cloned gene, however, this problem can be
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Bacterial promoter and

ribosome binding sequences

Figure 3.23 Expression of cloned genes in bacteria pro Cloning sitesD_- 8Expressionvectors contain promoter sequences(pro)that
direct transcription of inserted DNAin bacteria andse-
quencesrequired for binding of mRNAto bacterial ribo-
somes (Shine-Delgarno [SD] sequences). A eukaryotic
cDNAinserted adjacentto these sequencescan beefficient-
ly expressed in E.coli, resulting in production of eukaryotic
proteins in transformed bacteria.
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 Production of BO
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solved by the engineering of vectors that lead to high levels of gene expres-
sionin either bacteria or eukaryoticcells.

To express a eukaryotic genein E.coli, the CDNAofinterest is cloned into
a plasmid or phagevector (called an expression vector) that contains
sequencesthat drive transcription and translation of the inserted genein
bacterialcells (Figure 3.23). Inserted genes often can be expressed at levels
high enoughthat the protein encoded by the cloned gene correspondsto as
much as 10%ofthe total bacterial protein. Purifying the protein encoded by
the cloned gene in quantities suitable for detailed biochemicalor structural
studies is then a straightforward matter.

It is frequently useful to expresshighlevels of a cloned genein eukary-
otic cells, rather than in bacteria, This mode of expression may be impor-
tant, for example, to ensure that posttranslational modificationsofthe pro-
tein (such as addition of carbohydratesor lipids) occur normally. Such
protein expression in eukaryotic cells can be achieved,as in E. coli, by inser-
tion of the cloned geneinto a vector (usually derived fromavirus) that
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directs high-level gene expression. One system frequently used for protein
expression in eukaryoticcells is infection of insect cells by baculovirus vec-
tors, which direct very high levels of expression of genesinserted in place of

_ aviral structural protein. Alternatively, high levels of protein expression
can be achieved using appropriate vectors in mammaliancells, Expression

_. ofcloned genesin yeastis particularly useful because simple methodsof
yeast genetics can be employed to identify proteins that interact with other

_ cloned proteins or with specific DNA sequences.

_ Amplification ofDNA by the Polymerase Chain Reaction
_ Molecular cloningallows individual DNA fragments to be propagated in

bacteria and isolated in large amounts. An alternative method to isolating
_ large amounts of a single DNA moleculeis the polymerase chain reaction
_ (PCR), which was developed by Kary Mullis in 1988. Provided that some

-. sequence of the DNA molecule is known, PCRcan achieveastriking ampli-
_ fication of DNA via reactionscarried outentirely in vitro. Essentially, DNA

polymerase is used for repeated replication of a defined segment of DNA.
, __ The number of DNA moleculesincreases exponentially, doubling with each

round of replication, so a substantial quantity of DNA can be obtained from
_ asmall numberofinitial template copies. For example, a single DNA mole-
_cule amplified through 30 cyclesof replication would theoretically yield 2°

_ (approximately 1 billion) progeny molecules. Single DNA molecules can
___ thus be amplified to yield readily detectable quantities of DNA that can be

isolated by molecular cloning or further analyzed directly by restriction
endonuclease digestion or nucleotide sequencing.

The general procedure for PCR amplification of DNAisillustrated in
Figure 3.24. The starting material can beeither a cloned DNA fragmentor a
mixture of DNA molecules—for example, total DNA from humancells. A
specific region of DNAcan be amplified from such a mixture, provided that
the nucleotide sequence surroundingthe region is known sothat primers
can be designed to initiate DNA synthesisat the desired point. Such
primers are usually chemically synthesized oligonucleotides containing 15
to 20 bases of DNA. Twoprimers are used to initiate DNA synthesis in
opposite directions from complementary DNAstrands. Thereactionis
started by heating the template DNAto a high temperature(e.g., 95°C) so
that the two strands separate. The temperatureis then lowered to allow the
primers to pair with their complementary sequences on the template
strands, DNA polymerasethen usesthe primers to synthesize a new strand
complementary to each template. Thus in one cycle of amplification, two
new DNA moleculesare synthesized from one template molecule. The
process can be repeated multiple times, with a twofold increase in DNA
molecules resulting from each round ofreplication,

The multiple cycles of heating and cooling involved in PCRare per-
formed by programmable heating blocks called thermocyclers. The DNA
polymerases used in these reactions are heat-stable enzymes from bacteria
such as Thermus aquaticus, whichlives in hot springs at temperatures of
about 75°C. These polymerasesare stable even at the high temperatures
used to separate the strands of double-stranded DNA,so PCR amplification
can be performed rapidly and automatically, RNA sequencescan also be
amplified by this method if reverse transcriptase is used to synthesize a
cDNA copy prior to PCR amplification.

If enough of the sequenceof a gene is knownthat primers can be speci-
fied, PCR amplification provides an extremely powerful methodof obtain-
ing readily detectable and manipulable amounts of DNA from starting
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Figure 3.24 Amplification of DNA by PCR
The region of DNA to be amplified is flanked
by two sequencesused to prime DNAsynthe-
sis. The starting double-stranded DNAis
heated to separate the strands and then

material that may contain only a few molecules of the desired DNA
sequence in a complex mixture of other molecules. For example,

cooledto allow primers(usually oligonu- defined DNAsequencesofup to several kilobases can be readily
cleotides of15 to 20 bases) to bind to each amplified from total genomic DNA,or a single cDNA canbe ampli-
strand of DNA. DNA polymerasefrom Ther- fied from total cell RNA. These amplified DNA segments can then
mus aquaticus (Tag polymerase) is used to syn-
thesize new DNA strandsstarting from the
primers, resulting in the formation of two

be further manipulated or analyzed, for example, to detect muta-
tions within a gene ofinterest. PCRis thus a powerfuladditionto

new DNAmolecules. The process can be re- the repertoire of recombinant DNAtechniques. Its poweris particu-
peated for multiple cycles, eachresulting ina larly apparentin applications such as the diagnosis of inherited dis-
twofold amplification of DNA. eases, studies of gene expression during development, and forensic

medicine.
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Detection of Nucleic Acids and Proteins

The adyent of molecular cloning has enabled the isolation and characteriza-
tion of individual genes from eukaryotic cells. Understanding the role of
genes within cells, however, requires analysis ofthe intracellular organiza-
tion and expression of individual genes and their encoded proteins. In this
section, the basic procedures currently available for detection of specific

nucleic acids and proteins are discussed. These approaches are important
fora wide variety of studies, including the mapping of genes to chromo-
somes, the analysis of gene expression, and the localization of proteins to
subcellular organelles. The same general proceduresare also used toisolate
specific genes as molecularclones.

Nucleic Acid Hybridization & ,
The key to detection of specific nucleic acid sequencesis base pairing Total cell Z %between complementary strands of RNA or DNA.At high temperatures=PNA mixture @(e.g., 90 to 100°C), the complementary strands of DNA separate (denature), eeende Ze 2
yielding single-stranded molecules. [f such denatured DNA strandsare rintediiles 2 é 2then incubated under appropriate conditions (e.g., 65°), they will renature 2? ” D
to form double-stranded molecules as dictated by complementary base
pairing—a process called nucleic acid hybridization. Nucleic acid hybrids 95°C
can be formed between twostrands of DNA,twostrands of RNA, or one Denature
strand of DNA and one of RNA.

Nucleic acid hybridization provides a meansfor detecting DNA or RNA a3sequences that are complementary to any isolated nucleic acid, such as a 5G 2 6viral genome or a cloned DNA sequence(Figure 3.25). The cloned DNAis Strands ©©

radiolabeled, usually by being synthesized in the presence of radioactive EPS Gs 2 S
nucleotides. This radioactive DNAis then used as a probe for hybridization ce
tocomplementary DNA or RNAsequences, which are detected by virtue of

the radioactivity of the resulting double-stranded hybrids. Addradioactive %
Southern blotting (a technique developed by E. M. Southern) is widely renee 0 9 65°C

used for detection of specific genes in cellular DNA (Figure 3.26), The DNA specific cell DNA. Renature
to be analyzed is digested with a restriction endonuclease, and the digested—_sequence é
DNAfragments are separated by gel electrophoresis. The gel is then over-

laid with a nitrocellulose filter or nylon membrane, to which the DNA frag- -
ments are transferred (blotted) to yield a replica of the gel. Thefilter is then > 9
incubated with a radiolabeled probe, which hybridizes to the DNA frag- Radioactive | 3 S
ments that contain the complementary sequence. These fragments are then Deineian S,
visualized by exposureof the filter to X-ray film. sequencesin cell 6 S ¢

Northern blotting is a variation of the Southern blotting technique=DNA S 6 6,
(hence its name) that is used for detection of RNA instead of DNA.In this

method,total cellular RNAsare extracted andfractionated accordingto size Figure 3.25 Detection of DNA by
by gel electrophoresis. As in Southern blotting, the RNAsare transferred to _qucleic acid hybridization
a filter and detected by hybridization with a radioactive probe. Northern—_A specific sequence can be detected in
blotting is frequently used in studies of gene expression—for example, to_total cell DNA by hybridization with a

radiolabeled DNA probe. The DNAiseeeeepee mRNAsare present in aaie types ofcells. denatured by heating to 95°C,yielding
at ert an ana yzing one gee at a time, as in Southern or Northern single-stranded molecules, Theradio-

blotting, hybridization to DNA microarrays allows tens of thousands of—jabeled probeis then added and the
genes to be analyzed simultaneously. As the complete sequences of eukary-_temperature is lowered to 65°C, allow-
otic genomes have become available, hybridization to DNA microarrays—_ing complementary DNAstrandsto re-

nature by pairing with each other. Thehas enabled researchers to undertake global analyses of sequences present fadlonetlive caches hybriddae ta caine.
in either cellular DNA or RNA samples. A DNA microarray consists of a sieiehetySeca in cell DNA,
glass slide or membranefilter onto which oligonucleotides or fragments of which can then be detected as radioac-
cDNAsare printed by a robotic system in small spots at a high density (Fig-_tive double-stranded molecules.
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DNA CAXTXAIOOOWAIWYAWA,
Figure 3.26 Southern blotting
Restriction endonuclease fragments of DNA are
separated by gel electrophoresis. Specific DNAQYOOw . Tee ae DNAis digested with a fragmentsare thenidentified by hybridizationee RNORTDWIAWA, with an appropriate probe.
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ure 3.27). Each spot on the array consists of a single oligonucleotide or
cDNA.More than 10,000 unique DNAsequencescanbe printed onto a typ-
ical glass microscopeslide,soit is readily possible to produce DNA
microarrays containing sequences representing all of the genes in cellular
genomes.Asillustrated in Figure 3.27, one widespread application of DNA
microarraysis in studies of gene expression,for example a comparison of
the genes expressed by two different typesofcells. In an experimentofthis
type, CDNAprobesare synthesized from the mRNAs expressed in each of
the twocell types(e.g., cancer cells and normal cells), The two cDNAsare
labeled with different fluorescent dyes(typically red and green), and a mix-
ture of the cDNAsis hybridized to a DNA microarray in which 10,000 or
more humangenesare represented as single spots. The array is then ana-
lyzed using a high-resolutionlaser scanner, and the relative extentof tran-
scription of each geneinthe cancercells comparedto the normal cellsis
indicated by theratio of red to green fluorescence at the appropriate spot on
the array,
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Figure 3.27 DNA microarrays
(A) An example of comparative analysis of gene expression in cancer cells and nor-
mal cells. mRNAs extracted from cancercells and normal cells are used as tem-
plates for synthesis of CDNA probes labeled with different fluorescent dyes(e.g., a
red fluorescent label for cancer cell cDNA andgreen for normal cell CDNA). The
two cDNA probes are mixed and hybridized to a DNA microarray containing spots
of oligonucleotides corresponding to 10,000 or more distinct humangenes. The
relative level of expression of each genein cancercells compared to normalcellsis
indicated bythe ratio of red to greenfluorescenceat each position on the microar-
ray. (B) Photograph of a portion of a microarray.

Nucleic acid hybridization can be used to detect homologous DNAor
RNAsequencesnotonly in cell extracts, but also in chromosomes or intact
cells—a procedure called in situ hybridization (Figure 3.28). Inthis case,
the hybridization of radioactive or fluorescent probes to specific cells or
subcellular structures is analyzed by microscopic examination. For exam-
ple, labeled probes can be hybridized to intact chromosomesin order to
identify the chromosomalregions that contain a gene ofinterest. In situ
hybridization can also be used to detect specific mRNAsindifferent types
of cells within a tissue.

Detection ofSmallAmounts ofDNA or RNA by PCR
Amplification of DNA by the polymerase chainreaction is a much more
sensitive technique for detecting cellular DNA or RNA sequencesthanis
Southern or Northern blotting. Approximately 100,000 copies of a DNA or
RNAsequence are required for detection by blot hybridization.In contrast,
PCR can amplify single copies of DNA (or RNAafter reverse transcription)
to readily detectable levels.

As discussed earlier, the specificity of amplification in PCRis provided
by the use of oligonucleotide primers that hybridize to complementary
sequences on the template molecule, Therefore, PCR canselectively amplify
a specific DNA molecule from complex mixtures, such as total cell DNA or
RNA. Consequently, PCR amplification can be used to detect specific DNA
or RNA molecules in very small amounts of starting material, such as
extracts of single cells. This extraordinary sensitivity has made PCRan
important methodfora variety of applications, including the analysis of
gene expressionin cells available in only limited quantities.

Antibodies as Probesfor Proteins

Studies of gene expression and function require the detection not only of
DNA and RNA, butalso of specific proteins. For these studies, antibodies
take the place of nucleic acid probesas reagents that can selectively react
with unique protein molecules. Antibodies are proteins produced by cells of
the immune system (B lymphocytes) that react against molecules (antigens)
that the host organismrecognizes as foreign substances—for example, the
protein coat of a virus. The immunesystemsof vertebrates are capable of
producing millionsof different antibodies, each of whichspecifically recog-
nizes a unique antigen, which maybea protein, a carbohydrate,ora nonbi-
ological molecule. An individual lymphocyte producesonly a single type of

Figure 3.28 Fluorescencein situ hybridization
Hybridization of human chromosomes with chromosome-specific fluorescent
probesthat label each of the 24 chromosomesa different color. (Courtesy of
Thomas Reid and Hesed Padilla-Nash, National CancerInstitute.)
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antibody, but the antibody genes of different lymphocytes vary as a result
of programmed gene rearrangements during developmentof the immune
system (see Chapter5). This variation gives rise to an array of lymphocytes
with distinct antibody genes, programmed to respondto different antigens.

Antibodies can be generated by inoculation of an animal with any for-
eign protein. For example, antibodies against human proteinsare fre-
quently raised in rabbits. The sera of such immunized animals contain a
mixture of antibodies (produced by different lymphocytes) that react
against multiple sites on the immunizing antigen. However,single species
of antibodies (monoclonal antibodies) can also be producedby the cultur-
ing of clonal lines of B lymphocytes from immunized animals (usually
mice). Because each lymphocyte is programmed to produceonly a single
antibody, a clonal line of lymphocytes produces a monoclonal antibody that
recognizes only a single antigenic determinant, thereby providing a highly
specific immunological reagent.

Althoughantibodies can be raised against proteins purified from cells,
other materials may also be used for immunization. For example, animals
may be immunized withintactcells to raise antibodies against unknown
proteins expressed by a specific cell type (e.g., a cancercell). Such antibod-
ies may then be used to identify proteins specifically expressed by the cell
type used for immunization. In addition, antibodies are frequently raised
against proteins expressed in bacteria as recombinant clones. In this way,
molecular cloning allows the productionof antibodies against proteins that
maybe difficult to isolate from eukaryotic cells. Moreover, antibodies can
be raised against synthetic peptides that consist of only 10 to 15 amino
acids, rather than againstintact proteins. Therefore, once the sequenceofa
gene is known, antibodies against peptides synthesized frompartofits pre-
dicted protein sequence can be produced. Because antibodies against these
synthetic peptides frequently react with the intact protein as well, it is pos-
sible to produce antibodies against a protein starting with only the
sequenceof a cloned gene.

Antibodies can be used ina variety of ways to detect proteins in cell
extracts.Two commonmethods are immunoblotting (also called Western
blotting) and immunoprecipitation. Western blotting (Figure 3.29) is
anothervariation of Southernblotting. Proteins in cell extracts are first sep-
arated according to size by gel electrophoresis. Because proteins havedif-
ferent shapes and charges, however, this process requires a modification of
the methods used for electrophoresis of nucleic acids. Proteins are sepa-
rated by a method known as SDS-polyacrylamide gel electrophoresis
(SDS-PAGE),in whichthey are dissolved in a solution containing the neg-
atively charged detergent sodium dodecy] sulfate (SDS). Each protein binds
many detergent molecules, which denature the protein and give the protein
an overall negative charge. Under these conditions, all proteins migrate
toward the positive electrode—their rates of migration determined (like
those of nucleic acids) only by size. Following electrophoresis, the proteins
are transferred to a filter, which is then allowed to react with antibodies

against the protein of interest. The antibody bound to thefilter can be

Figure 3.29 Western blotting

Proteins are separated according to size by SDS-polyacrylamide gel electrophoresis
and transferred from the gel toafilter, Thefilter is incubated with an antibody di-
rected against a protein ofinterest. The antibodyboundto thefilter can then be de-
tected by reaction with various reagents, such as a radioactive probe that binds to
the antibody.
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detected by various methods, thereby identifying the protein against which
the antibodyis targeted.

Inimmunoprecipitation, antibodies are used to isolate the proteins
against which they are directed (Figure 3.30). Typically, cells are incubated
with radioactive aminoacidsto label their proteins. Such a radiolabeledcell
extract is then incubated with an antibody, which bindsto its antigenictar-
get protein. The resulting antigen-antibody complexesare isolated and sub-
jected to electrophoresis, allowing detection of the radioactive antigen by
autoradiography.

As discussed in Chapter 1, antibodiescan also be usedto visualize pro-
teins within cells, as well as in cell lysates. For example,cells can be stained
with antibodies labeled with fluorescent dyes, and the subcellular localiza-
tion of the antigenic proteins can be visualized by fluorescence microscopy
(see Figure 1.28). Antibodies can also be labeled with tags thatare visible in
the electron microscope, such as heavy metals, allowing visualization of
antigenic proteinsat the ultrastructural level.

Probes for Screening Recombinant DNALibraries
The same basic methods for detecting nucleic acids and proteinsin cell
extracts are used for identifying molecular clones that contain specific cel-
lular DNAinserts. For example, nucleic acid hybridization can be used to
identify genomic or cDNAclones that contain DNA sequences for which a
probeis available. Cloned cDNAsin expression vectors can also be identi-
fied by the use of antibodies against their encoded proteins.

Thefirst step in isolation of either genomic or cDNAclonesis frequently
the preparation of recombinant DNAlibraries—collections of clones that
contain all the genomic or mRNAsequencesof a particularcell type (Figure
331), A genomic library of haman DNA,for example, might be prepared
by the cloning of random DNAfragments with average sizes of about 15 kb
ina A vector. Since the size of the human genomeis about 3 x 10° kb, the
DNA equivalent of one genome would be represented by 200,000 such A
clones. Because ofstatistical fluctuations in sampling, however, many genes
will not be represented in a library of 200,000 recombinants, while other
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Figure 3.30 |mmunoprecipitation
Radiolabeled proteins are incubated
with an antibody, which forms com-
plexes with the protein against which
itis directed (the antigen). These anti-
gen-antibody complexesare collected
on beadsthat bind the antibody. The
beadsare then boiled to dissociate the

antigen-antibody complexes, and the
recovered proteins are analyzed by
SDS-polyacrylamide gel electrophore-
sis. The radioactive protein that was
immunoprecipitated is detected by au-
toradiography.
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Figure 3.31 Screening a recombi-
nantlibrary by hybridization
Fragments of cell DNA are cloned ina
bacteriophage 4 vector and packaged
into phage particles, yielding a collec-
tion of recombinant phage carrying
different cell inserts. The phages are
used to infect bacteria, and the culture
is overlaid with a filter. Someof the

phages in each plaqueare transferred
to thefilter, which is then hybridized
with a radiolabeled probeto identify
the phage plaque containing the de-
sired gene. The appropriate phage
plaque can then beisolated from the
original culture plate.
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genes will be represented by multiple clones. Therefore,larger libraries,
consisting of approximately 1 million recombinant phages are usually pre-
pared to ensure a high likelihood that any gene ofinterest is represented in
the collection.

Any genefor which a probeis available can readily be isolated from such
a recombinantlibrary. The recombinant phagesare plated on E. coli, and
each phagereplicates to produce a plaque on the lawnofbacteria. The
plaquesare thenblotted onto filters in a process similar to the transfer of
DNAfrom a gel to a filter during Southern blotting, and thefilters are
hybridized with a radiolabeled probeto identify the phage plaquesthat
contain the geneof interest. The appropriate plaque can then beisolated
from the original plate in order to propagate the recombinant phagethat
carries the desiredcell insert. Similar procedures can be used to screen bac-
terial colonies carrying plasmid DNAclones,so specific clones can be iso-
lated by hybridization from either phage orplasmid libraries.

A variety of probes can be used for screening recombinantlibraries. For
example, a CDNAclone can be usedasa probeto isolate the corresponding
genomic clone, or a gene cloned from onespecies (e.g., mouse) can be used
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toisolate a related gene fromadifferent species (e.g., human). In addition to
isolated DNA fragments, synthetic oligonucleotides can be used as probes,
enabling the isolation of genes on the basis of partial amino acid sequences
of their encoded proteins. For example, oligonucleotides consisting of 15 to
20 bases can be synthesized on thebasis of the partial amino acid sequence
ofa protein of interest. These oligonucleotides can then be used as probesto
isolate CDNA clones, which (as already discussed) are mucheasierto
sequence and to characterize than is the proteinitself. It is thus possible to
proceed experimentally from a partial peptide sequenceof a protein to the
isolation of a cloned gene.

Analternative approachto isolating a gene on the basis of its protein
product is the use of antibodies as probesto screen expression libraries. In
this case a cDNAlibrary is generated in an expression vector that drives
protein synthesis in E. coli, Phage plaques orbacterial colonies are then
transferred to a filter as already described, but thefilter is then reacted with
an antibody (as in Western blotting) to identify clones that are producing
the protein of interest.

These procedures for identifying molecular clones and detecting genes
and gene productsin cells illustrate the flexibility of recombinant DNA
technology. Starting with any cloned gene,it is possible not only to deter-
mine the nucleotide sequence of that gene and useit as a probefor studies
of gene organization and transcription, but also to express and raise antis-
era against its encoded protein. Conversely, genes can be cloned on the
basis of limited characterization of a protein of interest, using either
oligonucleotide or antibody probes. Thus, recombinant DNA hasallowed
experimental analyses to proceed either from DNAto protein or from pro-
tein to DNA, providing great versatility to the strategies currently
employed for studies of eukaryotic genes andtheir encoded proteins.

Gene Function in Eukaryotes
The recombinant DNAtechniques discussed in the preceding sections pro-
vide powerful approachesto the isolation and detailed characterization of
the genes of eukaryotic cells. Understanding the function of a gene, how-
ever, requires analysis of the gene within cells or intact organisms—not
simply as a molecularclonein bacteria. In classical genetics, the function of
genes has generally been revealed by the altered phenotypes of mutant
organisms. The advent of recombinant DNA has added a new dimension to
studies of gene function. Namely, it has become possible to investigate the
function of a cloned genedirectly by reintroducing the cloned DNAinto
eukaryotic cells. In simpler eukaryotes, such as yeasts, this technique has
madepossible the isolation of molecular clones correspondingto virtually
any mutant gene. In addition, there are several methods by which cloned
genes can be introduced into cultured animaland plantcells, as well as
intact organisms,for functional analysis. These approaches can be coupled
with the ability to introduce mutations in cloned DNAinvitro, extending
the power of recombinant DNAto allow functional studies of the genes of
more complex eukaryotes.

GeneticAnalysis in Yeasts
Yeasts are particularly advantageousfor studies of eukaryotic molecular
biology (see Chapter 1). The genomeof Saccharomyces cerevisiae, which con-
sists of approximately 1.2 x 10” base pairs, is 200 times smaller than the
human genome. Moreover, yeasts can easily be grownin culture, reproduc-

37

 

123



38

124 =Chapter 3

LELI2

(A) (B) Temperature-y Yeast plasmic
LEU sensilive yeast SP

library

SSO TaYeast .
DNA
insert

 

 s
ws .

——> Different
yeas! DNA
inserts

Yeast orf

 
Amp! 

E. coli ori

Figure 3.32 Cloning of yeast genes
(A) A yeast vector. The vector contains
a bacterial origin of replication (ori)
and an ampicillin resistance gene
(Amp"), allowing it to be propagated as
a plasmid in E. coli, In addition, the
vector contains a yeastoriginofrepli-
cation and a marker gene (LELI2),al-
lowing the selection of transformed
yeast. The LELI2 gene encodes an en-
zyme required for synthesis of the
aminoacid leucine, so transformation
of yeaststrainslacking this enzyme
can be selected for by growth on medi-
um lacking leucine. (B) Isolation of a
yeast gene. A geneof interestis identi-
fied by a temperature-sensitive muta-
tion, which allows yeast to grow at
25°C but not at 37°C.Toisolate a clone

of the gene, the temperature-sensitive
yeasts are transformed with a plasmid
library containing a collection of genes
encompassing the entire yeast genome.
All yeasts transformed by plasmid
DNAsare able to grow on media lack-
ing leucine at 25°C, but only those
yeasts transformed by a plasmid carry-
ing anormal copy of the geneof inter-
est are able to grow at 37°C. The de-
sired plasmid can be isolated from
transformedyeasts that form colonies
at the nonpermissive temperature.
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O
ing with a division time of about 2 hours. Thus, yeasts offer the same basic
advantages—a small genome and rapid reproduction—thatare afforded by
bacteria.

Mutations in yeasts can be identified as readily as in E.coli, For example,
yeast mutants that require a particular amino acid or other nutrient for
growthcaneasily be isolated. In addition, yeasts with defects in genes
required for fundamental cell processes (in contrast to metabolic defects) can
be isolated as temperature-sensitive mutants. Such mutants encode pro-
teins that are functional at one temperature (the permissive temperature) but
not another (the nonpermissive temperature), whereas normal proteins are
functional at both. A yeast with a temperature-sensitive mutation in an
essential gene can be identified by its ability to grow only at the permissive
temperature, Theability to isolate such temperature-sensitive mutants has
allowedthe identification of yeast genes controlling many fundamental cell
processes, such as RNA synthesis and processing, progression throughthe
cell cycle, and transportof proteins betweencellular compartments.

Therelatively simple genetics of yeast also enables a gene corresponding
to any yeast mutation to be cloned, simply on thebasis of its functional
activity (Figure 3,32). First, a genomic library of normal yeast DNAispre-
pared in vectors that replicate as plasmidsin yeasts as wellas in E. coli. The
small size of the yeast genome meansthat a completelibrary consists of
only a few thousand plasmids. A mixture of such plasmidsis then used to
transform a temperature-sensitive yeast mutant, and transformantsthat are
able to grow at the nonpermissive temperature are selected. Such transfor-

| Isolate plasmid carrying
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mants have acquired a normal copyof the gene of interest on plasmid
DNA, which can then be easily isolated from the transformed yeastcells for
further characterization.

Yeast genes encoding a widevariety of essential proteins have been iden-
tified in this manner. In manycases, such genesisolated from yeasts have
also been useful in identifying and cloning related genes from mammalian
cells. Thus, the simple genetics of yeast has not only provided an important
model for eukaryotic cells, but has also led directly to the cloning ofrelated
genes from more complex eukaryotes.

GeneTransfer in Plants andAnimals

Althoughthe cells of complex eukaryotes are not amenable to the simple
genetic manipulations possible in yeasts, gene function can still be assayed
by the introduction of cloned DNA into plant and animalcells. Such experi-
ments (generally called gene transfer) have provencritical to addressing a
wide variety of questions, including studies of the mechanismsthat regulate
gene expression andprotein processing.In addition, as discussed laterin the Figure 3.33 Introduction of DNA
book,gene transfer has enabled the identification and characterization of Ae SUISOE ;: . se GE ghost aah) CUTS a \ eukaryotic geneof interest is cloned
genes that control animalcell growth and differentiation, including a variety—jy, g plasmid containing a drug resist-
of genes responsible for the abnormal growth of humancancercells. ance markerthat can be selected for in

The methodology for introduction of DNAinto animalcells wasinitially_cultured animal cells. The plasmid
developed for infectious viral DNAsandis therefore frequently called=DNAis taken up and expressed by a

highfraction of the cells for a few daystransfection (a word derived from transformation + infection) (Figure 3.33). g ;
DNA ioe Sprodated Seve iesalentiet It b ‘a eS anetiiced (transient expression). Stably trans-cat als TO Nee am clnnle-cnes cells in culture Vv a variety © memods, formed cells, in which the plasmid
including direct microinjection into the cell nucleus, coprecipitation of DNA—DNA becomesintegrated into chromo-
with calcium phosphate to form small particles that are taken up by the somal DNA,can beselectedfor their

ability to grow in drug-containing
medium.
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Figure 3.34 Retroviral vectors

Thevectorconsists of retroviral sequences cloned in a plasmid that can be propa-
gatedin E.coli. Foreign DNAis inserted into theviral sequences, and recombinant
plasmidsare isolated in bacteria. Animalcells in culture are then transfected with
the recombinant DNA. The DNAis taken up by a small fraction of the cells, which
produce recombinantretroviruses carrying the inserted DNA. These recombinant
retroviruses can be usedto efficiently infect new cells, where theviral genomecar-
rying the inserted geneintegrates into chromosomal DNA as a provirus.

cells, incorporation of DNAinto lipid vesicles (liposomes) that fuse with
the plasma membrane, and exposureofcells to a brief electric pulse that
transiently opens pores in the plasma membrane (electroporation). The
DNAtakenup by a high fraction ofcells is transported to the nucleus,
whereit can be transcribed for several days—a phenomenoncalled tran-
sient expression. In a smaller fraction ofcells (usually 1%orless), the for-
eign DNA becomesstably integrated into thecell genomeandis transferred
to progeny cells at cell division just as any othercell geneis. These stably
transformed cells can beisolated if the transfected DNA contains a select-
able marker, such asresistance to a drug thatinhibits the growth of normal
cells. Thus, any cloned gene can be introduced into mammalian cells by
being transferred together with a drug resistance markerthatcan be usedto
isolate stable transformants. The effects of such cloned genes on cell behav-
ior—for example, cell growth or differentiation—canthen be analyzed.

Animalviruses can also be used as vectors for more efficient introduction
of cloned DNAsintocells. Retroviruses are particularly useful in this
respect, since their life cycle involves the stable integration of viral DNAinto
the genomeofinfected cells (Figure 3.34), Consequently, retroviral vectors
can be used to efficiently introduce cloned genes into a widevarietyofcell
types, making them an importantvehicle for a broad range of applications.

Cloned genescanalso be introduced into the germ line of multicellular
organisms, allowing them to be studied in the context of the intact animal
rather than in cultured cells. One method used to produce mice that carry
such foreign genes (transgenic mice) is the direct microinjection of cloned
DNAinto the pronucleusofafertilized egg (Figure 3.35). The injected eges
are then transferred to foster mothers and allowed to develop to term. Ina
fraction of the progeny mice (often about 10%), the foreign DNAwill have
integrated into the genomeofthefertilized egg andis therefore present in
all cells of the animal. Since the foreign DNAis present in germ cells as well
as in somaticcells, it is transferred by breeding to new progeny mice justas
any othercell gene would be.

Figure 3.35 Productionoftransgenic mice
DNAis microinjected into a pronucleusofa fertilized mouse egg (fertilized eggs
contain two pronuclei, one from the egg and one from the sperm). The microinject-
ed eggs are then transferred to foster mothers and allowed to develop, Someofthe
offspring (transgenic) have incorporated the injected DNAinto their genome,

Transgenic mouse

Offspring _Be»
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The properties of embryonic stem (ES)cells
provide an alternative means of introducing
cloned genes into mice (Figure 3.36). ES cells can
be established in culture from early mouse
embryos. They can also be reintroduced into early
embryos, where they participate normally in
development and cangiverise to cells in all tis-
sues of the mouse—including germ cells. It is thus
possible to introduce cloned DNAinto ES cells in
culture, select stably transformedcells, and then
introduce these cells back into mouse embryos.
Such embryosgive rise to chimeric offspring in
which somecells are derived from the normal

embryo cells and some fromthe transfected ES
cells. In some such mice the transfected ES cells

are incorporated into the germ line. Breeding
these mice therefore leads to the direct inheritance

of the transfected gene by their progeny.
Cloned DNAscanalso be introduced into plant

cells. One approachis to removetheplantcell wall,
forming protoplasts that are surrounded only by a
plasma membrane. DNA canthen be introduced
into such protoplasts by electroporation, as was
described for animalcells. Alternatively, DNA can
be introduced into intact plant cells by bombard-
mentof the cells with DNA-coated microprojec-
tiles, such as smallparticles of tungsten. The DNA-
coated particles are shot directly into the plant
cells; some ofthe cells are killed, but others survive

and becomestably transformed.
Vectors for more efficient introduction of

recombinant DNAinto plant cells have been
developed from plant viruses. In addition, a plas-
mid from the bacterium Agrobacterium tumefaciens
(the Ti plasmid) provides a novel vehicle for the
introduction of cloned DNAsinto various plants
(Figure 3.37). In nature, Agrobacterium attaches to
the leaves of plants and the Ti plasmidis trans-

Figure 3.36 Introduction of genes into mice via
embryonic stem cells
Embryonic stem (ES) cells are culturedcells derived from
early mouse embryos(blastocysts). DNA can be intro-
ducedinto these cells in culture, and stably transformed
ES cells can be isolated. These transformed EScells can

then be injected into a recipient blastocyst, where they
are able to participate in normal developmentof the em-
bryo. Some of the progeny mice that developafter trans-
fer of injected embryos to foster mothers therefore con-
tain cells derived from transformed EScells, as well as
from the normalcells of the blastocyst. Since these mice
are a mixture of twodifferent cell types, they are referred
toas chimeric. Offspring carrying the transfected gene
can then be produced by the breeding of chimeric micein
which descendants of the transformed EScells have been

incorporated into the germ line.
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Figure 3.37 Introduction of genesinto plantcells via the Ti plasmid
TheTi plasmid containsthe T region, whichis transferred to infected plantcells,
and virulence (vir) genes, which function in T DNA transfer. In Ti plasmid vectors,
foreign DNAisinserted into the T region. The recombinantplasmidis introduced
into Agrobacteriumtumefaciens, which is then usedto infect cultured cells. The T re-
gion of the plasmid (carrying the inserted DNA)is transferred to the plant cells
andintegrates into chromosomal DNA.A transgenic plant can then be generated
from the transformedcells.

ferred into plantcells, where it becomes incorporated into chromosomal
DNA.Vectors developed from the Ti plasmid therefore provide an efficient
meansof introducing recombinant DNAintosensitive plant cells. Since
manyplants can be regenerated from single cultured cells (see Chapter1),
transgenic plants can be established directly from cells into which recombi-
nant DNA hasbeenintroduced in culture—a much simpler procedure than
the productionof transgenic animals.

Mutagenesis ofCloned DNAs
In classical genetic studies (e.g., in bacteria or yeasts), mutants are the key to
identifying genes and understanding their function by observing the
altered phenotype of mutant organisms. In such studies, mutant genes are
detected becausethey result in observable phenotypic changes—for exam-
ple, temperature-sensitive growthora specific nutritional requirement. The
isolation of genes by recombinant DNA, however, has opened a different
approach to mutagenesis. It is now possible to introduce any desired alter-
ation into a cloned gene and to determinetheeffect of the mutation on gene
function. Such procedures havebeencalled reverse genetics, since a muta-
tion is introduced into a genefirst and its functional consequenceis deter-
mined second. Theability to introduce specific mutations into cloned
DNAs(in vitro mutagenesis) has proven to be a powerfultool in studying
the expression and function of eukaryotic genes.

Cloned genes canbe altered by many in vitro mutagenesis procedures,
which can lead to the introduction of deletions, insertions, or single
nucleotide alterations. One common method of mutagenesis is the use of
synthetic oligonucleotides to generate nucleotide changes ina DNA
sequence(Figure 3.38). In this procedure a synthetic oligonucleotide bear-
ing the mutantbaseis used as a primer for DNA synthesis. Newly synthe-
sized DNA molecules containing the mutation can thenbeisolated and
characterized. For example, specific aminoacids of a protein can bealtered
in order to characterize their role in protein function.

Variationsof this approach, combined with the versatility of other meth-
ods for manipulating recombinant DNA molecules, can beusedto intro-
duce virtually any desired alteration in a cloned gene. The effects of such
mutations on gene expression and function can then be determined by
introduction of the gene into an appropriate cell type. In vitro mutagenesis
has thus allowed detailed characterization of the functional roles of both the
regulatory and protein-coding sequences of cloned genes.

Introducing Mutationsinto Cellular Genes
Although the transfer of cloned genesinto cells (particularly in combination
with in vitro mutagenesis) provides a powerful approach to studying gene
structure and function, such experimentsfall short of defining the role of an
unknowngeneinacell or intact organism.The cells used as recipients for
transfer of cloned genes usually already have normal copiesof the genein
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their chromosomal DNAs, and these normal copies continue to perform
their roles in the cell. Determining the biological role of a cloned genethere-
fore requires that the activity of the normal cellular gene copiesbe elimi-
nated. As discussed in the following section, this can be readily accom-
plished in yeasts. In animal cells, this task is considerably moredifficult,
although several approachesto either inactivating the chromosomalcopies
ofacloned gene orinhibiting normal gene function are now widely used.

Mutating the chromosomal genesin yeastsis relatively easy because
DNAintroducedinto yeastcells frequently undergoes homologous recom-
bination with its chromosomalcopy (Figure 3.39). In homologous recombi-
nation, the cloned yeast gene replaces the normalallele, so mutations intro-
duced into the cloned gene in vitro become incorporated into the
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Figure 3.38 Mutagenesis with
synthetic oligonucleotides
An oligonucleotide carrying the de-
sired basealteration is used to prime
DNAsynthesis from plasmid DNA,
and the DNAis circularized by incuba-
tion with DNAligase. This process
yields plasmids in which one strand
contains the normal base and the other

strand the mutantbase. Replication of
the plasmid DNAsafter transforma-
tion of E. coli therefore yields a mixture
of bothstarting and mutant plasmids.

Cell carrying mutated
gene in place of normal
copy  
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Figure 3.39 Gene inactivation by homologous
recombination

A mutated copy of the cloned geneis introduced into
cells. The cloned gene may then replace the normal gene
copy by homologous recombination, yielding a cell car-
rying the desired mutation in its chromosomal DNA.
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Figure 3.40 Inhibition of gene ex-
pression by antisense RNA or DNA
Antisense RNA orsingle-stranded
DNAis complementary to the mRNA
of a geneof interest. Antisense nucleic
acids therefore form hybrids withtheir
target mRNAs,blockingthe translation
of mRNAinto protein and leading to
mRNAdegradation.
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chromosomalcopy of the yeast gene. In the simplest case, mutationsthat
inactivate the cloned gene can be introduced in place of the normal gene
copy in order to determineits role in cellular processes. Since yeasts have
both haploid and diploid stagesof their life cycle, even genes that are
required for cell growth can be inactivated and studied. Aninactive gene
copyis introduced into diploid cells, which then contain one functional and
one inactive copyof the target gene. Thecells are induced to undergo meio-
sis, and the effect of gene inactivation on the progeny haploid cells can be
observed.

Recombination between transferred DNA and the homologous chromo-
somalgeneis a rare event in mammaliancells, so gene inactivation by this
approachis moredifficult thanit is in yeasts. Possibly because the genomes
of mammalian cells are so muchlarger than that of yeasts, most transfected
DNAthatintegrates into the recipient cell genome doesso at random sites
by recombination with unrelated sequences. However, various procedures
have been developed bothto increase the frequency of homologous recom-
bination and to select and isolate the transformedcells in which homolo-

gous recombination has occurred, so genes in mammalian cells can be inac-
tivated by this approach. Importantly, genes can be inactivated or disrupted
not only in somatic cell lines but also in embryonic stem cells in culture. As
already described, ES cells can be used to generate transgenic mice, so the
effects of inactivation of a gene canbe investigated in the contextof the
intact animal. The functions of hundreds of mouse genes have beeninvesti-
gated in this way, and such studies have been particularly important in
revealing the roles of specific genes in mouse development.

Analternative to gene inactivation by homologous recombinationis the
use of antisense nucleic acids to block gene expression (Figure 3.40). Inthis
approach, RNAorsingle-stranded DNA complementary to the mRNAofthe
gene of interest (antisense) is introduced into a cell. The antisense RNA or
DNAhybridizes with the mRNA andblocksits translation into protein.
Moreover, the RNA-DNAhybridsresulting from the introductionof anti-
sense DNA molecules are usually degraded within the cell. Antisense RNAs
can be introduced into cells directly by microinjection. Alternatively,cells
can be transfected with vectors that have been engineered to express anti-
sense RNA. Antisense DNAis usually in the form of short oligonucleotides
(about 20 bases long) that are microinjected into cells. Alternatively, because
cells are able to take up such oligonucleotides from the culture medium,
antisense oligonucleotides can simply be addedto the cell culture.

RNAinterference (RNAi) provides an additional, and very effective,
method for interfering with gene expression at the mRNAlevel (Figure
3.41). In RNAinterference, short double-stranded RNA molecules (21 to 23

nucleotides) induce the degradation of complementary mRNAs. Although
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Figure 3.41 RNA interference
Short double-stranded RNA molecules associ-

ate with a protein ribonuclease. Unwinding of
the double-stranded RNAand hybridization to

, a homologous mRNAthentargets the nuclease

Jere to the mRNA,leading to mRNA cleavage.

Short double-stranded RNA 
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the mechanism by which short double-stranded RNAsinducethe degrada-
tion of their target mRNAsis notyetfully understood, it appears to involve
the action of a ribonuclease that associates with the double-stranded RNAs

and is then guided to the target mRNA by complementarybase pairing.
RNAi wasfirst found toeffectively induce mRNAdegradation in C.elegans,
and its use has been extended to Drosophila, Arabidopsis, and most recently
mammaliancells.

In addition to inactivating a gene or inducing degradation of an mRNA,
it is sometimes possible to interfere directly with the function of proteins
within cells (Figure 3.42). One approachis to microinject antibodies that
block the activity of the protein against which they are directed. Alterna-
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Figure 3.42 Direct inhibition of
protein function
Microinjected antibodies can bind
to proteins within cells, thereby in-
hibiting their normal function. In
addition, some mutant proteins in-
terfere with the function of normal

proteins—for example, by compet-
ing with the normal protein forin-
teraction with target molecules.
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tively, some mutantproteins interfere with the function of their normal
counterparts when they are expressed within the same cell—for example,
by competing with the normalprotein for binding to its target molecule.
Cloned DNAs encoding such mutantproteins (called dominantinhibitory
mutants) can be introducedinto cells by gene transfer and used to study the
effects of blocking normal gene function.

SUMMARY

HEREDITY, GENES, AND DNA

Genes and Chromosomes: Chromosomesare thecarriers of genes.

Genes and Enzymes: A gene specifies the amino acid sequenceof a
polypeptide chain.

Identification of DNA as the Genetic Material: DNA wasidentified as
the genetic material by bacterial transformation experiments.

The Structure of DNA: DNAis a double helix in which hydrogen bonds
form between purines and pyrimidines on opposite strands. Because of
specific base pairing—A with T and G with Che twostrandsofa
DNAmolecule are complementary in sequence.

Replication of DNA: DNAreplicates by semiconservative replication, in
which the twostrands separate and each servesas a template for synthe-
sis of a new progenystrand.
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EXPRESSION OF GENETIC INFORMATION

Colinearity of Genes and Proteins: The orderof nucleotides in DNA
specifies the order of aminoacidsin proteins.

The Role ofMessenger RNA: Messenger RNA functionsas an intermedi-
ate to convey information from DNAtothe ribosomes, where it serves as
a template for protein synthesis.

The Genetic Code: Transfer RNAsserve as adaptors between aminoacids
and mRNAduringtranslation. Each aminoacid is specified by a codon
consisting of three nucleotides.

RNAViruses and Reverse Transcription: DNA can be synthesized from
RNAtemplates, as first discovered in retroviruses.

RECOMBINANT DNA

Restriction Endonucleases: Restriction endonucleasescleave specific
DNAsequences, yielding defined fragments of DNA molecules.

Generation of Recombinant DNA Molecules: Recombinant DNA mole-
cules consist of a DNA fragmentofinterest ligated to a vectorthat is able
to replicate independently in an appropriate hostcell.

Vectorsfor Recombinant DNA:A variety of vectors are used to clonedif-
ferent sizes of DNA fragments.

DNA Sequencing: The nucleotide sequences of cloned DNA fragments
can be readily determined.

Expression of Cloned Genes: The proteins encoded by cloned genes can
be expressedat high levels in either bacteria or eukaryoticcells.

Amplification of DNA by the Polymerase Chain Reaction: PCR allows
the amplification and isolation ofspecific fragments of DNA in vitro.

DETECTION OF NUCLEIC ACIDS AND PROTEINS

Nucleic Acid Hybridization: Nucleic acid hybridization allows the detec-
tion of specific DNA or RNA sequences.

Detection of Small Amounts of DNA or RNA by PCR: PCRprovides a
sensitive method for detecting small amounts of specific DNA or RNA
molecules.

Antibodies as Probes for Proteins: Antibodies are used to detect specific
proteins in cells orcell extracts.

Probes for Screening Recombinant DNA Libraries: Specific DNAinserts
can be detected in recombinant DNAlibraries by the use of either nucleic
acid hybridization or antibody probes.
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Questions

1, Define translation in context of molec-
ular biology.

2. What components mustbe presentin
orderto do in vitro protein synthesis?

3. How wasthefirst codon assignment
for an aminoacid discovered?

4. Whatdoesit mean to say thatthe ge-
netic code is degenerate?

5. Additionor deletion of one or two nu-

cleotides in the codingpartof a gene pro-
duces a non-functioning protein, where-
as addition or deletion of three nu-

cleotides often produces a protein with
nearly normal function. Explain.

6. Describe the features a yeastartificial
chromosome musthavein orderto be
used to clone a piece of human DNA cut
with EcoR1]in yeast.

GENE FUNCTION IN EUKARYOTES

Genetic Analysis in Yeasts: The simple genetics and rapid replication of
yeastsfacilitate the molecular cloning of a gene corresponding to any
yeast mutation.

Gene Transfer in Plants and Animals: Cloned genes can be introduced
into complex eukaryotic cells and multicellular organisms for functional
analysis.

Mutagenesis of Cloned DNAs:In vitro mutagenesis of cloned DNAsis
used to study the effect of engineered mutations on gene function.
Introducing Mutations into Cellular Genes: Mutations can be introduced
into chromosomalgene copies by homologous recombination with
cloned DNA sequences.In addition, the expression or function of specific
gene products can be blocked by antisense nucleic acids, RNA interfer-
ence, or dominantinhibitory mutants.
—————$—$—$

7, Whyis the polymerase chain reaction
(PCR) so useful?

8. Whatis the difference between a ge-
nomic library and a cDNAlibrary?

9. You are studying an enzymein which
an active-site cysteine residue is encoded
by the triplet UGU. How would mutat-
ing the third base to a C affect enzyme
function? How about mutatingit to an
A?

10. Digestion of a 4-kb DNA molecule
with EcoRI yields two fragments of 1 kb
and 3 kb each. Digestion of the same
molecule with HindIII yields fragments
of 1.5 kb and 2.5 kb.Finally, digestion
with EcoRI and HindIII in combination
yields fragments of0.5 kb, 1 kb, and 2.5
kb. Drawarestriction mapindicating the
positions of the EcoRI and Hindlll cleav-
agesites.
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11. Starting with DNA fromasingle
sperm, how many copies of a specific
gene sequence will be obtained after 10
cycles of PCR amplification? After 30 cy-
cles?

12. You have cloned a CDNAof unknown

function. How could you experimental-
ly determine the subcellular localization
of the protein it encodes?

13. You are interested in identifying the
amino acid residues that are important
for the catalytic activity of an enzyme,
Assuming you have a cDNAclone avail-
able, what experimental strategies could
you use?
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 Replication, Maintenance,
and Rearrangements
of Genomic DNA

HE FUNDAMENTALBIOLOGICAL PROCESS OF REPRODUCTION requires the faithful
transmission of genetic information from parent to offspring. Thus, the
accurate replication of genomic DNAis essential to the lives ofall cells

and organisms. Each timea cell divides, its entire genome must be duplicated,
and complex enzymatic machinery is required to copy the large DNA molecules
that make up both prokaryotic and eukaryotic chromosomes.In addition, cells
have evolved mechanismsto correct mistakes that sometimes occur during DNA
replication and to repair DNA damagethat can result from the action of environ-
mental agents, such as radiation. Abnormalities in these processes result in a fail-
ure of accurate replication and maintenance of genomic DNA—afailure that can
have disastrous consequences, such as the developmentof cancer.

Despite the importance of accurate DNA replication and maintenance,cell
genomesare far from static. In order for species to evolve, mutations and gene
rearrangements are needed to maintain genetic variation between individuals.
Recombination between homologous chromosomesduring meiosis plays an
importantrole in this process by allowing parental genes to be rearranged into
new combinations in the next generation. Rearrangements of DNA sequences
within the genomeare also thought to contribute to evolution by creating novel
combinations of genetic information. In addition, some DNA rearrangements
are programmedto regulate gene expression during the differentiation and
developmentof individual cells and organisms. In humans, a prominent exam-
ple is the rearrangementof antibody genes during development of the immune
system. A careful balance between maintenance and variation of genetic infor-
mationis thuscritical to the developmentof individual organismsas wellas to
evolution of the species.

DNAReplication
As discussed in Chapter 3, DNA replication is a semiconservative process in
which each parental strand serves as a template for the synthesis of a new com-
plementary daughter strand. The central enzyme involved is DNA polymerase,
whichcatalyzes the joining of deoxyribonucleoside 5’-triphosphates (dNTPs) to
form the growing DNAchain. However, DNAreplication is much more com-
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Screen for DNA polymeraseactivity
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Figure 5.1 Isolation of a mutant
deficient in polymerase|
Aculture of E. coli was treated with a
chemical mutagen, and individual bac-
terial colonies were isolated by growth
on semisolid medium.Several thou-
sand colonies were then cultured and

screened to identify a mutant lacking
polymeraseI.

plex than a single enzymatic reaction. Other proteins are involved, and
proofreading mechanismsare required to ensure that the accuracyof repli-
cation is compatible with the low frequencyoferrors thatis neededfor cell
reproduction. Additional proteins and specific DNA sequencesare also
neededbothtoinitiate replication and to copy the ends of eukaryotic chro-
mosomes.

DNA Polymerases
DNApolymerasewasfirst identified in lysates of E. coli by Arthur Korn-
berg in 1956. Theability of this enzyme to accurately copy a DNA template
provided a biochemicalbasis for the mode of DNA replication that wasini-
tially proposed by Watson and Crick,so its isolation represented a land-
mark discovery in molecular biology. Ironically, however, this first DNA
polymeraseto be identified (now called DNA polymeraseI) is not the major
enzyme responsible for E. coli DNAreplication. Instead, it is now clear that
both prokaryotic and eukaryotic cells contain several different DNA poly-
merases that play distinctroles in the replication and repair of DNA.

The multiplicity of DNA polymerases wasfirst revealed by the isolation
of a mutantstrain of E. coli that was deficient in polymerase I (Figure 5.1).
Cultures of E. coli were treated with a chemical (a mutagen)that induces a
high frequency of mutations, and individual bacterial colonies were iso-
lated and screenedto identify a mutant strain lacking polymerase I. Analy-
sis of a few thousand coloniesledto the isolation of the desired mutant,
which was almosttotally defective in polymerase J activity. Surprisingly,
the mutant bacteria grew normally, leading to the conclusion that poly-
merase I is not required for DNAreplication. On the other hand, the mutant
bacteria were extremely sensitive to agents that damage DNA(e.g., ultravi-
olet light), suggesting that polymeraseI is involved primarily in the repair
of DNA damagerather than in DNAreplication perse.

The conclusion that polymeraseI is not required for replication implied
that E. coli must contain other DNA polymerases, and subsequent experi-
mentsled to the identification of two such enzymes, now called DNA poly-
merasesII and III. The potential roles of these enzymes were investigated
by theisolation of appropriate mutants. Strains of E. coli with mutations in
polymeraseII were found to grow normally, and therole of this enzyme in
a specialized form of error-prone DNArepair (discussed in the section
“DNARepair”) has only recently been established. Temperature-sensitive
polymerase III mutants, however, were unable to replicate their DNA at
high temperature, and subsequentstudies have confirmed that polymerase
Ill is the majorreplicative enzymein E. coli.

It is now knownthat, in addition to polymeraseIII, polymeraseI is also
required for replication of E. coli DNA. The original polymerase I mutant
was not completely defective in that enzyme, andlater experiments showed
that the residual polymeraseI activity in this strain plays a key role in the
replication process. Thereplication of E. coli DNA thus involves two distinct
DNApolymerases, the specific roles of which are discussed below.

Eukaryotic cells contain five classical DNA polymerases: a, B, 7,6, and€.
Polymerase is located in mitochondria andis responsible for replication of
mitochondrial DNA.Theother four enzymesare located in the nucleus and
are therefore candidates for involvementin nuclear DNAreplication. Poly-
merases , 6, and € are mostactive in dividing cells, suggesting that they
function in replication. In contrast, polymerasef is active in nondividing a5
well as dividingcells, consistent with its function in the repair of DNA
damage.
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Twotypes of experiments have provided further evidence addressing
the roles of polymerases @, 6, and € in DNAreplication.First, replication of
the DNAs of some animalviruses, such as SV40, can be studiedin cell-free
extracts. The ability to study replication in vitro has alloweddirect identifi-
cation of the enzymesinvolved, and analysis of suchcell-free systems has
shown that polymerases @ and 6 are required for SV40 DNAreplication.
Second, polymerases a, 6, and € are found in yeasts as well as in mam-
maliancells, enabling the use of the powerful approachesof yeast genetics
(see Chapter3) to test their biological roles directly. Such studiesindicate
that yeast mutants lacking any of these three DNA polymerases are unable
to proliferate, implyinga critical role for polymerase € as well as for « and :
5. However, further studies have shownthat the essential function of poly-
merase € in yeast does not require its enzymatic activity as a DNA poly- |
merase. The role of polymerase ¢ in DNA replication thus remains unclear,
althoughit probably functions similarly to polymerase6, whichis sufficient
to catalyze DNAreplication in the absence of polymerase € both in cell-free
systems and in yeast.

All known DNApolymerasesshare two fundamental properties that
carry critical implications for DNAreplication (Figure 5.2). First, all poly-
merases synthesize DNAonlyin the 5’ to 3’ direction, adding a dNTPto the
3’ hydroxyl group of a growing chain. Second, DNA polymerases can add a
new deoxyribonucleotide only to a preformed primerstrand that.is hydro-
gen-bondedto the template; they are not able to initiate DNA synthesis de
novo by catalyzing the polymerization of free dNTPs.In this respect, DNA

 
Primer Template Primer Template
strand strand strand strand
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OH OH A= A=T
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= Figure 5.2 The reaction catalyzed by t
2 DNA polymerase

| a All known DNApolymerases add a
deoxyribonucleoside 5’-triphosphate to
the 3’ hydroxyl group of a growing

5 DNAchain (the primer strand).
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Figure 5.3 Replication of E.coli DNA
(A) An autoradiograph showing bacte-
ria that were grownin [PH]thymidine
for two generationsto label the DNA,
which wasthen extracted and visual-

ized by exposure to photographic film.
(B) This schematic illustrates the two
replication forks shownin (A). (From J.
Cairns, 1963. Cold Spring Harbor Symp.
Quant. Biol. 28: 43.)

 

polymerasesdiffer from RNA polymerases, which caninitiate the synthesis
of a new strand of RNAinthe absenceof a primer. As discussedlaterin this
chapter, these properties of DNA polymerases appear critical for maintain-
ing the highfidelity of DNAreplication thatis required for cell reproduction.

The Replication Fork
DNAmolecules in the process of replication were first analyzed by John
Cairns in experiments in which E. coli were grownin the presence of
radioactive thymidine, which allowed subsequentvisualization of newly
replicated DNA by autoradiography (Figure 5.3). In some cases, complete
circular molecules in the processofreplicating could be observed. These
DNA molecules contained two replication forks, representing the regions
of active DNA synthesis. At each fork the parental strands of DNA sepa-
rated and two new daughterstrands were synthesized.

The synthesis of new DNAstrands complementary to both strandsof the
parental molecule posed an important problem to understanding the bio-
chemistry of DNAreplication. Since the two strands of double-helical DNA
run in opposite (antiparallel) directions, continuous synthesis of two new
strandsatthe replication fork would require that one strand be synthesized
in the 5’ to 3’ direction while the other is synthesized in the opposite (3° to
5’) direction. But DNA polymerasecatalyzes the polymerization of dNTPs
only in the 5’ to 3’ direction. How,then, can the other progeny strand of
DNAbesynthesized?

This enigma was resolved by experiments showingthat only one strand
of DNAis synthesized in a continuous mannerin the direction of overall
DNAreplication; the other is formed from short (1-3 kb), discontinuous
pieces of DNAthatare synthesized backward with respectto the direction
of movementofthe replication fork (Figure 5.4). These small pieces of
newly synthesized DNA (called Okazaki fragmentsafter their discoverer)
are joined by the action of DNAligase, forming an intact new DNAstrand.
The continuously synthesized strandis called the leading strand,sinceits
elongation in the direction of replication fork movement exposes the tem-
plate used for the synthesis of Okazaki fragments(the lagging strand).

Z Daughter strand

 
 Replication

fork NX

Replication

Parent strand
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Althoughthe discovery of discontinuous synthesis of the lagging strand
rovided a mechanism for the elongation of both strands of DNAatthe

replication fork, it raised another question: Since DNA polymerase requires
a primer and cannotinitiate synthesis de novo, how is the synthesis of
Okazaki fragmentsinitiated? The answeris that short fragments of RNA
serve as primers for DNAreplication (Figure 5.5). In contrast to DNA syn-
thesis, the synthesis of RNA caninitiate de novo, and an enzymecalled
primase synthesizes short fragments of RNA(e.g., three to ten nucleotides
long) complementary to the lagging strand template at the replication fork.
Okazaki fragments are then synthesized via extension of these RNA
primers by DNA polymerase. An important consequence of such
RNApriming is that newly synthesized Okazaki fragments contain an

Template Initiation of Synthesis of
DNA RNAsynthesis RNAprimer
oS 34

Primase   
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573’

Synthesis of new
Okazaki fragment  
Figure 5.4 Synthesis of leading and
lagging strands of DNA
The leading strand is synthesized con-
tinuously in the direction of replication
fork movement. The lagging strandis
synthesized in small pieces (Okazaki
fragments) backward from the overall
direction of replication. The Okazaki
fragmentsare then joined by the action
of DNAligase.

Figure 5.5 Initiation of Okazaki
fragments with RNA primers
Short fragments of RNA serve as
primers that can be extended by DNA
polymerase.

Extension of RNA primer
by DNApolymerase
3/

DNA polymerase   
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RNA-DNAjoint, the discovery of which providedcritical evidence for the
role of RNA primers in DNAreplication.

To form a continuouslagging strand of DNA, the RNA primers must
eventually be removed from the Okazaki fragments and replaced with
DNA.In E.coli, RNA primers are removed by the combinedaction of RNase
H, an enzyme that degrades the RNA strand of RNA-DNAhybrids, and
polymerase I. This is the aspect of E. coli DNA replication in whichpoly-
meraseI playsa critical role. In addition to its DNA polymeraseactivity,
polymeraseI acts as an exonuclease that can hydrolyze DNA (or RNA)in
either the 3’ to 5’ or 5’ to 3’ direction. The action of polymeraseI as a 5’ to 3’
exonuclease removesribonucleotides from the 5’ ends of Okazaki fragments,
allowing them to be replaced with deoxyribonucleotides to yield fragments
consisting entirely of DNA (Figure 5.6). In eukaryotic cells, other exonucle-
ases takethe place of E. coli polymerase I in removing primers, and the gaps
between Okazaki fragmentsare filled by the action of polymerase6. As in
prokaryotes, these DNA fragments can then be joined by DNAligase.

The different DNA polymerasesthusplay distinct roles at the replication
fork (Figure 5.7). In prokaryotic cells, polymeraseIII is the major replicative
polymerase, functioning in the synthesis both of the leading strand of DNA
and of Okazaki fragments by the extension of RNA primers. PolymeraseI
then removes RNA primersandfills the gaps between Okazaki fragments:
In eukaryotic cells, polymerase o is found in a complex with primase, andit
appearsto function in conjunction with primaseto synthesize short RNA-
DNAfragments during lagging strand synthesis. Polymerase 6 can then
synthesize both the leading and laggingstrands, acting to extend the RNA-
DNAprimersinitially synthesized by the polymerase a@-primase complex.
In addition, polymerase 6 can takethe place of E. coli polymeraseI infilling
the gaps between Okazaki fragments following primer removal. Although
the roles of polymerase € remain to be fully understood,its activities seem
to be similar to those of polymerase é.

Notonly polymerases and primase but also a numberof other proteins act
at the replication fork. These additional proteins have been identified both by
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E. coli Mammals

Leading strand synthesis _pol 6/éa
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the analysis of E. coli mutants defective in DNAreplication andbythe purifi-
cation of the mammalian proteins required for in vitro replication of SV40
DNA.Oneclassof proteins required for replication binds to DNApoly-
merases, increasing the activity of the polymerases and causing them to
remain bound to the template DNAso that they continue synthesis of a new
DNAstrand. Both E. coli polymeraseIII and eukaryotic polymerases6 and €
are associated with twotypesof accessory proteins (sliding-clamp proteins
and clamp-loading proteins) that load the polymerase onto the primer and
maintain its stable association with the template (Figure 5.8). The clamp-
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Figure 5.7 Roles of DNA polymerases
in E. coli and mammaliancells

The leading strand is synthesized by
polymeraseIII (pol II) in E. coli and by
polymerases6 and ¢ (pol 6/e) in mam-
malian cells. In E. coli, lagging strand
synthesisis initiated by primase, and
RNAprimers are extended by poly-
meraseIII. In mammalian cells, lag-
ging strand synthesisis initiated by a
complex of primase with polymerase o
(pol a). The short RNA-DNAfrag-
ments synthesized by this complex are
then extended by polymerases 6 and €.

Figure 5.8 Polymerase accessory
proteins
(A) The clamp-loading protein (RFC in
mammalian cells) binds DNAat the
junction between primer and template.
Thesliding-clamp protein (PCNA in
mammaliancells) binds adjacent to the
RFC, and DNApolymerase then binds
to PCNA.(B) Model of PCNA bound
to DNA.(B, from T. S. Krishna, X.P.
Kong,S. Gary, P. M. Burgers andJ.
Kuriyan, 1994. Cell 79: 1233.)
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Figure 5.9 Action of helicases and
single-stranded DNA-binding
proteins
Helicases unwind the twostrands of

parental DNAaheadof the replication
fork. The unwound DNAstrandsare

then stabilized by single-stranded
DNA-binding proteins so that they
can serve as templates for new DNA
synthesis.

Figure 5.10 Action of topoisomerases
during DNAreplication
(A) As the twostrands of template DNA
unwind, the DNA aheadof the replica-
tion fork is forced to rotate in the oppo-
site direction, causing circular molecules
to become twisted around themselves.

(B) This problem is solved by topoiso-
merases, which catalyzethe reversible
breakage and joining of DNA strands.
Thetransient breaks introduced by
these enzymes serveas swivels that
allow the two strands of DNAtorotate

freely around each other.

Helicase

Single-stranded
DNAbinding
proteins

J) —lagging
r strand

loadingproteins(called the ycomplex in E. coli and replication factor
C [RFC] in eukaryotes) specifically recognize and bind DNAat the
junction between the primer and template. The sliding-clamp pro-
teins (8 protein in E. coli and proliferating cell nuclear antigen
[PCNA]in eukaryotes) bind adjacentto the clamp-loadingproteins,
forming a ring around the template DNA.Thesliding-clamp pro-
teins then load the DNA polymerase onto DNAatthe primer-tem-
plate junction. The ring formedbythe sliding clamp maintains the
association of the polymerase with its template as replication pro-
ceeds, allowing the uninterrupted synthesis of many thousands of
nucleotides of DNA.

Other proteins unwind the template DNA andstabilize single-
stranded regions (Figure 5.9). Helicases are enzymesthatcatalyze
the unwinding of parental DNA, coupled to the hydrolysis of ATP,

ahead ofthe replication fork. Single-stranded DNA-bindingproteins(e.g.,
eukaryotic replication factor A [RFA]) then stabilize the unwound template
DNA,keeping it in an extended single-stranded state so that it can be
copied by the polymerase.

As the strands of parental DNA unwind, the DNA aheadofthereplica-
tion fork is forced to rotate. Unchecked, this rotation would cause circular
DNAmolecules (such as SV40 DNAorthe E. colichromosome) to become
twisted around themselves, eventually blocking replication (Figure 5.10).
This problem is solved by topoisomerases, enzymesthat catalyze the
reversible breakage and rejoining of DNAstrands. There are twotypesof
these enzymes: Type I topoisomerases break just one strand of DNA;typeII
topoisomerases introduce simultaneous breaks in both strands. The breaks
introduced by type I and type II topoisomerasesserve as “swivels”that
allow the two strands of template DNAtorotate freely around each other so
that replication can proceed without twisting the DNA aheadof the fork
(see Figure 5.10). Although eukaryotic chromosomesare composedoflinear
rather than circular DNA molecules, their replication also requires topoiso-
merases; otherwise, the complete chromosomes would haveto rotate con-
tinually during DNA synthesis.

—— Unwinding of
parental DNA 

 

Transient break
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TypeII topoisomerase is needed not only to unwind DNAbutalso to
unravel newlyreplicated circular DNA molecules that become interwined
with each other. In eukaryotic cells, topoisomeraseII appearsto be involved
in mitotic chromosome condensation.In addition, studies of yeast mutants,
as well as experiments in Drosophila and mammaliancells, indicate that
topoisomeraseII is required for the separation of daughter chromatids at
mitosis, suggesting that it functions to untangle newly replicated loops of
DNAin the chromosomes of eukaryotes.

The enzymes involved in DNAreplication act in a coordinated manner
to synthesize both leading and lagging strands of DNA simultaneously at
the replication fork (Figure 5.11). This task is accomplished by the forma-
tion of dimersof the replicative DNA polymerases (polymeraseII] in E.coli
or polymerase 6/e in eukaryotes), each with its appropriate accessory pro-
teins. One molecule of polymerase then acts in synthesis of the leading
strand while the other acts in synthesis of the lagging strand. The lagging
strand template is thought to form a loopat the replication fork so that the
polymerase subunit engagedin lagging strand synthesis movesin the
same overall direction as the other subunit, whichis synthesizing the lead-
ing strand.
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Figure 5.11 Modelof the E.coli
replication fork
Helicase, primase, and two molecules
of DNA polymerase ITI carry out coor-
dinated synthesis of both the leading
and lagging strands of DNA. The lag-
ging strand template is folded so that
the polymerase responsible for lagging
strand synthesis movesin the same
direction as overall movementof the

fork. Topoisomeraseacts as a swivel
ahead of the fork, and DNApoly-
meraseI and ligase remove RNA
primers and join Okazaki fragments
behind the fork.
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Figure 5.12 Proofreading by DNA
polymerase
G is incorporated in place of Aas a
result of mispairing with T on the tem-
plate strand. Becauseit is mispaired,
the 3’ terminal G is not hydrogen-
bondedto the template strand. This
mismatch at the 3’ terminusof the

growing chain is recognized and ex-
cised by the 3’ to 5’ exonucleaseactivi-
ty of DNA polymerase, which requires
a primer hydrogen-bondedto the tem-
plate strand in order to continue syn-
thesis. Following excision of the mis-
matched G, DNA synthesis can pro-
ceed with incorporation of the correct
nucleotide (A).

TheFidelity ofReplication
The accuracy of DNAreplicationis critical to cell reproduction, and esti-
mates of mutation rates for a variety of genes indicate that the frequencyof
errors during replication corresponds to only one incorrect base per 10° to
10'° nucleotides incorporated. This error frequency is much lower than
would be predicted simply on the basis of complementary basepairing. In
particular, the free energy differences resulting from the changes in hydro-
gen bonding betweencorrectly matched and mismatchedbasesare only
large enoughto favor the formation of correctly matched basepairs by
about 1,000 fold. Consequently, base selection determined simply by hydro-
gen bonding between complementary bases would result in an error fre-
quency correspondingto the incorporation of about one incorrect base per
10°. The much higher degreeoffidelity actually achieved results largely
from the activities of DNA polymerase.

One mechanism by which DNA polymeraseincreasesthefidelity of
replication is by helpingto select the correct base for insertion into newly
synthesized DNA. The polymerase doesnot simply catalyze incorporation
of whatever nucleotide is hydrogen-bonded to the template strand.Instead,
it actively discriminates against incorporation of a mismatched base by
adapting to the conformation of a correct base pair. In particular, recent
structural studies of several DNA polymerasesindicate that the binding of
correctly matched dNTPs induces conformational changes in DNA poly-
merasethat lead to the incorporation of the nucleotide into DNA.This abil-
ity of DNA polymerasetoselect for incorporation of matched nucleotides
appearsto increase the accuracyofreplication about a thousandfold, reduc-
ing the expected error frequency from 10to approximately 10°.

The other major mechanism responsible for the accuracy of DNAreplica-
tion is the proofreadingactivity of DNA polymerase. Asalready noted,E.
coli polymerase I has3’to 5’ as well as 5’ to 3’ exonucleaseactivity. The 5’ to
3” exonuclease operates in the direction of DNA synthesis and helps remove
RNAprimers from Okazaki fragments. The3’ to 5’ exonuclease operates in
the reverse direction of DNA synthesis, and participates in proofreading
newly synthesized DNA(Figure 5.12). Proofreadingis effective because
DNApolymerase requires a primerandis notable to initiate synthesis de
novo. Primers that are hydrogen-bondedto the template are preferentially
used, so whenan incorrect baseis incorporated,it is likely to be removed by
the 3’ to 5’ exonucleaseactivity rather than being used to continue synthe-
sis. Such 3’ to 5’ exonucleaseactivities are also associated with E.coli poly-
merase II and eukaryotic polymerases 6 and e. The 3’ to 5’ exonucleases of
these polymerasesselectively excise mismatched bases that have been
incorporated at the end of a growing DNAchain, thereby increasing the
accuracy of replication by a hundred- to a thousandfold.

The importance of proofreading may explain the fact that DNA poly-
merases require primers and catalyze the growth of DNAstrandsonlyin the
5’ to 3’ direction. When DNAis synthesized in the 5’ to 3’ direction, the energy
required for polymerization is derived from hydrolysis of the 5’ triphosphate
groupof a free dNTPasit is added to the 3’ hydroxyl group of the growing
chain (see Figure 5.2). If DNA wereto be extendedin the3’ to 5’ direction, the
energy of polymerization would instead haveto be derived from hydrolysis
of the 5’ triphosphate groupof the terminal nucleotide already incorporated
into DNA.This would eliminate the possibility of proofreading, because
removal of a mismatched terminal nucleotide would also removethe 5’

triphosphate group needed as an energy sourcefor further chain elongation.
Thus, although the ability of DNA polymeraseto extend a primer only in the
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5’ to 3’ direction appears to makereplication a complicated process,it is nec-
essary for ensuring accurate duplication of the genetic material.

Combined with the ability to discriminate against the insertion of mis-
matchedbases,the proofreading activity of DNA polymerasesis sufficient to
reduce the error frequency of replication to about one mismatched base per
10°. Additional mechanisms(discussed in the section “DNA Repair”) act to
remove mismatched basesthat have been incorporated into newly synthe-
sized DNA,further ensuring correct replication of the genetic information.

Origins andtheInitiation ofReplication
Thereplication of both prokaryotic and eukaryotic DNAsstarts at a unique
sequencecalled the origin of replication, which servesas a specific binding
site for proteinsthat initiate the replication process. The first origin to be
defined wasthat of E. coli, in which genetic analysis indicated that replica-
tion always begins at a uniquesite on the bacterial chromosome. The
E. coli origin has since been studied in detail and found to consist of 245
base pairs of DNA, elements of which serve as binding sites for proteins
required to initiate DNAreplication (Figure 5.13). The key step is the bind-
ing of an initiator protein to specific DNA sequences within the origin. The
initiator protein begins to unwind the origin DNA andrecruits the other
proteins involved in DNA synthesis. Helicase and single-stranded DNA-
binding proteins then act to continue unwinding and exposing the template
DNA,and primaseinitiates the synthesis of leading strands. Tworeplica-
tion forks are formed and movein opposite directions along the circular
E. coli chromosome.

Theoriginsof replication of several animal viruses, such as SV40, have
been studied as models for the initiation of DNA synthesis in eukaryotes.
SV40 hasa singleorigin of replication (consisting of 64 base pairs) that func-
tions both in infected cells and in cell-free systems. Replication is initiated
by a virus-encoded protein (called T antigen) that binds to the origin and
also acts as a helicase. A single-stranded DNA-binding protein is required
to stabilize the unwound template, and the DNA polymerase a-primase
complex then initiates DNA synthesis.

Althoughsingle origins are sufficient to direct the replication of bacterial
and viral genomes, multiple origins are neededto replicate the much larger
genomesof eukaryotic cells within a reasonable period of time. For exam-
ple, the entire genomeofE.coli (4 x 10° basepairs) is replicated from a sin-
gle origin in approximately 30 minutes. If mammalian genomes(3 x 10?
base pairs) were replicated from a single origin at the same rate, DNArepli-
cation would require about 3 weeks (30,000 minutes). The problem is fur-
ther exacerbated bythe fact that the rate of DNA replication in mammalian
cells is actually about tenfold lower than in E.coli, possibly as a result of the

 

 
RNA primer

eri meee toni
Synthesis ofee RNA primers

6 UndoneorSaatsine, Unwindingofso initiator DNAbyhelicase
protein and single-stranded

DNA-binding proteins

Mesontt

189

Figure 5.13 Origin of replication
in E. coli

Replication initiates at a unique site on
the E. coli chromosome, designated the
origin (ori). The first event is the bind-
ing of an initiator protein to ori DNA,
whichleadsto partial unwinding of
the template. The DNA continues to
unwind by the actions of helicase and
single-stranded DNA-binding pro-
teins, and RNAprimersare synthe-
sized by primase. The tworeplication
forks formedat the origin then move
in opposite directions along the circu-
lar DNA molecule.
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Figure 5.14 Replication originsin
eukaryotic chromosomes
Replication initiates at multiple origins
(ori), each of which produces tworepli-
cation forks.
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packaging of eukaryotic DNAin chromatin. Nonetheless, the genomesof
mammaliancells are typically replicated within a few hours, necessitating
the use of thousandsofreplication origins.

Thepresence of multiple replication origins in eukaryotic cells was first
demonstrated by the exposure of cultured mammalian cells to radioactive
thymidine for different time intervals, followed by autoradiography to
detect newly synthesized DNA.Theresults of such studies indicated that
DNAsynthesisis initiated at multiple sites, from whichit then proceeds in
both directions along the chromosome(Figure 5.14). The replication origins
in mammalian cells are spaced at intervals of approximately 50 to 300 kb;
thus the human genomehasabout 30,000 origins of replication. The
genomesof simpler eukaryotes also have multiple origins; for example,
replication in yeasts initiates at origins separated by intervals of approxi-
mately 40 kb.

Theoriginsof replication of eukaryotic chromosomeswerefirst studied in
the yeast S. cerevisiae, in which they were identified as sequences that can
support the replication of plasmidsin transformed cells (Figure 5.15). This
has provided a functional assay for these sequences, and several suchele-
ments(called autonomouslyreplicating sequences, or ARSs) have been
isolated. Their role as origins of replication has been verified by direct bio-
chemicalanalysis, not only in plasmids butalso in yeast chromosomal DNA.

Functional ARS elements span about 100 basepairs, including an 11-
base-pair core sequence commonto many different ARSs (Figure 5.16). This
core sequenceis essential for ARS function and has been found to be the
bindingsite of a protein complex(called the origin replication complex, or
ORC)thatis required for initiation of DNA replicationatS. cerevisiae ori-
gins. The ORC complex appears to recruit other proteins (including DNA
helicases) to the origin, leadingto theinitiation of replication. The mecha-
nism ofinitiation of DNAreplicationin S. cerevisiae thus appears similar to
that in prokaryotes and eukaryotic viruses; thatis, an initiator protein
specifically binds to origin sequences.

Subsequentstudies have shownthatthe role of ORC proteins as initia-
tors of replication is conserved in all eukaryotes, from yeasts to mammals.
However,replication origins in other eukaryotes are muchless well defined
than the ARS elementsofS. cerevisiae. In the fission yeast S. pombe, origin
sequences are spread over about 1 kb of DNA.The 5.pombeorigins lack the
clearly defined ORC bindingsite of the S cerevisiae ARS elements, but they
contain repeats of AT-rich sequences that appearto serve as bindingsites
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for the S. pombe ORC complex. A Drosophila replication origin has been
found to span over 2 kb of DNA and to contain several ORC bindingsites,
but these sequences have not been defined. In mammals, someorigins
have been localized to a few kb of DNA.In other cases, however, replication
mayinitiate at multiple origins within large “initiation zones” spanning 10
to 50 kb. It thus appears that the sequencesthat define replication origins
vary widely among eukaryotes, although the role of ORC proteinsas initia-
tors of replication is highly conserved.

Telomeres and Telomerase: Replicating the Ends ofChromosomes
Because DNA polymerases extend primers only in the 5’ to 3’ direction,
they are unable to copy the extreme 5’ ends oflinear DNA molecules. Con-
sequently, special mechanismsare required to replicate the terminal
sequencesof the linear chromosomesof eukaryotic cells. These sequences
(telomeres) consist of tandem repeats of simple-sequence DNA (see Chap-
ter 4). They are replicated by theaction of a unique enzymecalledtelo-

63
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Figure 5.15 Identification of origins
of replication in yeast
Both plasmids I andII contain a selec-
table marker gene (LEU2)that allows
transformedcells to grow on medium
lacking leucine. Only plasmid II, how-
ever, contains an origin of replication
(ARS). The transformation of yeasts
with plasmidI yields only rare trans-
formants in which the plasmid has
integrated into chromosomal DNA.
Plasmid II, however,is ableto repli-
cate without integration into a yeast
chromosome(autonomousrepli-
cation), so many more transformants
result from its introduction into yeast
cells.
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 DNA
 

(A/SITTTACT/CKAG)TTTIAT)

Figure 5.16 A yeast ARS element
The element contains an 11-base-pair ARS consensus sequence (ACS), whichis the
specific bindingsite of the origin replication complex (ORC). Three additional ele-
ments (B1, B2, and B3) are individually not essential but together contribute to ARS
function.

merase, whichis able to maintain telomeres by catalyzing their synthesis in
the absence of a DNA template.

Telomeraseis a reverse transcriptase, oneof a class of DNA polymerases,
first discoveredin retroviruses (see Chapter 3), that synthesize DNA from an
RNAtemplate. Importantly, telomerase carries its own template RNA,
which is complementary to the telomere repeat sequences,as part of the
enzyme complex. Theuseof this RNA as a template allows telomerase to
generate multiple copies of the telomeric repeat sequences, thereby main-
taining telomeres in the absenceof a conventional DNAtemplate to direct
their synthesis.

The mechanism of telomerase action wasinitially elucidated in 1985 by
Carol Greider and Elizabeth Blackburn during studies of the protozoan
Tetrahymena (Figure 5.17). The Tetrahymena telomerase is complexed to.a
159-nucleotide-long RNAthatincludes the sequence 3’--AACCCCAAC-%’,
This sequence is complementary to the Tetrahymena telomeric repeat
(5’-ITGGGG-3’) andserves as the template for the synthesis of telomeric
DNA.Theuseof this RNAas a template allowstelomerase to extend the 3’
end of chromosomal DNAbyonerepeatunit beyondits original length.
The complementary strand can then be synthesized by the polymerase o-
primase complex using conventional RNA priming. Removalof the RNA
primer leaves an overhanging 3’ end of chromosomal DNA,which can
form loops at the ends of eukaryotic chromosomes(see Figure 4.22).

Telomerase has been identified in a variety of eukaryotes, and genes
encoding telomerase RNAshave been cloned from Tetrahymena, yeasts,
mice, and humans.In each case, the telomerase RNA contains sequences
complementaryto the telomeric repeat sequenceof that organism (see Table
4.4). Moreover, the introduction of mutant telomerase RNAgenesinto
yeasts has been shownto result in correspondingalterations of the chromo-
somaltelomeric repeat sequences, directly demonstrating the function of
telomerase in maintaining the termini of eukaryotic chromosomes.

DNARepair
DNA,like any other molecule, can undergoa variety of chemical reactions.
Because DNA uniquely serves as a permanentcopyof the cell genome,
however, changesin its structure are of much greater consequence than are
alterationsin other cell components, such as RNAsor proteins. Mutations
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Can result from the incorporation of incorrect bases during DNAreplication.
In addition, various chemical changesoccur in DNAeither spontaneously
(Figure 5.18) or asa result of exposure to chemicals or radiation (Figure
5.19). Such damage to DNA can block replication or transcription, and can

 

  
 

 
 
 

Figure 5.17 Action of telomerase
Telomeric DNAis a simple repeat se-
quence with an overhanging 3’ end on
the newly synthesized leading strand.
Telomerase carries its own RNA mole-

cule, which is complementary to
telomeric DNA,aspart of the enzyme
complex. The overhanging end of
telomeric DNAbindsto the telomerase

RNA, which then serves as a template
for extension of the leading strand by
one repeat unit. The lagging strand of
telomeric DNA can then be elongated
by conventional RNA priming and
DNApolymeraseactivity.
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result in a high frequency of mutations—consequences that are unaccept-
able from the standpointof cell reproduction. To maintain the integrity of
their genomes,cells have therefore had to evolve mechanismsto repair
damaged DNA.These mechanisms of DNArepair can be divided into two
generalclasses: (1) direct reversal of the chemical reaction responsible for
DNAdamage,and (2) removal of the damaged bases followed bytheir
replacement with newly synthesized DNA. Where DNArepairfails, addi-
tional mechanisms have evolved to enable cells to cope with the damage.

Direct Reversal ofDNA Damage
Most damage to DNAis repaired by removal of the damagedbasesfol-
lowed by resynthesis of the excised region. Somelesions in DNA, however,
can be repaired by direct reversal of the damage, which may be a moreeffi-
cient way of dealing with specific types of DNA damagethat occurfre-
quently. Only a few types of DNA damageare repairedin this way, particu-
larly pyrimidine dimers resulting from exposure to ultraviolet (UV)light

(A) Deamination
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There are two major formsof sponta- DNAchain DNAchain
neous DNA damage: (A) deaminationof adenine, cytosine, and guanine, and @- CH, @-cH, 0. OH
(B) depurination (loss of purine bases) ————resulting from cleavage of the bond ¢ 4 H
between the purine bases and deoxy-  
ribose, leaving an apurinic (AP) site ° H
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UVlightis one of the major sources of damage to DNA andis also the
Most thoroughly studied form of DNA damagein termsofrepair mecha-
nisms. Its importanceis illustrated by the fact that exposure to solar UV
itradiation is the cause of almost all skin cancer in humans. The major
type of damage induced by UVlight is the formation of pyrimidine
dimers, in which adjacent pyrimidines on the same strand of DNA are
Joined by the formationof a cyclobutanering resulting from saturation of
the double bonds between carbons 5 and 6 (see Figure 5.19A). The forma-
Hon of such dimersdistorts the structure of the DNA chain and blocks
Tanscription or replication past the site of damage,so theirrepair is
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Figure 5.19 Examples of DNA damage
induced byradiation and chemicals
(A) UV light induces the formation of
pyrimidine dimers, in which two adja-
cent pyrimidines(e.g., thymines) are
joined by a cyclobutanering structure.
(B) Alkylation is the addition of methyl
or ethyl groups to various positions on
the DNAbases.In this example, alkyla-
tion of the O*position of guanineresults
in formation of O°-methylguanine.(C)
Manycarcinogens(e.g., benzo-(a)pyrene)
react with DNAbases,resulting in the
addition of large bulky chemical groups
to the DNA molecule.
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Figure 5.20 Direct repair of
thymine dimers
UV-induced thymine dimers can be re-
paired by photoreactivation, in which
energy from visible light is used to
split the bonds forming the cyclobu-
tane ring.

Figure 5.21 Repair of O°-methylguanine
O°-methylguanine methyltransferase transfers
the methyl group from O*-methylguanine to a

 

closely correlated with the ability of cells to survive UV irradiation. One
mechanism of repairing UV-induced pyrimidine dimersis direct reversalof
the dimerization reaction. The process is called photoreactivation because
energy derived from visible lightis utilized to break the cyclobutanering
structure (Figure 5.20). The original pyrimidine bases remain in DNA, now
restored to their normalstate. As might be expected from thefact that solar
UVirradiation is a major source of DNA damagefor diverse cell types, the
repair of pyrimidine dimers by photoreactivation is commonto a variety of
prokaryotic and eukaryoticcells, includingE.coli, yeasts, and some species
of plants and animals. Curiously, however, photoreactivation is not univer-
sal; many species (including humans) lack this mechanism of DNArepair.

Anotherform of direct repair deals with damage resulting from the reac-
tion between alkylating agents and DNA.Alkylating agents are reactive
compoundsthat can transfer methylor ethyl groups to a DNA base, thereby
chemically modifying the base (see Figure 5.19B). A particularly important
type of damageis methylation of the O° position of guanine, because the
product, O°-methylguanine, forms complementary basepairs with thymine
instead of cytosine. This lesion can be repaired by an enzyme(called O8-
methylguanine methyltransferase) that transfers the methyl group from
O%-methylguanine to a cysteine residueinits active site (Figure 5.21). The
potentially mutagenic chemical modification is thus removed, and the orig-
inal guanine is restored. Enzymesthat catalyze this direct repair reaction
are widespread in both prokaryotes and eukaryotes, including humans.
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Excision Repair
Althoughdirect repair is an efficient way of dealing with particular types of
DNA damage, excision repair is a more general meansof repairing a wide
variety of chemical alterations to DNA. Consequently, the various types of
excision repair are the most important DNA repair mechanisms in both
prokaryotic and eukaryotic cells. In excision repair, the damaged DNAis
recognized and removed, either as free bases or as nucleotides. The resulting
gapis thenfilled in by synthesis of anew DNAstrand, using the undam-
aged complementarystrand as a template. Three types of excision repair—
base-excision, nucleotide-excision, and mismatch repair—enable cells to
cope with a variety of different kinds of DNA damage.

Therepair of uracil-containing DNAis a good example of base-excision
repair, in which single damaged bases are recognized and removed from
the DNA molecule (Figure 5.22). Uracil can arise in DNA by two mecha-
nisms: (1) Uracil (as dUTP [deoxyuridine triphosphate]) is occasionally DNAcontaining U formed by
incorporated in place of thymine during DNA synthesis, and (2) uracil can—_—_deamination of C
be formed in DNAbythe deamination of cytosine (see Figure 5.18A). The
second mechanism is of much greater biological significance becauseit
alters the normal pattern of complementary base pairing and thus repre-
sents a mutagenic event. The excision of uracil in DNA is catalyzed by
DNAglycosylase, an enzymethat cleaves the bond linking the base (uracil)
to the deoxyribose of the DNA backbone. This reaction yields free uracil

 
and an apyrimidinic site—a sugar with no base attached. DNA glycosylases
also recognize and remove other abnormalbases, including hypoxanthine Lt APsite
formed by the deamination of adenine, pyrimidine dimers, alkylated
purines other than O°-alkylguanine, and bases damaged by oxidation or
ionizing radiation.

The result of DNA glycosylase action is the formation of an apyridiminic
or apurinic site (generally called an AP site) in DNA. Similar AP sites are
formed as the result of the spontaneous loss of purine bases (see Figure
5.18B), which occurs at a significant rate under normalcellular conditions.
For example, each cell in the human bodyis estimated to lose several thou-
sand purine bases daily. These sites are repaired by AP endonuclease,
whichcleaves adjacent to the AP site (see Figure 5.22). The remaining
deoxyribose moiety is then removed, and the resulting single-base gapis
filled by DNA polymeraseandligase.

Whereas DNAglycosylases recognize only specific forms of damaged
bases, other excision repair systems recognize a wide variety of damagedbases that distort the DNA molecule, including UV-induced pyrimidine |
dimers and bulky groups added to DNAbasesasaresult of the reaction of r
many carcinogens with DNA(see Figure 5.19C). This widespread form
of DNArepair is known as nucleotide-excision repair, because the dam-
aged bases(e.g., a thymine dimer) are removedaspart of an oligonucleo-
tide containing the lesion (Figure 5.23).

 

 
  

Figure 5.22 Base-excision repair
Tn this example, uracil (U) has been formed by deamination of cytosine (C) andis
therefore opposite a guanine (G) in the complementary strand of DNA. The bond
between uracil and the deoxyribose is cleaved by a DNAglycosylase, leaving a
sugar with no baseattached in the DNA(an APsite). This site is recognized by AP
endonuclease, which cleaves the DNA chain. The remaining deoxyriboseis re-
moved by deoxyribosephosphodiesterase. The resulting gap is then filled by DNA
polymerase and sealed by ligase, leading to incorporation of the correct base (C)
Opposite the G.
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Figure 5.23 Nucleotide-excision
repair of thymine dimers
Damaged DNAis recognized and then
cleaved on both sides of a thymine
dimer by 3’ and 5’ nucleases. Unwind-
ing by a helicase results in excision of
an oligonucleotide containing the
damagedbases. Theresulting gap is
thenfilled by DNA polymerase and
sealed byligase.

 

In E. coli, nucleotide-excision repair is catalyzed by the products of three
genes (uvrA, B, and C) that were identified because mutationsat these loci
result in extremesensitivity to UV light. The protein UvrA recognizes dam-
aged DNA andrecruits UvrB and UvrC tothesite of the lesion. UvrB and
UvrC then cleave on the 3’ and 5’ sides of the damagedsite, respectively,
thus excising an oligonucleotide consisting of 12 or 13 bases. The UvrABC
complexis frequently called an excinuclease, a namethatreflects its ability
to directly excise an oligonucleotide. The action ofa helicase is then required
to remove the damage-containing oligonucleotide from the double-
stranded DNA molecule,andtheresulting gapisfilled by DNA polymerase
I and sealed by ligase.

Nucleotide-excision repair systems have also been studied extensively in
eukaryotes, including yeasts, rodents, and humans.In yeasts,-as in E. coli,
several genes involved in DNArepair (called RAD genesfor radiation sen-
sitivity) have been identified by the isolation of mutants with increased sen-
sitivity to UV light. In humans, DNArepair genes have beenidentified

 
Damage recognition
Nuclease cleavage

 
Helicase Eyised

oligonucleotide

 
Ligase

 

 



71

largely by studies of individuals suffering from inherited diseases resulting
from deficiencies in the ability to repair DNA damage. The mostextensively
studied of these diseases is xeroderma pigmentosum (XP), a rare genetic
disorderthat affects approximately onein 250,000 people.Individuals with
this disease are extremely sensitive to UV light and develop multiple skin
cancers on the regions of their bodies that are exposed to sunlight. In 1968
James Cleaver madethe key discovery that culturedcells from XP patients
were deficient in the ability to carry out nucleotide-excision repair. This
observation not only providedthe first link between DNArepair and can-
cer, but also suggested the use of XP cells as an experimental system to
identify human DNArepair genes. The identification of human DNArepair
genes has been accomplished bystudies not only of XPcells, but also of two XPC
other humandiseases resulting from DNArepair defects (Cockayne’s syn- Damage
drome andtrichothiodystrophy) and of UV-sensitive mutants of rodentcell recognition
lines. The availability of mammalian cells with defects in DNArepair has ,
allowedthe cloning of repair genes based ontheability of wild-type alleles
to restore normal UVsensitivity to mutantcells in gene transfer assays,
thereby opening the door to experimental analysis of nucleotide-excision
repair in mammalian systems.

Molecular cloning has identified seven different repair genes (designated
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XPA through XPG)that are mutated in cases of xeroderma pigmentosum, TFIIH
as well as genes that are mutated in Cockayne’s syndrome,trichothiodys- (XPB and XPD)
trophy, and UV-sensitive mutants of rodentcells. The proteins encoded by XPG=]Helicase
these mammalian DNArepair genesare closely related to proteins encoded
by yeast RAD genes,indicating that nucleotide-excision repair is highly
conserved throughout eukaryotes. With cloned yeast and mammalian
repair genes available, it has been possible to purify their encoded proteins
and develop in vitro systems to study their roles in the repair process (Fig-
ure 5.24). The initial step in excision repair in mammaliancells involves
recognition of disrupted base pairing by a complex consisting of XPC and a
protein called hHR23B, which is a homolog of the yeast Rad23 protein. This
is followed by recruitment of the XPB, XPD, and XPG proteins to the dam-
aged DNA.The XPB and XPD proteins are components of a multisubunit
transcription factor (called TFITH) required to initiate the transcription of
eukaryotic genes (see Chapter6); they act as helicases to unwind approxi-
mately 30 base pairs of DNA aroundthe site of damage. The XPA protein
then acts to confirm the damage, and recruits XPF as a heterodimer with
ERCC1 (a repair protein identified in UV-sensitive rodentcells) to the repair
complex. XPF/ERCC1 and XPG are endonucleases, which cleave DNA on

 
XPA

 
| Cleavage and

the 5’ and 3’ sides of the damagedsite, respectively. This cleavage excises an excision of
oligonucleotide consisting of approximately 30 bases. The resulting gap is | oligonucleotide
then filled by DNA polymerase6 or € (in association with RFC and PCNA)
and sealed byligase.

Whereas the XPC/hHR23B complex can recognize damaged DNA
throughout the genome,an alternative form of nucleotide-excision repair,

Figure 5.24 Nucleotide-excision repair in mammaliancells
DNA damage(e.g., a thymine dimer) is recognized by the XPC/hHR23B complex.
The transcription factor TFITH, which contains the XPB and XPD helicases, and
XPGare then recruited to the damaged DNA. Following unwinding of the DNA
by XPB and XPD,the damageis confirmed by XPA and the XPF/ERCC1 complex
4s recruited. The DNAis then cleaved by the XPF/ERCC1 and XPG endonucleases,
excising the damaged oligonucleotide. The resulting gapis filled by DNA poly-
Merase andsealed byligase.
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Figure 5.25 Transcription-coupled repair in mammaliancells
RNApolymerasestalls at a lesion in the DNA strand being transcribed. Thestal-
led RNApolymeraseis recognized by the transcription-repair coupling proteins
CSA and CSB, whichrecruit TFIIH and XPG to the damaged DNA.Repair then
proceeds by the general nucleotide-excision repair pathway(see Figure5.24).

called transcription-coupled repair, is specifically dedicated to repairing
damage within actively transcribed genes. A connection between transcrip-
tion and repair wasfirst suggested by experiments showing that tran-
scribed strands of DNAare repaired more rapidly than nontranscribed
strandsin both E. coli and mammaliancells. Since DNA damage blocks
transcription, this transcription-repair coupling is thought to be advanta-
geousby allowing thecell to preferentially repair damageto genesthatare
actively expressed.In E. coli, the mechanism of transcription-repair cou-
pling involves recognition of RNA polymerasestalled at a lesion in the
DNAstrand beingtranscribed. The stalled RNA polymerase is recognized
by a protein called transcription-repair coupling factor, which displaces
RNApolymerase andrecruits the UvrABC excinuclease to the site of dam-
age.

In mammaliancells, transcription-coupled repair involves recognition of
stalled RNA polymerase by the CSA and CSB proteins, which are encoded
by genesresponsible for Cockayne’s syndrome(Figure 5.25). In contrast to
patients with xeroderma pigmentosum,patients with Cockayne’s syn-
dromeare specifically defective in transcription-coupledrepair, consistent
with the role of CSA and CSBas transcription-repair coupling factors. CSA
and CSBact analogously to the XPC/hHR23B complex in recruiting XPB,
XPD, and XPGto the damagedsite. This is followed by recruitment of XPA
and the XPF/ERCC1 complex, and excision of the damaged oligonu-
cleotide. Transcription-coupled repair thus proceedssimilarly to general
nucleotide-excision repair, exceptfor theinitial recognition of stalled RNA
polymerase by CSA and CSBrather than direct recognition of DNA damage
by the XPC/hHR23B complex.

A third excision repair system recognizes mismatched bases that are
incorporated during DNAreplication. Many such mismatched bases are
removed by the proofreading activity of DNA polymerase. The ones that
are missed are subject to later correction by the mismatch repair system,
which scans newly replicated DNA.If a mismatch is found, the enzymes of
this repair system are able to identify and excise the mismatched base
specifically from the newly replicated DNAstrand,allowing the error to be
corrected and the original sequencerestored.

In E. coli, the ability of the mismatch repair system to distinguish
between parental DNA and newly synthesized DNAis based on the fact
that DNAof this bacterium is modified by the methylation of adenine
residues within the sequence GATC to form 6-methyladenine (Figure 5.26).
Since methylation occursafter replication, newly synthesized DNA strands
are not methylated and thuscanbe specifically recognized by the mismatch
repair enzymes. Mismatchrepair is initiated by the protein MutS, which
recognizes the mismatch and forms a complex with two other proteins
called MutL and MutH. The MutH endonucleasethen cleaves the unmethy-
lated DNAstrand at a GATC sequence. MutL and MutS thenact together
with an exonuclease and a helicase to excise the DNA between the strand
break and the mismatch,with the resulting gap beingfilled by DNA poly-
merase andligase.
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Figure 5.26 Mismatchrepairin E. coli
The mismatch repair system detects and excises mismatched bases in newly repli-
cated DNA,whichis distinguished from the parental strand because it has not yet
been methylated. MutS binds to the mismatched base, followed by MutL. The
binding of MutL activates MutH, which cleaves the unmodified strand opposite a
site of methylation. MutS and MutL, together with a helicase and an exonuclease,
then excise the portion of the unmodified strand that contains the mismatch. The
gap is then filled by DNA polymeraseand sealed byligase.

Eukaryotes have a similar mismatch repair system, although the mecha-
nism by which eukaryotic cells identify newly replicated DNA differs from
that used byE.coli. In mammaliancells, it appears that the strand-speci-
ficity of mismatch repair is not determined by DNA methylation. Instead,
the presence of single-strand breaks (which would be present in newly
replicated DNA)or associations of the eukaryotic homologs of MutS and
MutL with the replication machinery may specify the strand to berepaired.
MutS and MutL homologsthen bind to the mismatched base and direct
excision of the DNA between a strand break and the mismatch,as in E.coli.

The importanceof this repair system is dramatically illustrated by the fact
that mutations in the human homologs of MutS and MutL are responsible
for a commontype of inherited colon cancer (hereditary nonpolyposiscol-
orectal cancer, or HNPCC). HNPCCis one of the most common inherited
diseases; it affects as many as one in 200 people andis responsible for about
15% of all colorectal cancers in this country. The relationship between
HNPCCand defects in mismatch repair was discovered in 1993, when two
groups of researchers cloned the human homolog of MutS and found that
mutations in this gene were responsible for about half of all HNPCCcases.
Subsequent studies have shown that most of the remaining cases of
HNPCCare caused by mutations in one of three humangenesthat are
homologs of MutL. Defects in these genes appearto result in a high fre-
quency of mutations in other cell genes, with a correspondingly high likeli-
hood that some of these mutations will eventually lead to the development
of cancer.

Error-Prone Repair
The direct reversal and excision repair systems act to correct DNA damage
before replication, so that replicative DNA synthesis can proceed using an
undamaged DNAstrandas a template. Should these systemsfail, however,
the cell has alternative mechanismsfor dealing with damaged DNAatthe
replication fork. Pyrimidine dimers and manyother typesof lesions cannot
be copied by the normal action of DNA polymerases,so replication is
blocked at the sites of such damage. However, cells also possess several
specialized DNA polymerasesthat are capable of replicating across a site of
DNAdamage.Thereplication of damaged DNAbythesespecialized poly-
merases can lead to the frequent incorporation of incorrect bases, so this
form of dealing with DNA damageis called error-pronerepair.

Thefirst error-prone DNA polymerase wasdiscoveredin E.coli in 1999.
This enzyme, called polymeraseV, is induced in responseto extensive UV
irradiation and can synthesize a new DNAstrandacross from a thymine
dimer (Figure 5.27). Two other E. coli DNA polymerases, polymerasesII and
IV, are similarly induced by DNA damage and function in error-prone
repair. Eukaryotic cells also contain multiple error-prone DNApoly-
Merases, with nine such enzymes having been identified to date in humans.
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Figure 5.27 Error-prone repair
Normalreplication is blocked by a
thymine dimer, but error-prone DNA
polymerases such as polymerase V
(pol V) recognize and continue DNA
synthesis acrossthelesion. Replication
can then be resumed by the normal
replicative DNA polymerase, and the
thymine dimer subsequently removed
by nucleotide-excision repair. DNA
synthesized by the error-prone poly-
merase contains a high frequency of
incorrect bases.
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All of these error-prone DNA polymerases exhibit low fidelity when copy-
ing undamaged DNA,with error rates ranging from 100 to 10,000 times
higherthantheerror rates of the normal replicative DNA polymerases(e.g.,
polymeraseIII in E. coli or polymerases 6 and ¢ in eukaryotes). In addition,
the error-prone polymeraseslackthe 3’— 5’ proofreadingactivity thatis
characteristic of normal replicative DNA polymerases(see Figure 5.12).

Importantly, however, the error-prone polymerases are specialized for
inserting the correct base opposite specific lesions in damaged DNA, and
are therefore able to accurately synthesize a new strand using some forms
of damaged DNAas template. For example, E. coli polymerase V specifi-
cally recognizes thymine dimers and correctly inserts AA on the opposite
strand. On the other hand, polymerase V makes a high frequencyof errors
whenit synthesizes a new DNAstrand opposite other forms of DNA dam-
age. Thus, these enzymesare able to specifically insert correct basesoppo-
site some forms of DNA damage,althoughtheyare “error-prone”in insért-
ing bases opposite other forms of damaged DNAorin the synthesis of
DNAfrom a normal undamaged template.

RecombinationalRepair
Another means of DNArepait, recombinational repair, relies on replace-
ment of the damaged DNAby recombination with an undamaged mole-
cule. This mechanism is frequently used to repair damage encountered dur-
ing DNAreplication, where the presence of thymine dimersor other lesions
that cannot be copied by the normalreplicative DNA polymerases block the
progressof a replication fork. Recombinational repair dependsonthefact
that one strand of the parental DNA was undamaged andtherefore was
copied duringreplication to yield a normal daughter molecule, which can
then be used to repair the damagedstrand.

The molecular mechanisms of recombinational repair are not entirely
understood and may vary between different types ofcells, but an illustra-
tive modelis presented in Figure 5.28. In this example, normalreplication is
blocked by the presence of a thymine dimer in one strand of DNA. Down-
stream of the damagedsite, however,replication can be initiated again by
the synthesis of an Okazaki fragment and can proceed along the damaged
template strand. The result is a daughter strand that has a gap opposite the
site of damageto the parental strand. The undamaged parentalstrand,
whichhas beenreplicated to yield a normal daughter molecule, can then be
usedto fill the gap opposite the site of damage by recombination between
homologous DNA sequences(see the next section). Because theresulting
gap in the previously intact parental strand is opposite an undamaged
strand, it can befilled in by DNA polymerase. Although the other parent
moleculestill retains the original damage(e.g., a thymine dimer), the dam-
age nowlies opposite a normal strand and can bedealt with later by exci-
sion repair.

Recombinational repair also provides a major mechanism for repair of
double strand breaks, which can be introduced into DNAbyionizing radia-
tion (such as X-rays) and some chemicals (Figure 5.29). Since this type of
damageaffects both strandsof DNA,it is particularly difficult to repair.
Recombination with homologous DNA sequences on an undamaged chro-
mosomeprovides a mechanism for repairing such damage andrestoring
the normal DNA sequence. Alternatively, double strand breaks can be
repaired simply by rejoining the broken endsof a single DNA molecule, but
this leads to a high frequencyoferrors resulting from deletion of bases
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The Disease

Cancers of the colon and rectum (colo-
rectal cancers) are some of the most
commontypes of cancer in Western
countries, accounting for about 140,000
cancer cases per year in the United
States (approximately 10%of thetotal
cancer incidence). Most colon cancers
(like other types of cancer) are not
inherited diseases; that is, they are not
transmitted directly from parentto off-
spring. However, two inherited forms
of colon cancer have been described.

In both of these syndromes,the inheri-
tance of a cancer susceptibility gene
results in a very high likelihood of
cancer development. Oneinherited
form of colon cancer (familial adeno-
matous polyposis) is extremely rare,
accounting for less than 1%of total
colon cancer incidence. The second

inherited form of colon cancer (heredi-
tary nonpolyposis colorectal cancer, or
HNPCC)is much more common and
accounts for up to 15%ofall colon
cancer cases. Indeed, HNPCCis one of
the most commoninherited diseases,

affecting as manyas one in 200 people.
Although colon cancers are the most
common manifestation of this disease,
affected individuals also suffer an

increased incidenceof other types of
cancer, including cancers of the ovary
and endometrium.

Molecular and Cellular Basis

Like other cancers, colorectal cancer

results from mutatioris in genes that
regulate cell proliferation, leading to
the uncontrolled growth of cancer
cells. In most cases these mutations

occur sporadically in somatic cells. In
hereditary cancers, however, inherited

Replication, Maintenance, and Rearrangements of Genomic DNA

MOLECULAR MEDICINE

Colon Cancer and DNA Repair
germ-line mutations predispose the
individual to cancer development.

A striking advance was madein
1993 with the discovery that a gene
responsible for approximately 50%
of HNPCCcases encodes an enzyme
involved in mismatch repair of DNA;
this gene is a human homologof the E.
coli MutS gene. Subsequent studies
have shownthat three other genes,
responsible for most remaining cases
of HNPCC,are homologs of MutL and
thusare also involved in the mismatch

repair pathway. Defects in these genes
appear to result in a high frequency of
mutationsin othercell genes, with a
correspondingly high likelihood that
some of these mutations will eventu-

ally lead to the developmentof cancer
by affecting genes that regulate cell
proliferation.

Prevention and Treatment

As with other inherited diseases, iden-

tification of the genes responsible for
HNPCC allowsindividuals at risk for

this inherited cancer to be identified

by genetic testing. Moreover, prenatal
genetic diagnosis may be of great
importance to carriers of HNPCC
mutations who are planning a family.
However, the potential benefits of
detecting these mutations are not lim-
ited to preventing the transmission of
mutant genes to the next generation;
their detection may also help prevent
the developmentof cancerin affected
individuals.

In termsof disease prevention, a
key characteristic of colon canceris
that it develops gradually over several
years. Early diagnosis of the disease
substantially improves the chancesfor

patient survival. Theinitial stage of
colon cancer developmentis the out-
growth of small benign polyps, which
eventually become malignant and
invade the surrounding connective
tissue. Prior to the development of
malignancy, however, polyps can be
easily removed surgically, effectively
preventing the outgrowth of a malig-
nant tumor. Polyps andearly stages of
colon cancer can be detected by exam-
ination of the colon with a thin lighted
tube (colonoscopy), so frequent colon-
oscopy of HNPCC patients may allow
polyps to be removed before cancer
develops. In addition, several drugs
are being tested as potential inhibitors
of colon cancer development, and
these drugs may beofsignificant ben-
efit to HNPCCpatients. By allowing
the timely application of such preven-
tive measures, the identification of

mutations responsible for HNPCC
may makea significant contribution to
disease prevention.

 
Acolon polyp visualized by colonoscopy.
(David M. Martin, M.D./SPL/Photo
Researches, Inc..)
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aroundthe site of damage.It is noteworthy that the genes responsible for
inherited breast cancer (BRCA1 and BRCA2) encodeproteins that are
involved in the repair of double strand breaks by homologous recombina-
tion, suggesting that defects in this type of DNArepair can lead to the
developmentof oneof the most commoncancers in women.

;
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Figure 5.28 Recombinationalrepair
The presence of a thymine dimer
blocks replication, but DNA poly-
merase can bypassthelesion and reini-
tiate replication at a new site down-
stream of the dimer. Theresult is a gap
opposite the dimer in the newly syn-
thesized DNAstrand. This gapis filled
by recombination with the undamaged
parental strand. Althoughthis leaves a
gap in the previously intact parental
strand, the gap canbefilled by the ac-
tions of polymeraseandligase, using
the intact daughter strand as a tem-
plate. Two intact DNA molecules are
thus formed, and the remaining
thymine dimer eventually can be
removed by excision repair.
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Recombination between Homologous
DNA Sequences
Accurate DNAreplication and repair of DNA damageareessential to main-
taining genetic information and ensuring its accurate transmission from
parentto offspring. As discussed in the previous section, recombination is
an important mechanism for repairing damaged DNA.In addition, recom-
bination is key to the generation of genetic diversity, whichis critical from
the standpointof evolution. Genetic differences between individuals pro-
vide the essential starting material of natural selection, which allows
species to evolve and adapt to changing environmental conditions. Recom-
bination plays an centralrole in this process by allowing genes to be reas-
sorted into different combinations. For example, genetic recombination
results in the exchangeof genes between paired homologous chromosomes
during meiosis. In addition, recombinationis involved in rearrangements
of specific DNA sequencesthatalter the expression and function of some
genes during developmentand differentiation. Thus, recombination plays
importantroles in the lives of individualcells and organisms, as well as
contributing to the genetic diversity of the species.
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This section discusses the molecular mechanisms of recombination

between DNA molecules that share extensive sequence homology. Exam-
ples include homologous recombination during DNArepair, as well as
recombination between paired eukaryotic chromosomes during meiosis
and recombination between bacterial chromosomes during mating. Since
this type of recombination involves the exchangeof genetic information
between two homologous DNA molecules, it does not alter the overall
arrangementof the genes on a chromosome.Other types of recombination,
however, do not require extensive sequence homology and therefore can
occur between unrelated DNAs. Recombination events of this type lead to
gene rearrangements, which are discussedlater in the chapter.

DNA Molecules RecombinebyBreaking and Rejoining
Genetic recombination wasfirst defined by studies of Drosophila, on the
basis of the observation that genes on different copies of homologous chro-
mosomescan reassort during meiosis. With the subsequent discovery that
genes consist of DNA, two alternative models to explain recombination at
the molecularlevel were considered (Figure 5.30). The “copy choice” model

Copy choice

Synthesis of new daughter DNAs Switching to copy other parental templates

205

Figure 5.29 Repair of double strand
breaks

lonizing radiation and some chemicals
induce double strand breaks in DNA.

These breaks can be repaired by homol-
ogous recombination with a normal
chromosome,leading to restoration of
the original DNA sequence. Alterna-
tively, the endsof the broken molecule
can be rejoined, with the frequentloss
of bases aroundthe site of damage.

a™

Figure 5.30 Models of recombination
In copy choice, recombination occurs
during the synthesis of daughter DNA
molecules. DNA replication starts with
one parental DNA template and then
switches to a second parental molecule,
resulting in the synthesis of recombi-
nant daughter DNAs containing se-
quences homologousto both parents.
In breakage andrejoining, recombina-
tion occursas a result of breakage and
crosswise rejoining of parental DNA
molecules.

Recombinant daughter DNAs

———a_
Breakage and rejoining

Parental DNAs Breakage and crosswise rejoining Recombinant DNAs

——p f —_—_———
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Figure 5.31 Experimental
demonstration of recombination
by breakageandrejoining
Genetically distinct parental viruses
were grown in medium containing ei-
ther light or heavy isotopes of carbon
(2C or 3C) and nitrogen (“4N or °N) to
density-label their DNAs.E.coli were
infected under conditions in which
replication wasinhibited, and the
progeny viruses were harvested and
analyzed by equilibrium centrifuga-
tion in a CsCl gradient to determine
the density of genetic recombinants.
The recombinant viruses were found to
have intermediate densities, indicating
that they had acquired DNA from both
parents by a breakage andrejoining
mechanism.
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proposed that the recombinant molecule is generated during DNA synthe-
sis, as a result of copying first one parental DNA and then switching to copy
a different template. The alternative proposal wasthat recombination
results from the breakage andrejoining of two parental DNA molecules
rather than by synthesis of new DNA.

Thesealternatives werefirst distinguished in 1961 by studies of recombi-
nation between the genomesof bacterial viruses (Figure 5.31). Infection of
E. coli with viruses carrying different genetic markers was known to yield
recombinant progeny. To determineif this recombination involved break-
age andrejoining of the parental DNAs, one of the parental viruses was
grown in medium containing the heavy isotopes of carbon (8C) and nitro-
gen (5N), while the other was grown in medium containing the normal

Figure 5.32 Homologous recombination by complementary basepairing
Parental DNAsare brokenat staggered sites, and overlapping single-stranded
regions are exchangedvia base pairing with homologous sequences. The resultis
a heteroduplex region, in which the two DNAstrandsare derived from different
parental molecules.
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Figure 5.33 The Holliday model for homologous recombination
Single-strand nicksare introduced at the sameposition on both parental molecules.
The nicked strands then exchange by complementarybasepairing, andligation
produces a crossed-strand intermediate called a Holliday junction.

light isotopes ("*C and 'N). Theresult was parental viruses having different
densities, so they could be separated by equilibrium density centrifugation
in a CsCl gradient. E. coli were then infected with these differentially
labeled parental viruses under conditions in which replication was inhib-
ited, and the progeny viruses produced were analyzed for both their den-
sity and their genetic characteristics. The important result was that genetic
recombinantviruses were obtained that had intermediate densities, indicat-
ing that they had acquired DNA from both parents, as predicted by the
breakage-and-rejoining, but notthe copy choice, model.

Models ofHomologous Recombination
The finding that recombination occurs by breakage andrejoiningraises a
critical question: How can two parental DNA molecules be brokenat pre-
cisely the same point, so that they can rejoin without mutations resulting
from the gain orloss of nucleotides at the break point? During recombina-
tion between homologous DNA molecules (general homologous recombi-
nation), this alignment is provided, not surprisingly, by base pairing
between complementary DNAstrands (Figure 5.32). Overlapping single
strands are exchanged between homologous DNA molecules, leadingto the
formation of a heteroduplex region, in which the twostrands of the recom-
binant double helix are derived from different parents. If the heteroduplex
region contains a genetic difference, the resultis a single progeny DNA mol-
ecule that contains two genetic markers. In some cases, mispaired basesin a
heteroduplex may be recognized and corrected by mismatch repair sys-
tems, as discussed in precedingsections of this chapter. Genetic evidence
for the formation andrepair of such heteroduplex regions, obtained in stud-
ies of recombination in fungi as well as in bacteria, led to the development
of a molecular model for recombination in 1964. This model, knownas the
Holliday model (after Robin Holliday), has continued to provide the basis
for current thinking about recombination mechanisms, althoughit has been
modified as new data have been obtained.

The original version of the Holliday model proposed that recombination
is initiated by the introduction of nicks at the same position on the two
Parental DNA molecules (Figure 5.33). The nicked DNAstrandspartially
unwind, and each invades the other molecule by pairing with the comple-
mentary unbrokenstrand. Ligation of the broken strands then produces a
crossed-strand intermediate, known as a Holliday junction, that is the cen-
tral intermediate in recombination. The direct demonstration of Holliday
Junctions by electron microscopy has provided clear support for this model
of recombination (Figure 5.34).

Figure 5.34 Identification of Holliday junctions by electron microscopy
ii €ctron micrographof a Holliday junction that was detected during recombina-
‘On of plasmid DNAsin E.coli. An interpretive drawingof the structure is shown

t Sow. The moleculeillustrates a Holliday junction in the open configuration
“sulting from rotation of the crossed-strand intermediate (see Figure 5.33). (Cour-
sy of Huntington Potter, University of South Florida, and David Dressler, Univer-
ty of Oxford.)
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Figure 5.35 Isomerization and resolution of Holliday junctions
Holliday junctionsare resolved by cutting and rejoining of the crossed strands.If
the Holliday junction formed bytheinitial strand exchange is resolved, the result-
ing progenyare heteroduplexesbut are not recombinantfor genetic markers out-
side of the heteroduplex region. Two rotations of the crossed-strand molecule,
however, produce an isomer in which the unbroken parental strands, rather than
the initially nicked strands, are crossed. Cutting and rejoining of the crossed
strandsof this isomer yield progeny that are recombinant heteroduplexes.

Once a Holliday junction is formed, it can be resolved by cutting
and rejoining of the crossed strands to yield recombinant molecules
(Figure 5.35). This can occur in two different ways, depending onthe orien-
tation of the Holliday junction, which can readily form twodifferent iso-
mers. In the isomerresulting from theinitial strand exchange, the crossed
strands are those that were nicked at the start of the recombination process.
However, simplerotation ofthis structure yields a different isomer in which
the unbroken parental strands are crossed. Resolution of these different iso-
mers has distinct genetic consequences.In thefirst case, the progeny mole-
cules have heteroduplex regions but are nonrecombinant for DNA that
flanks these regions.If isomerization occurs, however, cutting and rejoining
of the crossedstrandsresults in progeny molecules that are recombinantfor
DNAthatflanks the heteroduplex regions. The structure of the Holliday
junction thus providesthe possibility of generating both recombinant and
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nonrecombinant heteroduplexes, consistent with the genetic data upon
which the Holliday model was based.

Asinitially proposed, the Holliday model failed to explain how recombi-
nation wasinitiated by simultaneously nicking both parental moleculesat
the same position. It now appears that recombination is generally initiated
at double strand breaks, both during DNA repair and during recombination
between homologous chromosomes during meiosis (Figure 5.36). Both
strands of DNA at the double strand breakare first resected by nucleases
that digest DNAin the 5’ to 3’ direction, yielding single-stranded ends.
These single strands then invade the other parental molecule by homolo-
gousbase pairing. The gapsare then filled by repair synthesis and the
strandsare joined byligation to yield a molecule with a double Holliday
junction, which can be resolved to yield either recombinant or nonrecombi-
nant heteroduplex molecules as already described.

EnzymesInvolved in Homologous Recombination
Mostof the enzymes currently knownto be involved in recombination were
first identified by analysis of recombination-defective mutantsofE.coli.
Such genetic analysis has established that recombination requires specific
enzymes, in addition to proteins (such as DNA polymerase,ligase, and sin-
gle-stranded DNA-binding proteins) that function in multiple aspects of
DNAmetabolism. The identification of genes required for efficient recom-
bination in E.coli led to the isolation of their encoded proteins, which have
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Figure 5.36 Initiation of recombi-
nation by double strand breaks
Both strands of DNAat the double

strand break are digested by nucleases
in the 5’ to 3’ direction. The single
strands then invadethe other parental
molecule by homologousbase pairing.
The gapsarethenfilled by repair syn-
thesis and sealed by ligation, yielding
a double Holliday junction.
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. . Single-stranded DNA
Figure 5.37 Function of the a
RecAprotein
RecAinitially bindsto single-stranded
DNAto form a protein-DNAfilament.
The RecA protein that coats the single-
stranded DNAthen bindsto a second,
double-stranded DNA molecule to

form a non-base-paired complex. Com-
plementary base pairing and strand
exchangefollow, forming a hetero-
duplex region.  

been characterized by biochemical analysis in cell-free systems. These stud-
ies have elucidated the action of several enzymes in catalyzing the forma-
tion and resolution of Holliday junctions.

The central protein involved in homologous recombination is RecA, which
promotes the exchangeof strands between homologous DNAsthat causes
heteroduplexes to form (Figure 5.37). The action of RecA can be considered in
three stages. First, the RecA protein binds to single-stranded DNA,coating
the DNAto form a protein-DNAfilament. Because RecA has two DNAbind-
ing sites, the RecA protein bound to single-stranded DNAis able to bind a
second, double-stranded DNA molecule, forming a complex between the two
DNAs.This nonspecific RecA-mediated association is followed by specific
base pairing between the single-stranded DNA andits complement. The
RecA protein then catalyzes strand exchange, with the single strand origi-
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nally coated with RecA displacing its homologousstrand to form a heterodu-
plex. Thus, the RecA protein is capable of catalyzing, by itself, the strand
exchangereactions that are central to the formation of Holliday junctions.

In yeast, a RecA-related protein, designated RAD51,is required for
genetic recombination as well as for the repair of double strand breaks.
RADS1is not only structurally similar to RecA; like RecA,it is also able to
catalyze strand exchangereactionsin vitro. Proteins related to RAD51 have
been identified in complex eukaryotes, including humans,indicating that
proteins related to RecA play key roles in homologous recombination in
both prokaryotic and eukaryoticcells.

Once a Holliday junction is formed, a complex of three otherE. coli pro-
teins (RuvA, B, and C) become involved in recombination (Figure 5.38).
RuvArecognizes the Holliday junction and recruits RuvB, which acts as a
motor to drive migration of the site at which the DNAstrandsare crossed,
thereby varying the extent of the heteroduplex region andthe position at
whichthe crossed strands will be cut and rejoined. RuvC then resolves Hol-
liday junctions by cleaving the crossed DNAstrands. Rejoining of the
cleaved strands by ligation completes the process, yielding two recombi-
nant molecules. Eukaryotic cells do not have homologsof the E. coli RuvA,
B, and C proteins. Instead, the resolution of Holliday junctions in eukary-
otic cells appears to be mediated by other proteins, which remainto befully
characterized.

DNA Rearrangements
Homologous recombination results in the reassortment of genes between
chromosomepairs without altering the arrangement of genes within
the genome.In contrast, other types of recombinational events lead to
rearrangements of genomic DNA. Some of these DNA rearrangements are
important in controlling gene expression in specific cell types; others may
play an evolutionary role by contributing to genetic diversity.

The discovery that genes can moveto different chromosomal locations
came from Barbara McClintock’s studies of corn in the 1940s. Purely on the
basis of genetic analysis, McClintock described novel genetic elements that
could moveto different locations in the genome andalter the expression of
adjacent genes. Nearly three decades elapsed, however, before the physical
basis of McClintock’s work waselucidated by the discovery of transposable
elements in bacteria and the notion of movable genetic elements became
widely accepted byscientists. Several types of DNA rearrangements, includ-
ing the transposition of elementsinitially described by McClintock, are now
recognized in both prokaryotic and eukaryotic cells. Moreover, we now
know that transposable elements constitute a large fraction of the genomes
of plants and animals, including nearly half of the human genome.

Site-Specific Recombination
In contrast to general homologous recombination, which occurs at any
extensive region of sequence homology, site-specific recombination occurs
betweenspecific DNA sequences, which are usually homologousoveronly
a short stretch of DNA.Theprincipal interaction in this process is mediated
by proteins that recognize the specific DNA target sequences rather than by
complementary basepairing.

The prototype ofsite-specific recombination has been provided by studies
of the bacteriophage A. When A infects E.coli, it can either replicate to cause
cell lysis or it can integrate into the bacterial chromosome,forming a

Holliday junction

RuvA
RuvBBranch migration |

RuvC
Cleavageof
crossed strands

LigationRecombinant | 8
molecules

|
| PoPEPUFPLPPPEPRAIARRPORReReeRFigure 5.38 Branch migration and

resolution of Holliday junctions
RuvArecognizes the Holliday junction
and recruits RuvB, which catalyzes the
movementof the crossed-strandsite

(branch migration). RuvC resolves the
Holliday junctions by cleaving the
crossed strands, which are then joined
by ligase.
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Figure 5.39 Lytic and lysogenic
pathwaysof bacteriophage
Infection ofE. coli is initiated by the
injection of A DNA, which then
becomescircular within the hostcell.

In lytic infection, the A DNAreplicates
and directs the synthesis of viral pro-
teins. The viral DNAis then packaged
into progenyvirus particles, which are
released upon cell lysis. In lysogenic
infection, the A DNA recombines with
the host genome to form a prophage
that is integrated into theE.coli chro-
mosome. The integrated A DNA does
notdirect the synthesis of progeny
viruses, but is instead replicated along
with the rest of the bacterial genome.

 
prophagethat is then maintained as part of the E. coli genome(a process
called lysogeny) (Figure 5.39). Under appropriate conditions, DNA integra-
tion can bereversed, resulting in excision of the A DNA andinitiation oflytic
viral replication. Both the integration and the excision of A DNAinvolvesite-
specific recombination betweenviral and host cell DNA sequences.

E. coli DNA and A DNArecombineatspecific sites, called attachment
(att) sites. Thus, integration of A DNA involves recombination betweenatt
sites of the phage (aitP) and the bacterium (attB), which are about 240 and
25 nucleotides long, respectively (Figure 5.40). The process is mediated by a
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A protein called integrase (Int), which specifically binds to both attP and
attB sequences. Int initially binds to attP, forming a complex in which the
attP DNA is wrapped around multiple copies of the Int protein. The Int-attP
complex bindsto attB, aligning the phage and bacterialatt sites. The phage
and bacterium then exchange strands within a 15-nucleotide core sequence
shared by attB and attP (Figure 5.41). The Int protein introduces staggered
cuts within the core homologyregion of attB and attP, catalyzes strand
exchange, and then ligates the broken strands, integrating the A DNA
into the E. coli chromosome,TheInt protein also acts in excision of the A
prophage, whichis essentially the reverse of integration.
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Figure 5.40 Integration of A DNA by
site-specific recombination
Integration results from recombination
between specific sequences in the A
and E. coli genomes, called attP and
attB, respectively. The processis cat-
alyzed by a virus-encoded enzyme(in-
tegrase), which recognizes both attP
and attB sequences.
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Figure 5.41 Mechanism of A site-specific recombination
Site-specific recombination occurs within a 15-nucleotide
homologous core sequence shared by attP and attB. Inte-
grase(Int) cleaves at specific sites within this sequence to
generate staggered single-stranded DNAtails.It then cat-
alyzes strand exchangeandligation, resulting in recombi-

attB attP nation between aitP and attB and integration of A DNA.
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Figure 5.42 Structure of anim-
munoglobulin
Immunoglobulins are composed of
two heavy chains and twolight chains,
joined by disulfide bonds. Both the
heavy andthe light chainsconsist of
variable and constantregions.

Site-specific recombination is important not only in the interaction of
viruses such as A with their host cells, but also in programmed gene
rearrangements within cell genomes.In vertebrates, site-specific recom-
binationis critical to the developmentof the immune system, which recog-
nizes foreign substances (antigens) and provides protection against infec-
tious agents. There are two majorclasses of immune responses, which are
mediated by B and T lymphocytes. B lymphocytes secrete antibodies
(immunoglobulins) that react with soluble antigens; T lymphocytes express
cell surface proteins (called T cell receptors) that react with antigens
expressed on the surfaces of other cells. The key feature of both immu-
noglobulins and T cell receptors is their enormousdiversity, which enables
different antibody or T cell receptor molecules to recognize a vast array of
foreign antigens. For example, each individual is capable of producing more
than 10" different antibody molecules, whichis far in excess of the total
numberof genes in the human genome(30,000-40,000). Rather than being
encoded in germ-line DNA,these diverse antibodies (and T cell receptors)
are encoded by unique lymphocyte genes that are formed during develop-
ment of the immunesystem as a result of site-specific recombination
betweendistinct segments of immunoglobulin andT cell receptor genes.

Therole of site-specific recombination in the formation of immunoglob-
ulin genes was first demonstrated by Susumu Tonegawain 1976,
Immunoglobulins consist of pairs of identical heavy and light polypeptide
chains (Figure 5.42). Both the heavy andlight chains are composed of C-ter-
minal constant regions and N-terminal variable regions. The variable
regions, which have different amino acid sequences in different
immunoglobulin molecules, are responsible for antigen binding, andit is
the diversity of variable region amino acid sequences that allowsdifferent
individual antibodies to recognize unique antigens. Although every indi-
vidualis capable of producing a vast spectrum of different antibodies, each
B lymphocyte producesonly a single type of antibody. Tonegawa’s key dis-
covery wasthat each antibody is encoded by unique genes formed bysite-
specific recombination during B lymphocyte development. These gene
rearrangementscreate different immunoglobulin genesin different individ-
ual B lymphocytes, so the population of approximately 10” B lymphocytes
in the human bodyincludescells capable of producing antibodies against a
diverse array of foreign antigens.

The genes that encode immunoglobulin light chains consist of three
regions: a V region that encodes the 95 to 96 N-terminal aminoacids of the
polypeptide variable region; a joining (J) regionthat encodes the 12 to 14
C-terminal aminoacids of the polypeptide variable region; and a C region
that encodes the polypeptide constant region (Figure 5.43). The major class
of light-chain genes in the mouse is formed from combinations of approxi-
mately 250 V regions and four J regions with a single C region. Site-specific
recombination during lymphocyte developmentleads to a gene rearrange-
mentin which a single V region recombines with a single J region to gener-
ate a functionallight-chain gene. Different V and J regions are rearranged in
different B lymphocytes, so the possible combinations of 250 V regions with
4] regions can generate approximately 1000 (4 x 250) unique lightchains.

The heavy-chain genes include a fourth region (knownasthe diversity,
or D, region), which encodes aminoacids lying between-V and J (Figure
5.44). Assembly of a functional heavy-chain gene requires two recombina-
tion events: A D regionfirst recombines with aJ region, and a V region then
recombines with the rearranged DJ segment. In the mouse, there are about
500 heavy-chain V regions, 12 D regions, and 4 J regions, so the total num-
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ber of heavy chainsthat can be generated by the recombination eventsis
24,000 (500 x 12 x 4).

Combinations between the 1000 differentlight chains and 24,000 different
heavy chains formed by site-specific recombination can generate approxi-
mately 2 x 10’ different immunoglobulin molecules. This diversity is further
increased becausethe joining of immunoglobulin gene segments often
involvesthe loss or gain of one to several nucleotides. The mutationsresult-
ing from these deletions and insertions increase the diversity of
immunoglobulin variable regions approximately a hundredfold, correspon-
ding to the formation of about 10° different light chains and 2 x 10° heavy

Germ-line DNA

Figure 5.43 Rearrangementof
immunoglobulin light-chain genes
Eachlight-chain gene (mouse « light
chainsareillustrated) consists of a con-
stant region (C), a joiningregion(J),
and a variable region (V). There are
approximately 250 different V regions,
which are separated from J and C by
about 20 kb in germ-line DNA. During
the developmentof B lymphocytes,
site-specific recombination joins one
of the V regionsto oneof the four J
regions. This rearrangementactivates
transcription, resulting in the forma-
tion of a primarytranscript containing
the rearranged VJ region together with
the remainingJ regions and C. The
remaining unusedJ regions and the
introns between J and C are then
removedbysplicing, yielding a func-
tional mRNA.
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 Figure 5.44 Rearrangement
of immunoglobulin heavy-
chain genes
The heavy-chain genes con-
tain D regions in addition to
V,J, and C regions. First the
D and J segments join. Then
a V segmentis joined to the
rearranged DJ region. The
introns between J and C are
removedbysplicing to yield
heavy-chain mRNA.
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Figure 5.45 Structure of aT cell receptor
T cell receptors consist of two polypeptide chains (a and f) that span the plasma
membraneandare joined by disulfide bonds. Both the a and f chainsare com-
posed of variable and constant regions.

chains, which can then combine to form more than 10" distinct antibodies.
Still further antibody diversity is generated after the formation of rearranged
immunoglobulin genes by a process known as somatic hypermutation,
which results in the introduction of frequent mutations into the variable
regions of both heavy-chain and light-chain genes.

T cell receptors similarly consist of two chains (called @ and f), each of
which contains variable and constant regions (Figure 5.45). The genes
encoding these polypeptides are generated by recombination between V
and J segments (the a chain) or between V, D, and J segments(the f chain),
analogousto the formation of immunoglobulin genes. Site-specific recom-
bination between these distinct segments of DNA, in combination with
mutations introduced during recombination, generates a degree of diver-
sity in T cell receptors that is similar to that in immunoglobulins. However,
T cell receptors differ from immunoglobulins in that they are not subject to
the introduction of further diversity by somatic hypermutation.

VDJ recombination is mediated by a complex of two proteins, called
RAG1 and RAG2, whichare specifically expressed in lymphocytes. The
RAGproteins recognize recombination signal (RS) sequences adjacent to
the coding sequences of each gene segment, and initiate DNA rearrange-
ments by introducing a double strand break between the RS sequences and
the coding sequences (Figure 5.46). The coding ends of the gene segments
are then joined to yield a rearranged immunoglobulin orT cell receptor
gene, frequently with the loss or gain of nucleotides during the joining reac-
tion. Interestingly, RAG1isclosely related to the enzymesthat catalyze
DNAtransposition and retroviral integration, as discussed in the next sec-
tion of this chapter.

Transposition via DNA Intermediates
Site-specific recombination occurs between twospecific sequences that con-
tain at least a small core of homology. In contrast, transposition involves
the movement of sequences throughout the genome and has no require-
mentfor sequence homology. Elements that move by transposition, such as
thosefirst described by McClintock, are called transposable elements, or
transposons.They are divided into two general classes, depending on
whether they transpose via DNA intermediates or via RNAintermediates.
The first class of transposable elements is discussed here; transposition via
RNAintermediates is considered in the next section.

Thefirst transposons that were characterized in detail are those of bacte-
ria, which move via DNAintermediates (Figure 5.47). The simplest of these
elements are the insertion sequences, ranging in size from about 800 to 2000
nucleotides. Insertion sequences consist only of a gene for the enzyme
involved in transposition (transposase) flanked by short inverted repeats,
whichare thesites at which transposase acts. Complex transposons consist
of two insertion sequences flanking other genes, which moveas a unit.

Insertion sequences move from one chromosomalsite to another without
replicating their DNA (Figure 5.48). Transposaseintroduces a staggered
breakin the target DNAandcleavesat the endsof the transposon inverted-
repeat sequences. Although transposaseacts specifically at the transposon
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Figure 5.46 VDJ recombination
The coding segments of immunoglob-
ulin and T cell receptor genes(e.g., a V
and D segment) are flanked by short
recombination signal (RS) sequences,
whichare in opposite orientationsat
the 5’ and 3’ endsof the coding se-
quences. The RS sequences are recog-
nized by a complex of the lymphocyte-
specific recombination proteins RAG1
and RAG2, which cleave the DNA be-
tween the coding sequence and the RS
sequence. The broken coding strands
are then rejoined to yield a rearranged
gene segment.

Figure 5.47 Bacterial transposons
Insertion sequences (IS) range from 800
to 2000 nucleotides and contain a gene
for transposaseflanked by inverted
repeats (IR) of about 20 nucleotides.
Complex transposonsconsist of two
insertion sequencesflanking other
genes andare typically 5 to 20 kb long.
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KEY EXPERIMENT 
RearrangementofImmunoglobulin Genes

Evidence for Somatic Rearrangement of Immunoglobulin Genes
Coding for Variable and Constant Regions
Nobumichi Hozumi and Susumu Tonegawa
BaselInstitute for Immunology, Basel, Switzerland
Proceedings of the National Academy of Sciences, USA, Volume 73, 1976, pages
3628-3632

The Context

The ability of the vertebrate immune
system to recognize a seemingly in-
finite variety of foreign molecules
implies that lymphocytes can produce
a correspondingly vast array of anti-
bodies.Since this antibody diversity is
key to immunerecognition, under-
standing the mechanism by which an
apparently unlimited numberofdis-
tinct immunoglobulins are encoded in
genomic DNAis a central issue in im-
munology.

Prior to the experiments of Hozumi
and Tonegawa, protein sequencing
of multiple immunoglobulins had
demonstrated that both heavy and
light chains consist of distinct variable
and constant regions. Genetic studies
further indicated that mice inherit only
single copies of the constant-region
genes. These observationsfirst led to
the proposal that immunoglobulinsare
encoded by multiple variable-region
genes that can associate with a single
constant-region gene. The discovery of
immunoglobulin gene rearrangements
by Hozumi and Tonegawa provided
the first direct experimental support
for this hypothesis and laid the
groundwork for understanding the
molecular basis of antibody diversity.

The Experiments

Hozumi and Tonegawatested the pos-
sibility that the genes encoding im-
munoglobulin variable and constant
regions were joined at the DNAlevel
during lymphocyte development.
Their experimental approach was
to use restriction endonuclease diges-
tion to compare the organization of
variable-region and constant-region
sequences in DNAs extracted from
mouse embryos and from cells of a

mouse plasmacytoma(a B lymphocyte
tumorthat producesa single species
of immunoglobulin).

Embryo and plasmacytoma DNAs
were digested with the restriction
endonuclease BamHI, and DNAfrag-
ments of different sizes were sepa-
rated by electrophoresis in agarose
gels. The gel was then cutintoslices,
and DNAextracted from each slice

was hybridized with radiolabeled
probes that had been prepared from
immunoglobulin mRNAisolated from

the plasmacytomacells. Two probes
were used, correspondingeither to the
complete immunoglobulin mRNAor
to the 3’ half of the mRNA,consisting
only of constant-region sequences.

Thecritical result was that com-

pletely different patterns of variable-
region and constant-region sequences
were detected in embryo versus
plasmacytoma DNAs(seefigure). In
embryo DNA, the complete probe
hybridized to two BamHI fragments
of approximately 8.6 and 5.6 kb,re-
spectively. Only the 8.6-kbfragment
hybridized to the 3’ probe, suggesting
that the 8.6-kb fragment contained
constant-region sequences and the 5.6-
kb fragment contained variable-region
sequences.In striking contrast, both
probes hybridized to onlyasingle 3.4-
kb fragment in plasmacytoma DNA.
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The interpretation of these results was
that the variable- and constant-region
sequences were separated in embryo
DNAbutrearranged to form a single
immunoglobulin gene during lym-
phocyte development.

The Impact
The initial results of Hozumi and

Tonegawa, based ontherelatively
indirect approachof restriction endo-
nuclease mapping, were confirmed
and extended by the molecular clon-
ing and sequencing of immunoglob-
ulin genes. Such studies have now
unambiguously established that these
genes are generated bysite-specific
recombination betweendistinct seg-

Replication, Maintenance, and Rearrangements of Genomic DNA

ments of DNA in B lymphocytes. In T
lymphocytes, similar DNA rearrange-
ments are responsible for formation of
the genes encodingT cell receptors.
Thus, site-specific recombination and
programmed gene rearrangements are
central to the development of the
immune system.

Further studies have shownthat

the variable regions of immunoglobu-
lins and T cell receptors are generated
by rearrangementsof twoorthree dis-
tinct segments of DNA.Theability of
these segments to recombine, together
with a high frequency of mutations
introduced at the recombinationsites,
is largely responsible for immuno-
globulin and T cell receptor diversity.

219

DonnaCoveney/MIT 
Susumu Tonegawa

Thediscovery of immunoglobulin gene
rearrangements thus provided the basis
for understanding how the immune
system can recognize and respond to a
virtually unlimited range offoreign
substances.

———————————————————————rermene

inverted-repeats, it is usually less specific with respect to the sequence of
the target DNA,soit catalyzes the movementof transposons throughout
the genome. Following the cleavage of transposon andtarget site DNAs,
transposasejoins the overhanging endsof the target DNAto the transpos-
able element. The resulting gap in the target-site DNA is repaired by DNA

Transposonintegrated at donorsite

 
Target site j= 

Transposase cleaves at endsoftransposon
inverted repeats and introduces staggered
cut in target DNA

 
Overhanging endsof target DNA
joined to transposon

  
Direct repeats of target site DNA

Figure 5.48 Transposition of
insertion sequences
Simple transposition does not involve
replication of the transposon DNA.
Transposasecleaves at both endsof the
transposon and introduces a staggered
cut in the target DNA. The overhang-
ing endsof target DNAare then joined
to the transposon, and gapsresulting
from the staggered cuts at the target
site are repaired. Theresult is the for-
mation of short direct repeats of target-
site DNA (5 to 10 nucleotides long)’
flanking the integrated transposon.
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Figure 5.49 The organization
of retroviral DNA

The integrated proviral DNAis flanked
by long terminal repeats (LTRs), which
are direct repeats of several hundred
nucleotides. Viral genes, including
genesfor reverse transcriptase, inte-
grase, and structural proteins of the
virus particle, are located between the
LTRs. The integrated provirusis
flanked by short direct repeats of host
DNA.

synthesis, followed by ligation to the other strand of the tranposon. The
result of this process is a short direct repeat of the target-site DNA on both
sides of the transposable element—a hallmark of transposonintegration.

This transposition mechanism causes the transposon to move from one
chromosomalsite to another. Other types of transposons move by a more
complex mechanism, in which the transposonis replicated in concert with
its integration into a new target site. This mechanism results in the integra-
tion of one copy of the transposoninto a new position in the genome, while
another copy remainsat its original location.

Transposons that move via DNAintermediates are present in eukaryotes
as well as in bacteria. For example, the human genomecontains approxi-
mately 300,000 DNAtransposons, which account for about 3% of human
DNA.Theoriginal transposable elements described by McClintock in corn
moveby a nonreplicative mechanism, as do most transposable elements in
other plants and animals. Like bacterial transposons, these elements move
to many different target sites throughout the genome. The movementof
these transposonsto nonspecific sites in the genomeis notlikely to be use-
ful to the cells in which it occurs, but has undoubtedly played a major role
in evolution by promoting DNA rearrangements.

In yeasts and protozoans, however, transposition by a replicative mech-
anism is responsible for programmed DNArearrangements that regulate
gene expression. In these cases transpositionis initiated by the action of a
site-specific nuclease that cleaves a specific target site, at which a copy of
the transposable elementis then inserted. Transposable elements are thus
capable not only of moving to nonspecific sites throughout the genome, but
also of participating in specific gene rearrangements that result in pro-
grammed changesin gene expression.

Transposition via RNA Intermediates
Mosttransposonsin eukaryotic cells are retrotransposons, which movevia
reverse transcription of RNA intermediates. In humans, there are almost 3
million copies of retrotransposons, accounting for more than 40%of the
genome(see Table 4.1). The mechanism of transposition of these elements
is similar to the replication of retroviruses, which have provided the proto-
type system for studying this class of movable DNA sequences.

Retroviruses contain RNA genomesin their virus particles but replicate
via the synthesis of a DNA provirus, whichis integrated into the chromoso-
mal DNAofinfected cells (see Figure 3.13). ADNAcopyofthe viral RNA is
synthesized by the viral enzyme reverse transcriptase. The mechanism by
whichthis occurs results in the synthesis of a DNA molecule that contains
direct repeats of several hundred nucleotides at both ends (Figure 5.49).
These repeated sequences,called long terminal repeats, or LTRs, arise from
duplication of the sites on viral RNA at which primers bind to initiate DNA
synthesis. The LTR sequences thus play central roles in reverse transcrip-
tion, in addition to being involved in the integration and subsequenttran-
scription of proviral DNA.

   
Host ™ Viral genes * Host
DNA@—ey s DNA

Provirus
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Like all DNA polymerases, reverse transcriptase requires a primer,
Whichin the case of retroviruses is a tRNA molecule boundata specific site
(the primer-bindingsite) close to the 5’ terminusof the viral RNA (Figure
5.50). Since DNA synthesis proceedsin the 5’ to 3’ direction, only a short

93

 

Figure 5.50 Generation of LTRs
during reverse transcription
LTRsconsist of three sequenceele-
ments: a short repeat sequence(R) of
about 20 nucleotides that is present at
both endsof the viral RNA; a sequence
uniqueto the 5’ end of viral RNA (U5);
and a sequence uniqueto the 3’ end of
viral RNA (U3). Repeats of these se-
quences are generated during DNA
synthesis as reverse transcriptase
jumps twice between the endsofits
template. Synthesis is initiated using a
tRNAprimer boundto a primer-bind-
ing site (PBS) adjacent to USatthe 5’
end of the viral RNA. The polymerase
copies R, and the RNAstrand of the
RNA-DNAhybrid is then degraded by
RNase H. The polymerase then jumps
to the 3’ end of the viral RNA in order

to synthesize a complete DNAstrand
complementary to the RNA template.
The polymerase jumps again during
synthesis of the second strand of DNA,
whichis also initiated by a primer
boundclose to the 5’ end ofits tem-

plate. The result of these jumpsis the
formation of LTRs that contain U3-R-

U5 sequences.
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piece of DNAis synthesized before reverse transcriptase reaches the end of
its template. Continuation of DNA synthesis then dependsontheability of
reverse transcriptase to “jump”to the 3’ end of the template RNA molecule.
This is accomplished via an RNase H activity of reverse transcriptase,
which degrades the RNA strand of DNA-RNAhybrids. Asa result, the
newly synthesized DNAis converted to a single-stranded molecule, which
can hybridize to a short repeated sequence present at both the 5’ and the 3’
endsof the viral RNA. DNA synthesis can then continue, yielding a single-
stranded DNA complementary to viral RNA. Synthesis of the opposite
strand of DNAis initiated by a fragmentof viral RNAthatacts as a primer,
at a site near the 3’ end of the template DNAstrand. Again theresult is a
short piece of DNA, whichincludes the primer-bindingsite copied from the
tRNAusedas theinitial primer for reverse transcription. The primer-bind-
ing sequence of the tRNA is then degraded by RNase H,leaving an over-
hanging DNAstrand that again “jumps”to pair with its complementary
sequenceat the other end of the template. DNA synthesis can then continue
once more, finally yielding a linear DNA with LTRsat both ends.

The linear viral DNAintegrates into the host cell chromosomeby a
process that resembles the integration of DNA transposable elements.Inte-
gration is catalyzed byaviral integrase and occurs at manydifferent target
sequences in cellular DNA. The integrase cleaves two bases from the ends
of viral DNA and introduces a staggered cutat the target site in cellular
DNA.The overhanging endsof cellular DNA are then joined to the termini
of viral DNA,and the gapis filled by DNA synthesis. The integrated
provirusis therefore flanked by a direct repeat of cell sequences, similar to
the repeats that flank DNA transposons.

The viral life cycle continues with transcription of the integrated
provirus, which yields viral genomic RNA as well as mRNAsthat direct the
synthesis of viral proteins (including reverse transcriptase and integrase).
The genomic RNAis then packagedinto viral particles, which are released
from the host cell. These progeny viruses can infect a new cell, initiating
another round of DNA synthesis and integration. The net effect can be
viewed as the movementof the provirus from one chromosomalsite to
another, via the synthesis and reverse transcription of an RNA intermediate.

Other retrotransposonsdiffer from retroviruses in that they are not pack-
aged into infectious particles and therefore cannot spread from onecell to
another. However, these retrotransposons can move to new chromosomal
sites within the samecell, via mechanisms fundamentally similar to those
involvedin retrovirus replication.

Someretrotransposons(called retrovirus-like elements or LTR retro-
transposons)are structurally similar to retroviruses (Figure 5.51). Retro-
transposonsof this type account for about 8% of the human genome. They

Yeast Ty1

  
Lo = Protein-coding sequences 2 

< 5.9 kb >

Figure 5.51 Structure of a LTR retrotransposon
The yeast Ty1 transposable element displays the same organizationasa retrovirus.
Protein-coding sequences, including genes for reverse transcriptase and integrase,
are flanked by LTRs(called 6 elements) of about 330 base pairs (bp). The integrated
transposonis flanked by short direct repeats of target-site DNA.
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have LTR sequencesat both ends; they encodereverse transcriptase and
integrase; and they transpose(like retroviruses) via transcription into RNA,
synthesis of anew DNA copybyreverse transcriptase, and integration into
cellular DNA.

The non-LTRretrotransposonsdiffer from retroviruses in that they do
not contain LTR sequences, although they do encode their own reverse
transcriptase. In mammals, the major class of these retrotransposons con-
sists of the highly repetitive long interspersed elements (LINEs), which are
repeated approximately 850,000 times in the genome and accountfor about
21% of genomic DNA(see Chapter 4). A full-length LINE elementis 6 to 7
kb long, although most membersof the family are truncated at their 5’ end
(Figure 5.52). At their 3’ end, LINEs havetracts of A-rich sequences thought
to be derived by reverse transcription of the poly-A tails that are added to
mRNAsfollowing transcription (see Chapter 6). Like other transposable
elements, LINEs are flanked by short direct repeats of the target-site DNA,
indicating that integration involves staggered cuts and repair synthesis.

Since LINEs do not contain LTR sequences, the mechanism oftheir
reverse transcription and subsequent integration into chromosomal DNA
mustdiffer from that of retroviruses and LTR-containing retrotransposons.
In particular, reverse transcription is primed by a broken end of chromoso-
mal DNAattheintegration target site, resulting from cleavage of the target
site DNA by a nuclease encodedby the retrotransposon (Figure 5.53).
Reverse transcription then initiates within the poly-A tract at the 3’ end of
the transposon RNA and continues along the molecule. The opposite strand
of DNAis synthesized using the other broken end of target-site DNA as
primer, resulting in simultaneous synthesis and integration of the retro-
transposon DNA.

Other sequence elements, which do not encodetheir ownreverse tran-
scriptase, also transpose via RNA intermediates. These elementsinclude the

| highly repetitive short interspersed elements (SINEs), of which there are
approximately 1.5 million copies in mammalian genomes (see Chapter4).
The major family of these elements in humansconsists of the Alu sequences,
which are about 300 bases long. These sequences have A-richtractsat their
3’ end and are flanked by short duplications of target-site DNA sequences, a
structure similar to that of non-LTR retrotransposons(e.g., LINEs). SINEs
arose by reverse transcription of small RNAs, including tRNAsand small
cytoplasmic RNAsinvolvedin protein transport. Since SINEs no longer
encode functional RNA products, they represent pseudogenesthat arose via
RNA-mediated transposition. Pseudogenes of many protein-coding genes
(called processed pseudogenes) have similarly arisen by reverse transcrip-
tion of mRNAs(Figure 5.54). Such processed pseudogenesare readily recog- :
nized not only because they terminate in an A-rich tract but also because the |

  
~ Reverse transcriptase
 
€ 6 kb >

Figure 5.52. Structure of human LINEs
LINEslack LTRs, but they do encodereverse transcriptase. They havetracts of A-
rich sequences (designated A,) at their 3’ ends, which are thoughtto arise from re-
verse transcription of poly-A tails added to the 3’ end of mRNAs.Likeother trans-
Posable elements, LINEsare flanked by short direct repeats of target-site DNA.
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Figure 5.53 Modelfor reverse tran-
scription and integration of LINEs
Target site DNAis cleaved by a nucle-
ase encodedbythe retrotransposon.
Reversetranscription, primed by a bro-
ken end of the target DNA,initiates
within the poly-Atail at the 3’ end of
retrotransposon RNA.Synthesis of the
opposite strand of retrotransposon
DNAissimilarly primed by the other
strand of DNA atthetargetsite.
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introns presentin the corresponding normal gene have been removed dur-
ing mRNAprocessing. The transposition of SINEs andof other processed
pseudogenesis thought to proceed similarly to the transposition of LINEs.
However, since these elements donotinclude genesfor reverse transcriptase
or a nuclease, their transposition presumably involves the action of reverse
transcriptases and nucleases that are encoded elsewhere in the genome—
probably by other retrotransposons, such as LINEs.

Although the highly repetitive SINEs and LINEsaccountfor a significant
fraction of genomic DNA,their transpositions to randomsites in the
genomearenotlikely to be usefulfor the cell in whichthey are located.
These transposons induce mutations whenthey integrate at a new target
site, and like mutations induced by other agents, most mutations resulting
from transposon integration are expected to be harmfulto thecell. Indeed,
mutations resulting from the transposition of both LINEs and SINES have
beenassociated with somecases of hemophilia, muscular dystrophy, breast
cancer, and colon cancer. On the other hand, some mutations resulting from
the movementof transposable elements maybebeneficial, contributing in a
positive way to evolution of the species. For example, someretrotrans-
posons in mammalian genomes have been foundto contain regulatory
sequences that control the expression of adjacent genes.

In addition to their role as mutagens, retrotransposons have played a
major role in shaping the genomeby stimulating DNA rearrangements. For
example, rearrangements of chromosomal DNAcanresult from recombina-
tion between LINEsintegrated at different sites in the genome. Moreover,
sequencesof cellular DNA adjacent to LINEsare frequently carried along
during the process of transposition. Consequently, the transposition of
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LINEscanresult in the movement of cellular DNA sequences to new
genomic sites. Since LINEs can integrate into active genes, the associated
transposition of cellular DNA sequencescanlead to the formation of new
combinations of regulatory and/or coding sequences and contribute directly
to the evolution of new genes.

The vast majority of the transposable elements in the human genomeare
inactive, with only about 100 copies of LINEsstill retaining the protein-cod-
ing sequences required for their transposition. All of the human DNAtrans-
posons and most retrotransposonsthus represent evolutionaryrelics rather
than currently functional elements. However, this is not the case in other
species, including Arabidopsis, C. elegans, Drosophila, and mice, which have a
much higherlevel of ongoing transposonactivity. In the mouse, for example,
LTR retrotransposons, LINEs, and SINEsareall active. As a consequence,it
is estimated that about 10%of all mutations in miceare the result of trans-

posons, compared to only about 1 in 600 mutationsin humans. Thereis thus
a dramatic and intriguing difference in transposon activity between mice
and humans, the explanation for which remains to be determined.

Gene Amplification
The DNArearrangements that have beendiscussed sofar alter the position of
a DNA sequence within the genome. Gene amplification may be viewed as
a different type of alteration in genomestructure;it increases the numberof
copies of a gene within a cell. Gene amplification results from repeated
rounds of DNAreplication, yielding multiple copies of a particular region
(Figure 5.55). The amplified DNA sequences can be foundeitheras free extra-
chromosomal molecules or as tandem arrays of sequences within a chromo-
some. In either case, the result is increased expression of the amplified gene,
simply because morecopies of the gene are available to be transcribed.

Tn somecases, gene amplification is responsible for developmentally
Programmed increases in gene expression. The prototypical exampleis
amplification of the ribosomal RNA genes in amphibian oocytes (eggs).
Eggs are extremely large cells, with correspondingly high requirements for
Protein synthesis. Amphibian oocytesin particular are about a million times
arger in volumethan typical somatic cells and must support large amounts

of protein synthesis during early development. This requires increased syn-
thesis of ribosomal RNAs, whichis accomplished in part by amplification

Figure 5.54 Formation of a
processed pseudogene
The gene illustrated contains three
exons, separated by twointrons. The
introns are removed from the primary
transcript by splicing, and a poly-Atail
is added to the 3’ end of the mRNA.

Reverse transcription and integration
then yield a processed pseudogene,
which does not contain introns and has
an A-rich tractat its 3’ end. The pro-
cessed pseudogeneis flanked by short
direct repeats of target-site DNA that
were generated during its integration.
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Figure 5.55 DNA amplification
Repeated rounds of DNAreplication
yield multiple copies of a particular
chromosomalregion.
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of the ribosomal RNAgenes. As discussed in Chapter4, there are already
several hundred copies of ribosomal RNAgenes per genome,so that
enough ribosomal RNAcanbe produced to meet the needs of somatic cells.
In amphibian eggs, these genes are amplified an additional 2000-fold,
to approximately 1 million copies per oocyte. Another example of pro-
grammed gene amplification occurs in Drosophila, where the genesthat
encode eggshell proteins (chorion genes) are amplified in ovarian cells to
support the requirement for large amounts of these proteins. Like other pro-
grammedgene rearrangements, however, gene amplification is a relatively
infrequent event that occursin highly specializedcell types;it is not a com-
mon mechanism of gene regulation.

Gene amplification also occurs as an abnormaleventin cancercells,
whereit results in the increased expression of genes that contribute to
uncontrolled cell growth. Such gene amplification wasfirst recognized in
cancercells that had becomeresistant to methotrexate, a drug commonly
used in cancer chemotherapy. Methotrexate inhibits the enzyme dihydrofo-
late reductase, whichis involved in the synthesis of dTTP andis therefore
required for DNA synthesis. Resistance to methotrexate frequently devel-
ops by amplification of the dihydrofolate reductase gene, leading to
increased production of the enzyme and consequently theloss ofeffective
inhibition by methotrexate. In addition, gene amplification in cancercells
frequently resultsin the increased expression of genesthat drivecell prolif-
eration (oncogenes) and thereby directly contributes to tumor development
(see Chapter 15). For example, amplification of the oncogene erbB-2is fre-
quently involved in humanbreast cancers. Thus, as with other types of
DNArearrangements, gene amplification can haveeither beneficialor dele-
terious consequencesfor the cell or organism in whichit occurs.
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SUMMARY 

DNA REPLICATION

DNA Polymerases: Different DNA polymerasesplay distinct roles in
DNAreplication and repair in both prokaryotic and eukaryotic cells. All
known DNApolymerases synthesize DNAonly in the 5’ to 3’ direction
by the addition of dNTPs to a preformed primer strand of DNA.

The Replication Fork: Parental strands of DNA separate and serve as
templates for the synthesis of two newstrandsat the replication fork.
One new DNAstrand(the leading strand) is synthesized in a continuous
manner; the other strand (the lagging strand) is formed by the joining of
small fragments of DNAthat are synthesized backward with respect to
the overall direction of replication. DNA polymerases and various other
proteins act in a coordinated mannerto synthesize both leading and lag-
ging strands of DNA.

The Fidelity ofReplication: DNA polymerasesincrease the accuracy of
replication both by selecting the correct base for insertion and by proof-
reading newly synthesized DNAto eliminate mismatched bases.

Origins and the Initiation of Replication: DNAreplication starts at spe-
cific origins of replication, which contain bindingsites for proteins that
initiate the process.

Telomeres and Telomerase: Replicating the Ends of Chromosomes: Telo-
meric repeat sequencesat the ends of chromosomesare replicated by the
action of a reverse transcriptase (telomerase) that carries its own tem-
plate RNA.

DNA REPAIR

Direct Reversal of DNA Damage: A few types of common DNAlesions,
such as pyrimidine dimers and alkylated guanine residues, are repaired
by direct reversal of the damage.

Excision Repair: Most types of DNA damageare repaired by excision of
the damaged DNA.Theresulting gapis filled by newly synthesized
DNA,using the undamaged complementary strand as a template. In
base-excision repair, specific types of single damaged bases are removed
from the DNA molecule. In contrast, nucleotide excision repair systems
recognize a widevariety of lesions that distort the structure of DNA and
remove the damagedbases aspartof an oligonucleotide. A third excision
repair system specifically removes mismatched bases from newly syn-
thesized DNAstrands.

Error-Prone Repair: Specialized DNA polymerases are capable ofrepli-
cating DNA across from a site of DNA damage, althoughtheaction of
these polymerases results in a high frequencyof incorporation of incor-
rect bases.

Recombinational Repair: Damaged DNA can bereplaced by recombina-
tion with an undamaged molecule. This mechanism plays an important
tole in repairing damage encountered during DNAreplication as well as
in the repair of double strand breaks.
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Holliday junction

RecA
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transposition, transposable
element, transposon

retrotransposon,retrovirus,
reverse transcriptase, long

terminal repeat (LTR), LINE, SINE,
processed pseudogene
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Questions

1. Discuss the roles played by the differ-
ent DNA polymerasesin E.coli.

RECOMBINATION BETWEEN HOMOLOGOUSDNA SEQUENCES

DNA Molecules Recombine by Breaking and Rejoining: The molecular
mechanism of recombination involves the breaking and rejoining of
parental DNA molecules.

Models ofHomologous Recombination: Alignment between homolo-
gous DNA molecules is provided by complementary base pairing.
Nicked strands of parental DNA invadethe other parental molecule,
yielding a crossed-strand intermediate knownas a Holliday junction.
Recombinant molecules are then formed by cleavage andrejoining of the
crossed strands.

Enzymes Involved in Homologous Recombination:Thecentral enzyme
of homologous recombination is RecA, which catalyzes the exchange of
strands between homologous DNAs. Other enzymes nick and unwind
parental DNAsandresolve Holliday junctions.

DNA REARRANGEMENTS

Site-Specific Recombination: Site-specific recombination takes place
between specific DNA sequencesthat are recognized by proteins that
mediate the process. In vertebrates, site-specific recombinationplays a
critical role in generating immunoglobulin andTcell receptor genes dur-
ing developmentof the immune system.

Transposition via DNA Intermediates: Most DNA transposons move
throughout the genomewith no requirementfor specific DNA sequences
at their sites of insertion. In yeasts and protozoans, however, the trans-
position of some DNAsequencesto specific target sites results in pro-
grammed DNArearrangements that regulate gene expression.

Transposition via RNA Intermediates: Most transposonsin eukaryotic
cells move byreverse transcription of RNA intermediates, similar to the
replication of retroviruses. These retrotransposonsinclude the highly
repeated LINE and SINE sequences of mammalian genomes.

Gene Amplification: Gene amplification results from repeated replica-
tion of a chromosomalregion. In somecases, gene amplification provides
a mechanism for increasing gene expression during development. Gene
amplification also frequently occurs in cancercells, where it can result in
the elevated expression of genesthat contribute to uncontrolled cell pro-
liferation.

5pHt

4, How would you test a sequence of 6. How does DNAsynthesis begin at an
DNAina yeast cell to see whether itcon- origin of replication?
tains an origin of replication or autono-

 

 

7. How doestelemerase extend the ends
of chromosomes to compensatefor the

5. Why does the human genome contain_inability of DNA polymerase to complete
3. Comparethe action of topoisomerases_thousandsoforiginsof replication but DNAreplication at chromosome ends?
land II. the E. coli genome contain only one?

2. Whatis an Okazaki fragment? How do mousy replicating sequence (ARS)?
they becomea continuous strand?
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g. Explain the process of nucleotide exci-
sion repair.

9, How canacell repair a double strand
break in its DNA?

10. How is breast cancer related to a
DNArepair mechanism?

41. Patients with xeroderma pigmento-
sum suffer an extremely high incidence

Replication, Maintenance, and Rearrangements of Genomic DNA

of skin cancer but have not been found to

have correspondingly high incidences of
cancers of internal organs(e.g., colon
cancer). What might this suggest about
the kinds of DNA damage responsible
for most internal cancers?

12. What phenotype would you predict
for a mutant mouse lacking one of the
genes required for site-specific recombi-
nation in lymphocytes?
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HAPTERS 4 AND 5 DISCUSSED THE ORGANIZATION and maintenance of

genomic DNA, which can be viewedastheset of genetic instructions
governingall cellular activities. These instructions are implemented via

the synthesis of RNAsand proteins. Importantly, the behaviorof a cell is deter-
mined not only by whatgenesit inherits, but also by which of those genes are
expressed at any given time. Regulation of gene expression allowscells to adapt
to changesin their environments andis responsible for the distinct activities of
the multiple differentiated cell types that make up complex plants and animals.
Muscle cells and liver cells, for example, contain the same genes; the functions of
these cells are determined not by differences in their genomes, but by regulated
patterns of gene expression that govern development and differentiation.

Thefirst step in expression of a gene, the transcription of DNA into RNA,is
the primary level at which gene expression is regulated in both prokaryotic and
eukaryotic cells. RNAs in eukaryotic cells are then modified in various ways—
for example, introns are removed bysplicing—to convert the primary transcript
into its functional form. Different types of RNA play distinct roles in cells: Mes-
senger RNAs (mRNAs)serve as templates for protein synthesis; ribosomal
RNAs(rRNAs)and transfer RNAs (tRNAs) function in mRNAtranslation. Still
other small RNAsfunction in gene regulation, mRNAsplicing, rRNA process-
ing, and protein sorting in eukaryotes. Transcription and RNA processing are
discussed in this chapter. The final step in gene expression,the translation of
mRNAto protein, is the subject of Chapter7.

Transcription in Prokaryotes
As in mostareas of molecular biology, studiesofE. coli have provided the model
for subsequentinvestigations of transcription in eukaryotic cells. As reviewed in
Chapter 3, mRNA wasdiscoveredfirst in E. coli. E. coli was alsothefirst organ-
ism from which RNApolymerase waspurified and studied. The basic mecha-
nisms by which transcription is regulated were likewise elucidated by pioneer-
ing experiments in E. coli, in which regulated gene expression allowsthecell to
respondtovariations in the environment, such as changesin the availability of
nutrients. An understanding of transcription in E. coli has thus provided the
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Figure 6.1 £.coliRNA polymerase
The complete enzymeconsists of six
subunits: two a, one B,one f’, one @,
and one o. The o subunitis relatively
weakly bound and can be dissociated
from the other five subunits, which

constitute the core polymerase.

foundation for studies of the far more complex mechanismsthat regulate
gene expression in eukaryotic cells.

RNA Polymerase andTranscription
The principal enzymeresponsible for RNA synthesis is RNA polymerase,
which catalyzes the polymerization of ribonucleoside 5’-triphosphates
(NTPs)as directed by a DNA template. The synthesis of RNAis similar to
that of DNA, and like DNA polymerase, RNA polymerasecatalyzes the
growth of RNA chains always in the 5’ to 3’ direction. Unlike DNA poly-
merase, however, RNA polymerase does not require a preformed primerto
initiate the synthesis of RNA.Instead, transcription initiates de novo at spe-
cific sites at the beginning of genes. Theinitiation processis particularly
important becausethis is a major step at which transcription is regulated.

RNA polymerase,like DNA polymerase, is a complex enzyme made up
of multiple polypeptide chains. Theintact bacterial enzymeconsists of five
different types of subunits, called a, B, 8’, a, and o (Figure 6.1). The o sub-
unit is relatively weakly bound and can be separated from the other sub-
units, yielding a core polymerase consisting of two a, one B, one f’ and one
@ subunits. The core polymeraseis fully capable of catalyzing the poly-
merization of NTPs into RNA,indicating that o is not required for the basic
catalytic activity of the enzyme. However, the core polymerase does not
bind specifically to the DNA sequencesthat signal the normalinitiation of
transcription; therefore, the o subunit is required to identify the correctsites
for transcription initiation. Theselection of thesesites is a critical elementof
transcription because synthesis of a functional RNA muststartat the begin-
ning of a gene.

The DNAsequence to which RNA polymerase bindsto initiate tran-
scription of a geneis called the promoter. The DNA sequencesinvolved in
promoter function werefirst identified by comparisonsof the nucleotide
sequencesofa series of different genes isolated from E. coli. These compar-
isons revealed that the region upstream of the transcriptioninitiation site
contains two sets of sequencesthatare similar in a variety of genes. These
common sequences encompasssix nucleotides each, and are located
approximately 10 and 35 base pairs upstream ofthe transcription start site
(Figure 6.2). They are called the -10 and -35 elements, denoting their posi-
tion relative to the transcription initiation site, which is defined as the +1
position. The sequencesat the -10 and —35positions in different promoters
are not identical, but theyare all similar enoughto establish consensus
sequences—the bases most frequently found at each position.

Several types of experimental evidence support the functional impor-
tance of the -10 and -35 promoter elements. First, genes with promoters
that differ from the consensus sequences are transcribedless efficiently than
genes whose promoters match the consensus sequences more closely. Sec-
ond, mutations introduced in either the -35 or -10 consensus sequences
havestrong effects on promoterfunction. Third, the sites at which RNA

 

 
35 -10 +1

Ly Transcription
i i t sit!Figure 6.2 Sequencesof E. coli promoters startle

E. coli promoters are characterized by two sets of sequenceslocated 10 and 35 base
pairs upstream ofthe transcription startsite (+1). The consensus sequences shown
correspondto the bases most frequently found in different promoters.
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polymerase binds to promoters have been directly identified by footprint-
ing experiments, which are widely used to determine thesites at which pro-
teins bind to DNA(Figure 6.3). In experiments of this type, a DNA fragment
is radiolabeled at one end. The labeled DNAis incubated with the protein
of interest (e.g., RNA polymerase) and then subjected to partial digestion
with DNase. The principle of the methodis that the regions of DNA to
whichthe protein binds are protected from DNasedigestion. These regions
can therefore be identified by comparison of the digestion products of the
protein-bound DNAwiththoseresulting from identical DNase treatmentof
a parallel sample of DNAthat wasnotincubated with protein. Variations of
this basic method, which employ chemical reagents to modify and cleave
DNAatparticular nucleotides, can be used to identify the specific DNA
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Figure 6.3 DNA footprinting
Asample containing fragments of
DNAradiolabeled at one endis divid-

ed into two, and onehalf of the sample
is incubated with a protein that binds
to a specific DNA sequence within the
fragment. Both samplesare then di-
gested with DNase, under conditions
such that the DNase introduces an av-

erage of one cut per molecule. The re-
gion of DNA boundtotheprotein is
protected from DNasedigestion. The
DNA-protein complexes are then de-
natured, and thesizes of the radiola-
beled DNA fragments produced by
DNasedigestion are analyzed by elec-
trophoresis (as for DNA sequencing).
Fragments of DNAresulting from
DNasecleavage within the region pro-
tected by protein binding are missing
from the sample of DNAthat wasincu-
bated with protein.
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Figure 6.4 Transcription by E. coli
RNA polymerase
The polymeraseinitially binds non-
specifically to DNA and migrates along
the molecule until the o subunit binds

to the -35 and -10 promoter elements,

bases that are in contact with protein. Such footprinting analysis has shown
that RNA polymerase generally binds to promoters over approximately 4

forming a closed-promoter complex. 60-base-pair region, extending from -40 to +20 (i.e., from 40 nucleotides
The polymerase then unwinds DNA upstream to 20 nucleotides downstream of the transcriptionstart site). The
aroundtheinitiation site, and tran- o subunit binds specifically to sequences in both the -35 and —10 promoter
scription is initiated by the polymeriza-
tion of free NTPs. The o subunit then

dissociates from the core polymerase,

regions, substantiating the importance of these sequences in promoter func
tion. In addition, someE. coli promoters have a third sequence, located

which migrates along the DNA and upstream of the -35 region, that serves as a specific binding site for the
elongates the growing RNA chain. RNA polymerase o subunit.
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In the absence of o, RNA polymerase binds nonspecifically to DNA with
low affinity. The role of o is to direct the polymerase to promoters by bind-
ing specifically to both the -35 and -10 sequences,leadingto the initiation
of transcription at the beginning of a gene (Figure 6.4). Theinitial binding
between the polymerase and a promoteris referred to as a closed-promoter
complex because the DNAis not unwound. The polymerase then unwinds
14 bases of DNA,from ~12 to +2, to form an open-promoter complex in
which single-stranded DNAis available as a template for transcription.
Transcription is initiated by the joining of two free NTPs. After addition of
aboutthefirst 10 nucleotides, o is released from the polymerase, which then
leaves the promoter and movesalong the template DNAto continue elon-
gation of the growing RNAchain.

During elongation, the polymerase remains associated with its template
while it continues synthesis of mRNAs. Asit travels, the polymerase
unwinds the template DNA aheadof it and rewinds the DNAbehindit,
maintaining an unwoundregion of about 15 base pairsin the region of tran-
scription. High resolution structural analysis of bacterial RNA polymerase
indicates that the B and PB’ subunits form a crab claw-like structure that
grips the DNA template (Figure 6.5). An internal channel betweenthe and
f’ subunits accommodates approximately 20 base pairs of DNA and con-
tains the polymeraseactivesite.

RNAsynthesis continues until the polymerase encounters a termination
signal, at which point transcription stops, the RNAis released from the
polymerase, and the enzymedissociates from its DNA template. The sim-
plest and most commontype of termination signal in E. coli consists of a
symmetrical inverted repeat of a GC-rich sequence followed by four or
more A residues (Figure 6.6). Transcription of the GC-rich inverted repeat
results in the formation of a segment of RNAthat can form a stable stem-
loop structure by complementary base pairing. The formation of such a self-
complementary structure in the RNA disrupts its association with the DNA
template and terminates transcription. Because hydrogen bonding between
AandU is weaker than that between G and C,the presence of A residues
downstream of the inverted repeat sequencesis thoughtto facilitate the dis-
sociation of the RNA from its template. Other types of transcription termi-
nation signals, in both prokaryotic and eukaryotic cells, depend on the
binding of proteins that terminate transcription to specific DNA sequences,
rather than on the formation of a stem-loop structure in the RNA.

Figure 6.5 Structure of bacterial RNA polymerase
The @ subunits of the polymerase are colored dark green and
light green, 8 blue, B’ pink, and @ yellow. (Courtesy of Seth
Darst, Rockefeller University.)
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Figure 6.6 Transcription termination
The terminationof transcriptionis sig-
naled by a GC-rich inverted repeat fol-
lowedbyfourA residues. The inverted
repeat formsa stable stem-loop struc-
ture in the RNA,causing the RNAto
dissociate from the DNA template.
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Figure 6.7 Metabolism oflactose
B-galactosidase catalyzes the hydroly-
sis of lactose to glucose and galactose.
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Repressors and Negative ControlofTranscription
The pioneering studies of gene regulation in E. coli were carried out by
Francois Jacob and Jacques Monodin the 1950s. These investigators and
their colleagues analyzed the expression of enzymesinvolved in the metab-
olism of lactose, which can be used as a source of carbonand energy via
cleavage to glucose and galactose (Figure 6.7). The enzymethat catalyzes
the cleavage of lactose (8-galactosidase) and other enzymes involvedin lac-
tose metabolism are expressed only whenlactose is available for use by the
bacteria. Otherwise, the cell is able to economize by not investing energy in
the synthesis of unnecessary RNAsand proteins. Thus, lactose induces the
synthesis of enzymesinvolved in its own metabolism.In addition to requir-
ing B-galactosidase, lactose metabolism involves the products of two other
closely linked genes: lactose permease, which transports lactose into the
cell, and a transacetylase, which is thought to inactivate toxic thiogalacto-
sides that are transported into the cell along with lactose by the permease.
Onthebasis of purely genetic experiments, Jacob and Monod deducedthe
mechanism by which the expression of these genes wasregulated, thereby
formulating a model that remains fundamental to our understanding of
transcriptional regulation.

The starting point in this analysis was theisolation of mutants that were
defective in regulation of the genes involvedin lactose utilization. These
mutants were of two types: constitutive mutants, which expressed all three
genes even whenlactose wasnot available, and noninducible mutants,
which failed to express the genes evenin the presence oflactose. Genetic
mappinglocalized these regulatory mutants to two distinctloci, called 0
andi, with o located immediately upstream of the structural gene for
B-galactosidase. Mutationsaffecting o resulted in constitutive expression
mutants of i were either constitutive or noninducible.

The function of these regulatory genes was probed by experiments i?
which twostrainsof bacteria were mated, resulting in diploid cells contait”
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Parent bacteria

Inducible Constitutive Inducible Constitutive

Diploids

 
z' inducible

inducible zZ* constitutive
Both z! and z?

ing genes derived from both parents (Figure 6.8). Analysis of gene expres-
sion in such diploid bacteria providedcritical insights by defining which
alleles of these regulatory genes are dominant and which recessive. For
example, when bacteria containing a normali gene (i*) were mated with
bacteria carrying an i gene mutation resulting in constitutive expression (an
i mutation), the resulting diploid bacteria displayed normal inducibility;
therefore, the normal it gene was dominant over the * mutant. In contrast,
matings between normalbacteria and bacteria with an o° mutation (consti-
tutive expression) yielded diploids with the constitutive expression pheno-
type, indicating that o° is dominant over o*. Additional experiments in
which mutations in o and i were combined with different mutations in the

structural genes showedthato affects the expression of only the genesto
whichit is physically linked, whereasi affects the expression of genes on
both chromosomecopies in diploid bacteria. Thus, in an 0°/o* cell, only the
structural genesthat are linked to o‘ are constitutively expressed. In con-
trast, in an i*/7cell, structural genes on both chromosomesare regulated
normally. These results led to the conclusion that 0 represents a region of
DNAthat controls the transcription of adjacent genes, whereas the i gene
encodes a regulatory factor (e.g., a protein) that can diffuse throughout the
cell and control genes on both chromosomes.

The model of gene regulation developed on the basis of these experi-
ments is illustrated in Figure 6.9. The genes encoding f-galactosidase, per-
mease, and transacetylase are expressed as a single unit, called an operon.
Transcription of the operon is controlled by o (the operator), which is adja-
cent to the transcription initiation site. The i gene encodesa protein that reg-
ulates transcription by bindingto the operator. Since imutants (whichresult
in constitutive gene expression) are recessive, it was concluded that these
mutants failed to make a functional gene product. This result implies that
the normali gene productis a repressor, whichblocks transcription when
boundto o. The addition of lactose leads to induction of the operon because
lactose binds to the repressor, thereby preventing it from bindingto the oper-
ator DNA.In noninducible i mutants (which are dominant overi*), the
tepressor fails to bind lactose, so expression of the operon cannot be
induced.

The model neatly fits the results of the genetic experiments from whichit
wasderived. Inicells, the repressor is not made, so the lac operon is con-
Stitutively expressed. Diploid i*/i- cells are normally inducible, since the
functional repressor is encodedbythei* allele. Finally, in o° mutants a func-
tional operator has beenlost and the repressor cannot be bound. Conse-
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Figure 6.8 Regulation of
B-galactosidasein diploid E. coli
The mating of two bacterial strainsre-
sults in diploid cells that contain genes
from both parents. In these examples,
it is assumed that the genes encoding
B-galactosidase (the z genes) can be
distinguished on the basisof structural
gene mutations, designated z! and z?.
In an i*/idiploid (left), both structural
genesare inducible; therefore, i* is
dominant over i and affects expres-
sion of z genes on both chromosomes.
In contrast, in an o°/o* diploid (right),
the z genelinked to o° is constitutively
expressed, whereasthat linked to o* is
inducible. Therefore, 0 affects expres-
sion of only the adjacent z gene on the
same chromosome.
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Transcription Figure 6.9 Negativecontrol
blocked of the Jac operon

Repressor lac mRNA

{— @© Lactose
inactive repressor

 
 

The i gene encodesa repressor which,
in the absenceof lactose (top), binds to
the operator (0) and interferes with the
binding of RNA polymeraseto the
promoter, blocking transcription of the
three structural genes(z, B-galactosi-
dase; y, permease; anda, transacety-
lase). Lactose induces expression of the
operon by bindingto the repressor
(bottom), which prevents the repressor
from binding to the operator. P = pro-
moter; Pol = polymerase. 

quently, o° mutants are dominant butaffect the expression only oflinked
structural genes.

Confirmation of this basic model has since come fromavariety of exper-
iments, including Walter Gilbert’s isolation, in the 1960s,of the lac repressor
and analysisof its binding to operator DNA. Molecular analysis has
defined the operator as approximately 20 base pairs of DNA, starting a few
bases before the transcriptioninitiation site. Footprinting analysis has iden-
tified this region as the site to which the repressor binds, blocking tran-
scription by interfering with the binding of RNA polymeraseto the pro-
moter. As predicted, lactose bindsto the repressor, which then no longer
binds to operator DNA.Alsoas predicted, o° mutations alter sequences
within the operator, thereby preventing repressor binding andresulting in
constitutive gene expression.

The central principle of gene regulation exemplified by the lactose
operonis that control of transcription is mediated by theinteraction of reg-
ulatory proteins with specific DNA sequences. This general modeof regu-
lation is broadly applicable to both prokaryotic and eukaryotic cells. Regu-
latory sequenceslike the operatorare called cis-acting control elements,
because they affect the expression of only linked genes on the same DNA
molecule. On the other hand, proteins like the repressor are called trans-
acting factors because they can affect the expression of genes located on
other chromosomes within the cell. The lac operon is an example of nega-
tive control because bindingof the repressor blocks transcription. This,
however,is not always the case; many trans-acting factors are activators
rather than inhibitors of transcription.

Positive Control ofTranscription
The best-studied example of positive controlin E.coli is the effect of glucose
on the expression of genes that encode enzymes involvedin the breakdown
(catabolism) of other sugars (including lactose) that provide alternative
sources of carbon and energy. Glucoseis preferentially utilized, so as long
as glucoseis available, enzymes involved in catabolism of alternative
energy sources are not expressed. For example, if E. coli are grown in
medium containing both glucose andlactose, the Jac operon is not induced
and only glucose is used by the bacteria. Thus, glucose represses the lac
operon even in the presenceof the normal inducer (lactose).

Glucose repression (generally called catabolite repression) is now
knownto be mediatedbya positive control system, which is coupled to lev-
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Figure 6.10 Positive control of the fac operon by glucose
Lowlevels of glucose activate adenylyl cyclase, which converts ATP to cyclic AMP
(cAMP). Cyclic AMP then bindsto the catabolite activator protein (CAP) and stim-
ulates its binding to regulatory sequences of various operons concerned with the
metabolism ofalternative sugars, such as lactose. CAP interacts with the @ subunit
of RNA polymeraseto facilitate the binding of polymeraseto the promoter.

els of cyclic AMP (cAMP) (Figure 6.10). In bacteria, the enzyme adenylyl
cyclase, which converts ATP to cAMP,is regulated such thatlevels of
cAMPincrease when glucose levels drop. cAMP then bindsto a transcrip-
tional regulatory protein called catabolite activator protein (CAP). The
binding of cAMPstimulates the binding of CAPto its target DNA se-
quences, whichin the lac operon are located approximately 60 bases
upstream of the transcription start site. CAP then interacts with the @ sub-
unit of RNA polymerase,facilitating the binding of polymeraseto the pro-
moter andactivating transcription.

Eukaryotic RNA Polymerases and General
Transcription Factors
Although transcription proceeds by the same fundamental mechanisms in
all cells, it is considerably more complex in eukaryotic cells than in bacteria.
This is reflected in two distinct differences between the prokaryotic and
eukaryotic systems.First, whereas all genes are transcribed by a single RNA
polymerasein bacteria, eukaryotic cells contain multiple different RNA
polymerases that transcribe distinct classes of genes. Second, rather than
binding directly to promoter sequences, eukaryotic RNA polymerases need
to interact with a variety of additional proteins to specifically initiate tran-
scription. This increased complexity of eukaryotic transcription presumably
facilitates the sophisticated regulation of gene expression needed to direct
the activities of the manydifferent cell types of multicellular organisms.

Eukaryotic RNA Polymerases
Eukaryotic cells contain three distinct nuclear RNA polymerasesthat tran-
scribe different classes of genes (Table 6.1). Protein-coding genesare tran-
scribed by RNA polymeraseII to yield mRNAs; ribosomal RNAs (rRNAs)
and transfer RNAs (tRNAs)are transcribed by RNA polymerases I and III.
RNA polymeraseI is specifically devoted to transcription of the three
largest species of rRNAs, which are designated 285, 185, and 5.85 according
to their rates of sedimentation during velocity centrifugation. RNA poly-
meraseIII transcribes the genes for tRNAs andfor the smallest species of
tibosomal RNA (5S rRNA). Someof the small RNAsinvolvedin splicing
and protein transport (snRNAs and scRNAs)arealso transcribed by RNA
PolymeraseIII, while others are polymeraseII transcripts. In addition, sep-
arate RNA polymerases (which are similar to bacterial RNA polymerases)
are found in chloroplasts and mitochondria, where they specifically tran-
Scribe the DNAsofthose organelles.
_ All three of the nuclear RNA polymerases are complex enzymes, consist-
ing of 12 to 17 different subunits each. Although they recognize different
Promoters and transcribe distinct classes of genes, they share several fea-
tures in common with each other as well as with bacterial RNA polymerase.
In particular, all three eukaryotic RNA polymerases contain nine conserved
Subunits, five of whichare related to the a, B, 8’, and @ subunitsof bacterial

 

 
TABLE 6.1 Classes of Genes

 

Transcribed by
Eukaryotic RNA
Polymerases

Type of RNA RNA
synthesized polymerase

Nuclear genes
mRNA I

tRNA Ul

tRNA

5.85, 185, 285 I
58 Il

snRNA and scRNA II and IIi*

Mitochondrial genes Mitochondrial!
Chloroplast genes Chloroplast?
# Somesmall nuclear (sn) and small cytoplas-
mic (sc) RNAsare transcribed by polymeraseII
and others by polymeraseIII.
’The mitochondrial and chloroplast RNA poly-
merasesare similar to bacterial enzymes.
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Figure 6.11 Structure of yeast RNA polymerase i
Individual subunits are distinguishedby colors.
(From P. D. Krameret al., 2001. Science 292: 1863.)

Chapter 6

 
RNApolymerase. Therecent determination of the structure of yeast RNA
polymeraseII by X-ray crystallography has further revealed that the archi-
tecture of this eukaryotic RNA polymeraseis strikingly similar to that of the
bacterial enzyme (Figure 6.11), suggesting that all RNA polymerasesutilize
fundamentally conserved mechanismsto transcribe DNA.

GeneralTranscription Factors andInitiation ofTranscription
by RNA PolymeraseII
Because RNA polymeraseII is responsible for the synthesis of mRNA from
protein-coding genes,it has been the focus of most studies of transcription
in eukaryotes. Early attempts at studying this enzyme indicated that its
activity is different from that of prokaryotic RNA polymerase. The accurate
transcription of bacterial genes that can be accomplished in vitro simply by
the addition of purified RNA polymerase to DNAcontaining a promoteris
not possible in eukaryotic systems. The basis of this difference was eluci-
dated in 1979, when Robert Roeder and his colleagues discovered that RNA
polymeraseII is able to initiate transcription only if additional proteins are
added to the reaction. Thus, transcription in the eukaryotic system
appeared to require distinct initiation factors that (in contrast to bacterial o
factors) were not associated with the polymerase.

Biochemicalfractionation of nuclear extracts subsequently led to the
identification of specific proteins(called transcription factors) that are
required for RNA polymeraseII to initiate transcription. Indeed, the identi-
fication and characterization of these factors represents a major part of
ongoing efforts to understand transcription in eukaryotic cells. Two general
typesof transcription factors have been defined. Generaltranscription fac-
tors are involved in transcription from all polymerase II promoters and
therefore constitute part of the basic transcription machinery. Additional
gene-specific transcription factors (discussedlater in the chapter) bind to
DNAsequencesthat control the expression of individual genes and are thus
responsible for regulating gene expression.It is estimated that about 5%of
the genesin the human genomeencodetranscription factors, emphasizing
the importanceof these proteins.

Five general transcription factors are requiredforinitiation of transcrip-
tion by RNA polymeraseII in reconstituted in vitro systems (Figure 6.12).
The promoters of many genes transcribed by polymerase II contain 4
sequence similar to TATAA 25 to 30 nucleotides upstream of the transcrip-
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Figure 6.12 Formation of a polymeraseIl
transcription complex
ManypolymeraseII promoters have a TATA box
(consensus sequence TATAA)25 to 30 nucleotides
upstream of the transcriptionstart site. This se-
quenceis recognized by transcription factor TFIID,
which consists of the TATA-binding protein (TBP)
and TBP-associated factors (TAFs). TFIJB(B) then
binds to TBP, followed by bindingof the poly-
merase in association with TFIIF(F). Finally,
TFIE(E) and TFIIH(H) associate with the complex.

tion start site. This sequence (called the TATA
box) resembles the —10 sequence element of
bacterial promoters, and the results of intro-
ducing mutations into TATAA sequences have
demonstrated their role in the initiation of tran-

scription. The first step in formation of a tran-
scription complex is the binding of a general
transcription factor called TFIID to the TATA
box (TF indicates transcriptionfactor; II indi-
cates polymeraseIJ). TFIID is itself composed
of multiple subunits, including the TATA-
binding protein (TBP), which binds specifi-
cally to the TATAA consensus sequence, and
approximately 10 other polypeptides, called
TBP-associated factors (TAFs). The binding of
TFIID is followed by recruitment of a second
general transcription factor (TFIIB), which
binds to TBP as well as to DNA sequencesthat
are present upstream of the TATA box in some
promoters (Figure 6.13). TFIIB in turn serves as
a bridge to RNA polymeraseII, which binds to
the TBP-TFIIB complex in association with a
third factor, TFIIF.

Following recruitment of RNA polymerase
I to the promoter, the binding of two addi-
tional factors (TFIIE and TFIIH) is required for
initiation of transcription. TFITH is a multisub-
unit factor that appearsto play at least two
importantroles. First, two subunits of TFITH
are helicases, which unwind DNAaround the
initiation site. (These subunits of TFITH are the
XPB and XPDproteins whichare also required
for nucleotide excision repair, as discussed in
Chapter 5.) Another subunit of TFIIH is a pro-
tein kinase that phosphorylates repeated
sequences present in the C-terminal domain of
the largest subunit of RNA polymerase II. The
polymerase II C-terminal domain (or CTD)
Consists of tandem repeats (27 repeats in yeast
and 52 in humans) of 7 amino acids with the
consensus sequence Tyr-Ser-Pro-Thr-Ser-Pro-
Ser. Phosphorylation of these amino acids
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Figure 6.13 Modelof the TBP-TFIIB
complex bound to DNA
The DNAis shownasa stick figure
consisting of yellow and green strands,
with thesite of transcription initiation
designated +1. TBP consists of two re-
peats,colored light blue and dark blue.
TFIIB repeats are colored orange and
magenta. Note that TBP binding bends
the DNAby approximately 110°. (From
D. B. Nikolovet al., 1995. Nature 377:
119.)

—————————Ne

 
releases the polymerasefrom its association with the preinitiation complex,
andleadsto the recruitmentof other proteins that allow the polymerase to
initiate transcription and begin synthesis of a growing mRNAchain.

In addition to a TATA box,the promoters of many genes transcribed by
RNApolymerase If contain a second important sequence element (an ini-
tiator, or Inr, sequence) that spans the transcription start site. Moreover,
some RNApolymeraseII promoters contain only an Inr element, with no
TATAbox. Many promoters that lack a TATAbox but contain an Inr element
also contain an additional downstream promoter element (DPE), located
approximately 30 base pairs downstream of the transcription startsite,
which functions cooperatively with the Inr sequence. Initiation at these pro-
motersstill requires TFIID (and TBP), even though TBP obviously does not
recognize these promoters by binding directly to the TATA sequence.
Instead, other subunits of TFIID (TAFs) appear to bindto the Inr and DPE
sequences. The binding of TAFs to these elements recruits TBP to the pro-
moter, and TFIIB, polymerase II, and additional transcription factors then.
assemble as already described. TBP thus plays a centralrole in initiating
polymeraseII transcription, even on promoters that lack a TATA box.

Although the sequential recruitment of five general transcription factors
and RNApolymeraseII described here represents the minimal system
required for transcription in vitro, additional factors are needed within the
cell. These factors include a Mediatorprotein complex that allowsthe poly-
merase to respond to the gene-specific transcription factors that regulate
gene expression. Atleast a fraction of RNA polymeraseII in both yeast anmammalian cells is presentin the form oflarge complexes (called RNA poly-
merase II holoenzymes) in which the polymeraseis associated with Media-
tor proteins, as well as with a subsetof the general transcription factors,including TFIIB, TFIIE, TFIIF, TFITH. The Mediator proteins are associated
with the C-terminal domain of polymerase Il, and are released from the
polymerase following assembly of the preinitiation complex and phospho
rylation of the polymerase C-terminal domain (Figure 6.14). The phosphory"
lated CTDthenbindsotherproteinsthatfacilitate transcriptional elongation
and function in mRNAprocessing,as discussed later in this chapter.
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Phosphorylation
of CTD

Initiation of transcription

Transcription by RNA Polymerases| andIll
As previously discussed, distinct RNA polymerases are responsible for the
transcription of genes encoding ribosomal and transfer RNAsin eukaryotic
cells. All three RNA polymerases, however, require additional transcription
factors to associate with appropriate promoter sequences. Furthermore,
althoughthe three different polymerases in eukaryotic cells recognize dis-
tinct types of promoters, a commontranscription factor—the TATA-binding
protein (TBP)—appearsto be required for initiation of transcription byall
three enzymes.

RNApolymeraseI is devoted solely to the transcription of ribosomal
RNAgenes, which are present in tandem repeats. Transcription of these
genesyields a large 45S pre-rRNA,whichis then processedto yield the 285,
18S, and 5.85 rRNAs(Figure 6.15). The promoter of ribosomal RNA genes

 
| Processing

18S 5.88 288 

rRNAsSo)

Elongation and
CID = processing factors
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Figure 6.14 RNA polymeraseII/
Mediator complexes
RNApolymeraseII is associated with
Mediator proteins, as well as with the
general transcription factors, at the
promoter. The Mediator complex
binds to the nonphosphorylated CTD
of polymeraseII, and is releasedfol-
lowing phosphorylation of the CTD
whentranscription initiates. The phos-
phorylated CTD then binds elongation
and processing factors thatfacilitate
mRNAsynthesis and processing.

Figure 6.15 The ribosomal
RNA gene
The ribosomal DNA (rDNA)is tran-
scribed to yield a large RNA molecule
(45S pre-rRNA), whichis then cleaved
into 28S, 18S, and 5.88 rRNAs.
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Figure 6.16 Initiation of rDNA
transcription
Twotranscription factors, UBF and
SL1, bind cooperatively to the rDNA
promoter and recruit RNA polymerase
I to form aninitiation complex. One
subunit of SL1 is the TATA-binding
protein (TBP).

 
rDNA promoter +1

spans about150 base pairs just upstream ofthe transcription initiationsite.
These promoter sequencesare recognized by twotranscription factors, UBF
(upstream binding factor) and SL1(selectivity factor 1), which bind cooper-
atively to the promoter and then recruit polymerase I to form aninitiation
complex (Figure 6.16). The SL1 transcription factoris composed of four pro-
tein subunits, one of which is TBP. The role of TBP has been demonstrated
directly by the finding that yeasts carrying mutations in TBP are defective
not only for transcription by polymeraseII, but also for transcription by
polymerasesI andIII. Thus, TBP is a commontranscription factor required
byall three classes of eukaryotic RNA polymerases. Since the promoter for
ribosomal RNAgenes does not contain a TATA box, TBP does not bind to
specific promoter sequences.Instead, the association of TBP with ribosomal
RNAgenesis mediated by the binding of other proteins in the SL1 complex
to the promoter, a situation similar to the association of TBP with the Inr
sequences of polymeraseII genes that lack TATA boxes.

The genes for tRNAs, 55 rRNA, and someof the small RNAsinvolved in
splicing and protein transportare transcribed by polymeraseIII. These
genesare transcribed from three distinct classes of promoters, two of which
lie within, rather than upstream of, the transcribed sequence (Figure 6.17).
The mostthoroughlystudied of the genes transcribed by polymeraseIII are
the 5S rRNA genes of Xenopus. TFII[A (whichis thefirst transcription factor
to have been purified)initiates assembly of a transcription complex by
binding to specific DNA sequencesin the 5S rRNA promoter. Thisbinding
is followed by the sequential binding of TFIIIC, TFIIB, and the polymerase.
The promoters for the tRNA genesdiffer from the 55 rRNA promoterin that
they do not contain the DNA sequencerecognized by TFIITA. Instead, TFI-
IIC bindsdirectly to the promoter of tRNA genes,serving to recruit TFIIB
and polymeraseto form a transcription complex. Promoters of the third
class of genes transcribed by polymeraseIII, including genes encoding
someof the small nuclear RNAs involvedin splicing, are located upstream
of the transcription start site. These promoters contain a TATA box(like pro-
moters for polymerase II genes) as well as a binding site for another factor,
called SNAP. SNAPand TEIIIB bind cooperatively to these promoters, with
TFIIIB binding directly to the TATA box. This is mediated by the TATA-
binding protein, TBP, which is one of the subunits of TFIIIB. As in the case
of the promoters of other RNA polymeraseIII genes, TFIIIB then recruits
the polymerase to the transcription complex.

Regulation of Transcription in Eukaryotes
Althoughthe control of gene expression is far more complex in eukaryotes
than in bacteria, the same basic principles apply. The expression of eukary-
otic genes is controlled primarily at the level of initiation of transcription,
although in manycasestranscription is also regulated during elongation.
Asin bacteria, transcription in eukaryotic cells is controlled by proteins that

 



117

 

RNA Synthesis and Processing 245

 TFUIB 

  \ TruA

 Promoter

TFIIB

 
+1 Promoter

U6 snRNA TFINB

Promoter

 
bind to specific regulatory sequences and modulate theactivity of RNA
polymerase. An importantdifference betweentranscriptional regulation in
prokaryotes and eukaryotescells, however, results from the packagingof
eukaryotic DNAinto chromatin, whichlimits its availability as a template
for transcription. Asa result, modifications of chromatin structure play key
toles in the control of transcription in eukaryotic cells.

cis-Acting Regulatory Sequences: Promoters and Enhancers
As already discussed,transcription in bacteriais regulated by the binding of
proteinsto cis-acting sequences(e.g., the lac operator) that control the tran-
scription of adjacent genes. Similarcis-acting sequences regulate the expres-
sion of eukaryotic genes. These sequenceshave been identified in mam-
maliancells largely by the use of genetransfer assays to studytheactivity of
Suspected regulatory regions of cloned genes (Figure 6.18). The eukaryotic
Tegulatory sequencesare usually ligated to a reporter gene that encodes an
fasily detectable enzyme. The expression of the reporter gene following its
transfer into cultured cells then providesa sensitive assay for theability of
the cloned regulatory sequencesto direct transcription. Biologically active
“egulatory regions can thusbeidentified, and in vitro mutagenesis can be
used to determinetheroles of specific sequences within the region.

Genestranscribed by RNApolymeraseII have core promoter elements,
Cluding the TATA boxandthe Inr sequence, that serve as specific binding
tes for general transcription factors. Other cis-acting sequences serve as

in
Si

Figure 6.17 Transcription of
polymeraseIII genes
Genestranscribed by polymeraseIII
are expressed from three typesof pro-
moters. The promoters of 5S rRNA and
tRNA genes are downstream of the
transcriptioninitiation site. Transcrip-
tion of the 5S rRNAgeneis initiated by
the binding of TFIITA, followed by the
binding of TFIIIC, TFII[B, and the
polymerase. The tRNA promoters do
not contain a binding site for TFIIA,
and TFIITA is not requiredfor their
transcription. Instead, TFIIIC initiates
the transcription of tRNA genes by
binding to promoter sequences,fol-
lowedby the association of TFIIIB and
polymerase. The promoter of the U6
snRNA geneis upstream of the tran-
scription start site and contains a TATA
box, which is recognized by the TATA-
binding protein (TBP) subunit of TFII-
IB, in cooperation with anotherfactor
called SNAP.
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Regulatory sequence

_~ Reporter
gene

Plasmid
DNA

 
Transfect

recipient cells

Reporter gene expression

Figure 6.18 Identification of eukaryotic regulatory sequences
The regulatory sequence of a cloned eukaryotic geneis ligated to a reporter gene
that encodes an easily detectable enzyme. The resulting plasmid is then introduced
into cultured recipient cells by transfection. An active regulatory sequence directs
transcription of the reporter gene, expression of whichis then detected in the trans-
fectedcells.

bindingsites for a wide variety of regulatory factors that control the expres-
sion of individual genes. These cis-acting regulatory sequencesare fre-
quently, though not always, located upstream of the TATA box. For example,
two regulatory sequencesthat are found in many eukaryotic genes were
identified by studies of the promoter of the herpes simplex virus gene that
encodes thymidine kinase (Figure 6.19). Both of these sequences are located
within 100 base pairs upstream of the TATA box: Their consensus sequences
are CCAAT and GGGCGG(called a GC box). Specific proteins that bind to
these sequences and stimulate transcription have since beenidentified.

In contrastto the relatively simple organization of CCAAT and GC boxes
in the herpes thymidine kinase promoter, many genes in mammaliancells
are controlled by regulatory sequences located farther away (sometimes
more than 10 kilobases) from the transcription start site. These sequences,
called enhancers, werefirst identified during studies of the promoter of
another virus, 5V40 (Figure 6.20). In addition to a TATA box andaset of six
GC boxes, two 72-base-pair repeats located farther upstream are required
for efficient transcription from this promoter. These sequences were found
to stimulate transcription from other promoters as well as from that of
5V40, and, surprisingly, their activity depended on neither their distance
nor their orientation with respectto the transcriptioninitiation site (Figure
6.21). They could stimulate transcription when placed either upstream or
downstream of the promoter, in either a forward or backward orientation.

The ability of enhancers to function even whenseparated by long dis-
tances from transcription initiationsites atfirst suggested that they work by
mechanismsdifferent from those of promoters. However,this hasturned
out notto be the case: Enhancers, like promoters, function by binding tran-
scription factors that then regulate RNA polymerase. Thisis possible
because of DNA looping, which allows a transcription factor bound to a
distant enhancer to interact with proteins associated with RNA polymerase
at the promoter (Figure 6.22). Transcription factors boundto distant
enhancers can thus work by the same mechanismsas those bound adjacent
to promoters, so there is no fundamental difference between the actions of
enhancers and thoseofcis-acting regulatory sequences adjacent to tran-
scriptionstart sites. Interestingly, although enhancers werefirst identified
in mammalian cells, they have subsequently been found in bacteria—an
unusual instance in which studies of eukaryotes served as a model for the
simpler prokaryotic systems.

 GGGeGGT(|CCAATTCTEGGCEG]a)ere
-100 -75 -50 -25 +1

Figure 6.19 A eukaryotic promoter
The promoter of the thymidine kinase gene of herpes simplex virus contains three
sequence elements upstream of the TATA boxthat are required forefficient tran-
scription: a CCAATbox and two GC boxes(consensus sequence GGGCGG).
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mRNA Figure 6.20 The SV40 enhancer 

 
Enhancer Promoter

K ae The SV40 promoter for early gene ex-
= E = 2 = = pression contains a TATA box and six»ee2-bp repeats erehorse 4] GC boxes arranged in three sets of re-

peated sequences. In addition,efficient
transcription requires an upstream en-
hancerconsisting of two 72-base-pair
(bp) repeats.

The bindingof specific transcriptional regulatory proteins to enhancers
is responsible for the control of gene expression during development and
differentiation, as well as during the responseofcells to hormones and
growth factors. One of the most thoroughly studied mammalian enhancers
controls the transcription of immunoglobulin genes in B lymphocytes. Gene
transfer experiments haveestablished that the immunoglobulin enhanceris
active in lymphocytes, but not in other typesof cells. Thus, this regulatory
sequenceis at least partly responsible for tissue-specific expression of the
immunoglobulin genesin the appropriate differentiated cell type.
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Figure 6.21 Action of enhancers
Without an enhancer, the gene is tran-
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scribed at a low basallevel (A). Addi-
tion of an enhancer, E—for example,
the SV40 72-base-pair repeats—stimu-
lates transcription. The enhanceris ac-
tive not only when placedjust up-
stream of the promoter(B), but also
wheninserted up to several kilobases
either upstream or downstream from
the transcription start site (C and D). In
addition, enhancersare active in either
the forward or backward orientation (E).
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Figure 6.22 DNA looping
Transcription factors boundat distant
enhancersare able to interact with the

RNApolymerase II/Mediator complex
or generaltranscription factors at the
promoter becausethe intervening
DNAcan form loops. There is therefore
no fundamentaldifference between the
action of transcription factors bound to
DNAjust upstream ofthe promoter
andto distant enhancers.

 
 
 

Enhancer

 
 
  

 
Specific
transcription
factors

DNAloop

An important aspect of enhancersis that they usually contain multiple
functional sequence elementsthat bind different transcriptional regulatory
proteins. These proteins work together to regulate gene expression. The
immunoglobulin heavy-chain enhancer, for example, spans approximately
200 base pairs andcontainsatleast nine distinct sequence elements that
serve as protein-binding sites (Figure 6.23). Mutation of any oneof these
sequences reduces but does notabolish enhanceractivity, indicating that
the functions of individual proteins that bind to the enhancerare atleast
partly redundant. Manyof the individual sequence elementsof the
immunoglobulin enhancer by themselves stimulate transcription in non-
lymphoidcells. The restricted activity of the intact enhancerin B lympho-
cytes therefore does notresult from the tissue-specific function of each ofits
components.Instead,tissue-specific expression results from the combina-
tion of the individual sequence elements that make up the complete
enhancer. These elements include somecis-acting regulatory sequencesthat
bind transcriptionalactivators that are expressed specifically in B lympho-
cytes, as well as other regulatory sequencesthat bind repressors in nonlym-
phoidcells. Thus, the immunoglobulin enhancer contains negative regula-
tory elements that inhibit transcription in inappropriatecell types, as well
as positive regulatory elementsthatactivate transcription in B lymphocytes.
Theoverall activity of the enhanceris greater than the sum ofits parts,
reflecting the combinedaction of the proteins associated with eachofits
individual sequence elements.

Although DNAloopingallows enhancersto act at a considerable distance
from promoters, the activity of any given enhanceris specific for the pro-
moterof its appropriate target gene. This specificity is maintained by insu-
lators, which divide chromosomesinto independent domains and prevent
enhancers from acting on promoters located in an adjacent domain. Insula-
tors also prevent the chromatin structure of one domain from spreading to

 k 200 basepairs 5|
 

E ue HES E2 t HES UB LEA OCT

Figure 6.23 The immunoglobulin enhancer
The immunoglobulin heavy-chain enhancer spans about 200 bases and contains
nine functional sequence elements (E, HE1-5, 7, 1B, and OCT), which together
stimulate transcription in B lymphocytes.
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its neighbors, thereby maintaining independently regulated regions of the
genome.

Transcriptional Regulatory Proteins
Theisolation of a variety of transcriptional regulatory proteins has been
based on their specific binding to promoter or enhancer sequences. Protein
binding to these DNA sequences is commonly analyzed by two types of
experiments. The first, footprinting, was described earlier in connection
with the binding of RNA polymerase to prokaryotic promoters (see Figure
6.3). The second approachis the electrophoretic-mobility shift assay, in
which a radiolabeled DNA fragmentis incubated with a protein prepara-
tion and then subjected to electrophoresis through a nondenaturinggel
(Figure 6.24). Protein binding is detected as a decrease in the electrophoretic
mobility of the DNA fragment, since its migration through the gelis slowed.
by the bound protein. The combined use of footprinting and elec-
trophoretic-mobility shift assays has led to the correlation of protein-bind-
ing sites with the regulatory elements of enhancers and promoters, indicat-
ing that these sequences generally constitute the recognition sites of specific
DNA-binding proteins.

Oneof the prototypes of eukaryotic transcription factors wasinitially
identified by Robert Tjian and his colleagues during studies of the tran-
scription of SV40 DNA.This factor(called Sp1, for specificity protein 1) was
found to stimulate transcription from the SV40 promoter, but not from sev-
eral other promoters, in cell-free extracts. Then, stimulation of transcription
by Sp1 was found to depend on the presence of the GC boxesin the SV40
promoter:If these sequences were deleted, stimulation by Sp1 wasabol-
ished. Moreover, footprinting experiments established that Sp1 binds
specifically to the GC box sequences. Taken together, these results indicate
that the GC box represents a specific binding site for a transcriptionalacti-
vator—Sp1. Similar experiments have established that many other tran-
scriptional regulatory sequences, including the CCAAT sequence and the

DNA fragment DNOWNOWVOE
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Figure 6.24 Electrophoretic-
mobility shift assay
Asample containing radiolabeled frag-
ments of DNAis divided into two, and

onehalf of the sampleis incubated.
with a protein that binds to a specific
DNAsequence. Samples are then ana-
lyzed by electrophoresis in a nondena-
turing gel so that the protein remains
bound to DNA.Protein bindingis de-
tected by the slower migration of
DNA-protein complexes compared to
that of free DNA.Only a fraction of the
DNAin the sampleis actually bound
to protein, so both DNA-protein com-
plexes and free DNAare detected fol-
lowing incubation of the DNA with
protein.
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Figure 6.25 Purification of Sp1 by
DNA-affinity chromatography
A double-stranded oligonucleotide
containing repeated GC box sequences
is bound to agarose beads, which are
poured into a column. A mixtureof cell
proteins containing Sp1 is then applied
to the column, because Sp] specifically
binds to the GC box oligonucleotide,it
is retained on the column while other

proteins flow through. Washing the
column with high salt buffer then dis-
sociates Sp1 from the GC box DNA,
yielding purified Sp1.

 

TABLE 6.2 ExamplesofTranscription Factors and Their DNA-Binding Sites

 Transcription factor Consensusbindingsite

Specificity protein 1 (Sp1) GGGCGG

CCAAT/Enhancer binding protein (C/EBP) CCAAT

Activator protein 1 (AP1) TGACTCA

Octamer binding proteins ATGCAAAT
(OCT-1 and OCT-2)

E-box binding proteins (E12, E47, E2-2) CANNTG?’ 

“N stands for any nucleotide. 

various sequence elements of the immunoglobulin enhancer, also represent
recognition sites for sequence-specific DNA-binding proteins (Table 6.2).

Thespecific binding of Sp1 to the GC box not only established the action
of Sp1 as a sequence-specific transcription factor; it also suggested a general
approachto the purification of transcription factors. The isolation of these
proteinsinitially presented a formidable challenge because they are present
in very small quantities(e.g., only 0.001%of total cell protein) thatare diffi-
cult to purify by conventional biochemical techniques. This problem was
overcomein the purification of Sp1 by DNA-affinity chromatography(Fig-
ure 6.25). Multiple copies of oligonucleotides corresponding to the GC box
sequence were boundto a solid support, and cell extracts were passed
through the oligonucleotide column. Because Sp1 bound to the GC box
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bead DNA 8990
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Affinity Purification of Sequence-Specific DNA-Binding Proteins
James T. Kadonaga and Robert Tjian
University of California, Berkeley
Proceedings of the National Academy of Sciences, USA, 1986, Volume83, pages
5889-5893 

The Context

Starting with studies of the lac operon
by Jacob and Monod,it becameclear
that transcription is regulated by pro-
teins that bind to specific DNA se-
quences. Oneof the prototype systems
for studies of gene expression in
eukaryotic cells was the monkey virus
$V4O0, in which several regulatory
DNA sequences were identified in the
early 1980s. In 1983 William Dynan
and RobertTjian first demonstrated
that oneof these sequence elements
(the GC box) is the spe-
cific bindingsite of a
protein detectable in
nuclear extracts of hu-

man cells. This protein
(called Sp1 for speci-
ficity protein 1) not only
binds to the GC box se-

quence;it also stimu-
lates transcription in
vitro, demonstrating that
it is a sequence-specific
transcriptional activator.

To study the mecha-
nism of Spl action, it
then became necessary to
obtain the transcription
factor in pure form and
eventually to clone the
Spl gene. Theisolation of
pure Sp1 thus became a
highpriority, butit also
posed a daunting techni-
cal challenge.
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Purification of Sp1. Gel electrophoresis of proteinsini-
tially presentin the crude nuclear extract (lane 1) and
of proteins obtained after either one or two sequential
cycles of DNA-affinity chromatography (lanes 2 and
3, respectively). The sizes of marker proteins(in kilo-
daltons) are indicated to the left of the gel, and the
Sp1 polypeptides are indicated by arrows.
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Sp1 and other transcription factors
appeared to represent only about
0.001%oftotal cell protein, so they
could not be purified by conventional
biochemical techniques. James Kado-
naga and Robert Tjian solved this
problem by developing a method of
DNA-affinity chromatographythat
led to the purification not only of Sp1
but also of many other eukaryotic
transcription factors, thereby opening
the door to molecular analysis of tran-
scriptional regulation in eukaryotic
cells.

The Experiments
The DNA-affinity chro-
matography method devel-
oped by Kadonagaand
Tjian exploited the specific
high-affinity binding of Sp1
to the GC box sequence,
GGGCGG.Synthetic
oligonucleotides containing
multiple copies of this
sequence were coupled to
solid beads, and a crude

nuclear extract was passed
through a column consist-
ing of beads linked to GC
box DNA.The beads were
then washed to remove

proteins that had failed to
bind specifically to the
oligonucleotides. Finally,
the beads were washed

with a highsalt buffer (0.5
M KCl), which disrupted
the binding of Sp1 to DNA,
thereby releasing Sp1 from
the column.

Gel electrophoresis
demonstrated that the
crude nuclear extract ini-

tially applied to the column
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was a complex mixture of proteins
(see figure). In contrast, approxi-
mately 90%of the protein recovered
after two cycles of DNA-affinity chro-
matography correspondedto only
two polypeptides, which were identi-
fied as Sp1 by DNAbinding and by
their activity in in vitro transcription
assays. Thus, Sp1 had been success-
fully purified by DNA-affinity chro-
matography.

The Impact
In their 1986 paper, Kadonaga and
Tjian stated that the DNA-affinity
chromatography technique “should
be generally applicable for the purifi-
cation of other sequence-specific
DNAbindingproteins.” This predic-
tion has been amply verified; many
eukaryotic transcription factors have
been purified by this method. The
genes that encodestill other transcrip-
tion factors have beenisolated by an
alternative approach (developed in-
dependently in 1988 in the labora-
tories of Phillip Sharp and Steven
McKnight) in which cDNAexpression
libraries are screened with oligonu-
cleotide probes to detect recombinant
proteins that bindspecifically to the
desired DNA sequences. Theability
to isolate sequence-specific DNA-
binding proteins by these methods
has led to detailed characterization of
the structure and function of a wide

variety of transcriptional regulatory
proteins, providing thebasis for our
current understanding of gene
expression in eukaryotic cells.
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with high affinity, it was specifically retained on the column while other
proteins were not. Highly purified Sp1 could thus be obtained and used for
furtherstudies, including partial determination of its amino acid sequence,
whichin turnled to cloning of the gene for Sp1.

The general method of DNA-affinity chromatography, first optimized for
the purification of Sp1, has been used successfully to isolate a wide variety
of sequence-specific DNA-binding proteins from eukaryotic cells. Genes
encoding other transcription factors have been isolated by screening cDNA
expression libraries to identify recombinantproteins that bind to specific
DNAsequences. The cloning and sequencingof transcription factor cDNAs
has led to the accumulation of a great deal of information on the structure
and function of these critical regulatory proteins.

Structure and Function of TranscriptionalActivators
Because transcription factors are central to the regulation of gene expres-
sion, understanding the mechanismsoftheir action is a major area of ongo-
ing researchin cell and molecular biology. The most thoroughly studied of
these proteins are transcriptional activators, which,like Sp1, bind to regu-
latory DNAsequencesand stimulate transcription. In general, these factors
consist of two domains: Oneregion of the protein specifically binds DNA;
the other stimulates transcription by interacting with other proteins, includ-
ing components of the transcriptional machinery (Figure 6.26). Transcrip-
tional activators appear to be modularproteins, in the sense that the DNA
binding andactivation domainsof different factors can frequently be inter-
changed using recombinant DNAtechniques. Such manipulationsresult in
hybrid transcription factors, which activate transcription by bindingto pro-
moter or enhancer sequences determined by the specificity of their DNA-
binding domains.It therefore appears that the basic function of the DNA-
binding domainis to anchorthe transcription factor to the propersite on
DNA;the activation domain then independently stimulates transcription
through protein-protein interactions.

Manydifferent transcription factors have now beenidentified in eukary-
otic cells, as might be expected, given theintricacies of tissue-specific and
inducible gene expression in complex multicellular organisms. Molecular

Figure 6.26 Structure of
transcriptional activators
Transcriptional activators consist of

 
two independent domains. The DNA- characterization has revealed that the DNA-binding domainsof many of
binding domain recognizesa specific these proteinsare related to one another (Figure 6.27). Zinc finger domains
DNAsequence, and the activation do- contain repeats of cysteine and histidine residues that bind zinc ions and
main interacts with other components fold into loopedstructures (“fingers”) that bind DNA. These domains were
of the transcriptional machinery.
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DNA-binding
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initially identified in the polymeraseIII transcription factor TFIIIA but are
also common amongtranscription factors that regulate polymeraseIT pro-
moters, including Sp1. Other examples of transcription factors that contain
zinc finger domainsare the steroid hormonereceptors, which regulate gene
transcription in response to hormonessuch as estrogen andtestosterone.

The helix-turn-helix motif was first recognized in prokaryotic DNA-
binding proteins, including the E. coli catabolite activator protein (CAP). In
these proteins, one helix makes most of the contacts with DNA, while the
other helices lie across the complex to stabilize the interaction. In eukaryotic
cells, helix-turn-helix proteins include the homeodomainproteins, which
play critical roles in the regulation of gene expression during embryonic
development. The genes encoding these proteins were first discovered as
developmental mutants in Drosophila. Some ofthe earliest recognized
Drosophila mutants (termed homeotic mutants in 1894) resulted in the devel-
opmentof flies in which one body part was transformed into another. For
example, in the homeotic mutant called Antennapedia, legs rather than anten-
Nae grow outof the headofthe fly (Figure 6.28). Genetic analysis of these
Mutants, pioneered by Ed Lewis in the 1940s, has shownthat Drosophila con-
tains nine homeotic genes, each of which specifies the identity of a different
body segment. Molecular cloning and analysis of these genes then indicated
that they contain conserved sequencesof 180 base pairs (called homeo-

0xes) that encode DNA-binding domains (homeodomains) of transcription
factors. A wide variety of the additional homeodomain proteins have since

©en identified in fungi, plants, and other animals, including humans.Verte-
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Figure 6.27 Families of DNA-binding
domains

(A) Zinc finger domains consist of
loops in which an @ helix and a f sheet
coordinately bind a zinc ion. (B) Helix-
turn-helix domainsconsist of three (or
in somecases four)helical regions.
Onehelix (helix 3) makes mostof the
contacts with DNA, while helices 1
and 2 lie on top and stabilize the inter-
action. (C) The DNA-binding domains
of leucine zipper proteins are formed
from twodistinct polypeptide chains.
Interactions between the hydrophobic
side chains of leucine residues exposed
on oneside of a helical region (the
leucine zipper) are responsible for
dimerization. Immediately following
the leucine zipper is a DNA-binding
helix, whichis rich in basic amino
acids. (D) Helix-loop-helix domains are
similar to leucine zippers, exceptthat
the dimerization domains of these pro-
teins each consist of two helical regions
separated by a loop.
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Figure 6.28 The Antennapedia
mutation

Antennapedia mutantflies have legs
growing out of their headsin place
of antennae. (A) Head of a normalfly.
(B) Head of an Antennapedia mutant.
(Courtesy of F. Rudolf Turner, Indiana
University.)

DNA-binding
domain

 
 Activation

domain  
Modification
of chromatin

structure 
Figure 6.29 Action of transcriptional
activators

Eukaryotic activators stimulate tran-
scription by two mechanisms. They in-
teract with Mediator proteins and gen-
eral transcription factors to facilitate
the assemblyof a transcription com-
plex, and they interact with coactiva-
tors that facilitate transcription by
modifying chromatin structure.

 

 
brate homeobox genesare strikingly similar to their Drosophila counterparts
in both structure and function, demonstrating the highly conservedroles of
these transcription factors in animal development.

Two other families of DNA-binding proteins, leucine zipper and helix-
loop-helix proteins, contain DNA-binding domains formed by dimeriza-
tion of two polypeptide chains. The leucine zipper contains fourorfive
leucine residues spaced at intervals of seven aminoacids, resulting in their
hydrophobic side chains being exposedat onesideof a helical region. This
region serves as the dimerization domain for the two protein subunits,
which are held together by hydrophobic interactions between the leucine
side chains. Immediately following the leucine zipperis a region rich in
positively charged aminoacids (lysine and arginine) that binds DNA. The
helix-loop-helix proteins are similar in structure, except that their dimeriza-
tion domains are each formed by twohelical regions separated bya loop.
An important feature of both leucine zipper and helix-loop-helix transcrip-
tion factors is that different members of these families can dimerize with

each other. Thus, the combination of distinct protein subunits can form an
expandedarray of factors that can differ both in DNA sequence recognition
and in transcription-stimulating activities. Both leucine zipper and helix-
loop-helix proteins play importantroles in regulating tissue-specific and
inducible gene expression, and the formation of dimers between different
membersof these families is a critical aspect of the control of their function.

The activation domainsof transcription factors are not as well character-
ized as their DNA-binding domains. Some,called acidic activation
domains,are rich in negatively charged residues (aspartate and glutamate);
others are rich in proline or glutamine residues. The activation domains of
eukaryotic transcription factors stimulate transcription by twodistinct
mechanisms(Figure 6.29). First, they interact with Mediator proteins and
generaltranscription factors, such as TFIIB or TFIID,to recruit RNA poly-
merase andfacilitate the assembly of a transcription complex on the pro-
moter, similar to transcriptional activators in bacteria (see Figure 6.10). In
addition, eukaryotic transcription factors interact with a variety of coacti-
vators that stimulate transcription by modifying chromatin structure, a5
discussedlaterin this chapter.

Eukaryotic Repressors
Geneexpression in eukaryotic cells is regulated by repressors as well as by
transcriptionalactivators. Like their prokaryotic counterparts, eukaryotl¢
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| 8) Repressor binds DNA andinhibits
transcription by protein-protein interaction,
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Figure 6.30 Action of eukaryotic repressors
(A) Somerepressors block the binding ofactivators to regulatory sequences. (B)

| Otherrepressors have active repression domains that inhibit transcription by inter-actions with Mediatorproteins or generaltranscription factors, as well as with
corepressors that act to modify chromatin structure.

| repressors bind to specific DNA sequences and inhibit transcription. In
somecases, eukaryotic repressors simply interfere with the binding of other

| transcription factors to DNA (Figure 6.30A). For example, the binding of a
repressor near the transcriptionstart site can block the interaction of RNA
polymeraseor general transcription factors with the promoter, whichis
similar to the action of repressors in bacteria. Other repressors compete
with activators for binding to specific regulatory sequences. Some such
repressors contain the same DNA-binding domainas the activator but lack
its activation domain.Asa result, their binding to a promoter or enhancer
blocks the bindingof the activator, thereby inhibiting transcription.

In contrast to repressors that simply interfere with activator binding,
manyrepressors (called active repressors) contain specific functional
domainsthat inhibit transcription via protein-protein interactions (Figure
6.30B). The first such active repressor was described in 1990 during studies
of a gene called Kriippel, which is involved in embryonic developmentin
Drosophila. Molecular analysis of the Kriippel protein demonstrated thatit
contains a discrete repression domain, whichis linkedto a zinc finger
DNA-binding domain. The Kriippel repression domain could be inter-
changed with distinct DNA-binding domainsofother transcription factors.
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These hybrid molecules also repressed transcription, indicating that the
Kritppel repression domain inhibits transcription via protein-protein inter-
actions, irrespectiveofits site of binding to DNA.

Manyactive repressors have since been found to play keyrolesin the
regulation of transcription in animalcells, in many cases servingascritical
regulatorsof cell growth and differentiation. As with transcriptional activa-
tors, several distinct types of repression domains have been identified. For
example, the repression domain of Kriippelis rich in alanine residues,
whereasother repression domainsarerich in proline or acidic residues. The
functional targets of repressors are also diverse, repressors can inhibit tran-
scription by interacting with specific activator proteins, with Mediator pro-
teins or general transcription factors, and with corepressorsthat act by
modifying chromatin structure.

The regulation of transcription by repressors as well as by activators con-
siderably extends the range of mechanisms that control the expression of
eukaryotic genes. One importantrole of repressors may beto inhibit the
expression oftissue-specific genes in inappropriate cell types. For example,
as notedearlier, a repressor-binding site in the immunoglobulin enhanceris
thoughtto contribute to its tissue-specific expression by suppressing tran-
scription in nonlymphoid cell types. Other repressors play key roles in the
controlof cell proliferation and differentiation in response to hormones and
growthfactors (see Chapters 13 and 14).

Relationship ofChromatin Structure to Transcription
As notedin the preceding discussion, both activators and repressors regu-
late transcription in eukaryotes not only by interacting with other compo-
nents of the transcriptional machinery, butalso by inducing changesin the
structure of chromatin. Rather than being present within the nucleus as
naked DNA,the DNAofall eukaryotic cells is tightly bound to histones.
The basic structural unit of chromatin is the nucleosome, which consists of

146 base pairs of DNA wrapped around two molecules each of histones
H2A, H2B, H3, and H4, with one molecule of histone H1 boundto the DNA
as it enters the nucleosomecore particle (see Figure 4.12). The chromatin is
then further condensed by being coiled into higher-order structures organ-
ized into large loops of DNA.This packaging of eukaryotic DNAin chro-
matin clearly has important consequencesin termsofits availability as a
template for transcription, so chromatin structureisa critical aspect of gene
expression in eukaryotic cells.

Actively transcribed genes are foundin relatively decondensed chro-
matin, probably correspondingto the 30-nm chromatin fibers discussed in
Chapter 4 (see Figure 4.13). For example, microscopic visualization of the
polytene chromosomesof Drosophila indicates that regions of the genome
that are actively engaged in RNA synthesis correspondto decondensed
chromosomeregions (Figure 6.31). Nonetheless, actively transcribed genes
remain boundto histones and packaged in nucleosomes, so transcription
factors and RNA polymerasearestill faced with the problem of interacting
with chromatin rather than with naked DNA.Thetight winding of DNA
around the nucleosomecore particle is a major obstacle to transcription,
affecting both the ability of transcription factors to bind DNA and the abil-
ity of RNA polymerase to transcribe through a chromatin template.

Several modifications are characteristic of transcriptionally active chro
matin, including modificationsof histones, rearrangements of nucleosome>,
and the association of two nonhistone chromosomalproteins, called
HMGNproteins, with the nucleosomesof actively transcribed genes. The
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bindingsites of the HMGNproteins on nucleosomes overlap the binding
site of histone H1, and it appears that HMGNproteins stimulate transcrip-
tion by altering the interaction of histone H1 with nucleosomesto maintain
a decondensed chromatin structure.

Histone acetylation has been correlated with transcriptionally active
chromatin in a widevariety of cell types (Figure 6.32). The core histones
(H2A, H2B, H3 and H4) have two domains:a histone fold domain, whichis
involvedin interactions with other histones and in wrapping DNA around
the nucleosomecore particle, and an amino-terminaltail domain, which
extends outside of the nucleosome. The amino-terminaltail domainsare rich

N-terminal tail Histone-fold domain

 
 

Coactivator

Activator

Acetylated histones
Active chromatingroup (Ac)

129

RNA Synthesis and Processing 257

Figure 6.31 Decondensed
chromosomeregionsin Drosophila
A light micrograph showing decon-
densed regions of polytene chromo-
somes (arrows), whichare active in
RNAsynthesis. (Courtesy of Joseph
Gall, Carnegie Institute.)

Figure 6.32 Histoneacetylation
(A) The core histones have histone-fold
domains, which interact with other hi-
stones and with DNAin the nucleo-

some, and N-terminaltails, which ex-
tend outside of the nucleosome. The
N-terminaltails of the core histones

(e.g., H3) are modified by the addition
of acetyl groups (Ac) to the side chains
of specific lysine residues. (B) Tran-
scriptional activators and repressors
are associated with coactivators and

corepressors, which have histone
acetyltransferase (HAT) and histone
deacetylase (HDAC)activities, respec-
tively. Histone acetylation is character-
istic of actively transcribed chromatin
and may weakenthe binding ofhis-
tones to DNAoralter their interactions

with other proteins.

Deacetylated histones
Inactive chromatin
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in lysine and can be modified by acetylation at specific lysine residues.
Acetylation reduces the net positive charge of the histones, and may weaken
their binding to DNA aswellas altering their interactions with other pro-
teins. Moreover, acetylation of histones has been showntofacilitate the bind-
ing of transcription factors to nucleosomal DNA,indicating that histone
acetylation increasesthe accessibility of chromatin to DNA-bindingproteins.

Studies from two groupsof researchers in 1996 provided direct links
betweenhistone acetylation and transcriptional regulation by demonstrat-
ing that transcriptional activators and repressors are associated with his-
tone acetyltransferases and deacetylases, respectively. This association was
first revealed by cloning a gene encoding a histoneacetyltransferase from
Tetrahymena. Unexpectedly, the sequenceof this histone acetyltransferase
wasclosely related to a previously knownyeast transcriptional coactivator
called Gen5p, which stimulates transcription in association with severaldif-
ferent sequence-specific transcriptional activators. Further experiments
revealed that Gen5p itself has histone acetyltransferase activity, suggesting
that transcriptional activation results directly from histone acetylation.
These results have been extended by demonstrations that histone acetyl-
transferases are also associated with a number of mammalian transcrip-
tional coactivators, as well as with the general transcription factor TFIID.
Conversely, many transcriptional corepressors in both yeast and mam-
maliancells function as histone deacetylases, which removethe acetyl
groups from histonetails. Histone acetylation is thus targeted directly by
both transcriptional activators and repressors, indicating thatit plays a key
role in regulation of eukaryotic gene expression.

Histones are modified not only by acetylation, but also by phosphoryla-
tion of serine residues, methylation of lysine and arginine residues, and
addition of ubiquitin (a small peptide discussed in Chapter7) to lysine
residues. Like acetylation, these modifications occurat specific amino acid
residuesin the histonetails and are associated with changesin transcrip-
tional activity (Figure 6.33). In addition to affecting chromatin structure,it
has been proposedthatspecific histone modifications affect gene expression
by providing bindingsites for other transcriptional regulatory proteins.
According to this hypothesis, combinationsof specific histone modifications
constitute a “histone code”that regulates gene expression by recruiting -
other regulatory proteins to the chromatin template. For example, transcrip-
tionally active chromatin is associated with several specific modifications of
histone H3, including methylation of lysine-4, phosphorylation of serine-10
andacetylation of lysine-9 and lysine-14. In contrast, methylation of lysine-9
is associated with repression, and the enzymethatcatalyzes methylation of
H3lysine-9 is recruited to target genes by corepressors. The methylated H3
lysine-9 residues have further been shownto serve as bindingsites for pro-
teins that induce chromatin condensation, directly linking this histone mod-

Figure 6.33 Histone methylation ification to transcriptional repression.
and phosphorylation
Transcriptionalactivity of chromatin is
affected by methylation and phospho-
rylation of specific amino acid residues _-H3 N-terminal tail -.
in histonetails, as well as by their we Tose ;
acetylation. For example, transcrip- [
tionally active chromatin is character- Active chromatin. N-A@®ized by methylation of H3lysine-4, ae [| Methylation
phosphorylation of serine-10, and Acetylation
acetylation of lysine-9 and lysine-14. In ‘on
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contrast, inactive chromatin is charac- Inactive chromatin NHARYTWOT
terized by methylation of H3 lysine-9. 1 :
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It is notable that these modifications of histone tails regulate one
another, leading to the establishment ofdistinct patterns of histone
modification that correlate with transcriptional activity. For example,

hosphorylation of H3 serine-10 promotesacetylationof lysine-14 but
inhibits methylationof lysine-9, leading to the establishmentof a pat-
tern of H3 modification that is characteristic of transcriptionally active
chromatin. Methylation of lysine-4 also inhibits methylation of lysine-
g, and vice versa, consistent with the opposing effects of methylation
of these twolysine residues on transcriptional activation versus repres-
sion. The interplay between modifications of these different residues
thus results in patterns of histone modification that may providea sta-
ple regulatory codefor the transcriptionalactivity of chromatin.

In contrast to the enzymes that regulate chromatin structure by
modifying histones, nucleosome remodeling factors are protein com-
plexes that alter the arrangementor structure of nucleosomes, without
removing or covalently modifying the histones (Figure 6.34). One
mechanism by which nucleosome remodeling factors act is to catalyze the
sliding of histone octamers along the DNA molecule, thereby repositioning
nucleosomes to changethe accessibility of specific DNA sequences to tran-
scription factors. Alternatively, nucleosome remodeling factors may act by
inducing changesin the conformation of nucleosomes, again affecting the
ability of specific DNA sequencesto interact with transcriptional regulatory
proteins. Like histone modifying enzymes, nucleosome remodeling factors
can be recruited to DNAin association with either transcriptional activators
or repressors, and can alter the arrangement of nucleosomestoeither stim-
ulate or inhibit transcription.

The recruitment of histone modifying enzymes and nucleosome remod-
eling factors by transcriptional activators stimulates the initiation of tran-
scription by altering the chromatin structure of enhancer and promoter
regions. However, following the initiation of transcription, RNA poly-
meraseis still faced with the problem of transcriptional elongation through
a chromatin template. Perhaps surprisingly, the packaging of DNAin nucle-
osomes does not present an impassable barrier to RNA polymerase, which
is able to transcribe through a nucleosomecore by disrupting histone-DNA
contacts. The ability of RNA polymeraseto transcribe chromatin templates
is facilitated by the association of HMGNproteins with the nucleosomesof
actively transcribed genes, as well as by elongation factors that become
associated with the phosphorylated C-terminal domain of RNA polymerase
Il when transcriptionis initiated (see Figure 6.14). These elongation factors
tecruit histone acetyltransferases, as well as acting directly to disrupt nucle-
osomestructure during transcription.

RegulationofTranscription by Noncoding RNAs
A series of recent advancesindicate that gene expression can be regulated
Not only bythe transcriptional regulatory proteins discussed so far, but also

¥ noncoding regulatory RNA molecules. One modeof action of noncoding
Tegulatory RNAsis to inhibit translation by RNA interference; a phenome-
‘on in which short double-stranded RNAsinduce degradation of a homol-
°g0us mRNA(see Figure 3.41). In addition, noncoding RNAsappearto
Play important roles in repressing transcription at some chromosomalloci

Y inducinghistone modifications that lead to chromatin condensation and
€ formation of heterochromatin. Although much remainsto be learned

iceming their mechanism of action, noncoding RNAsclearly play impor-
ant roles in regulating chromatin structure and function in eukaryoticcells.

Transcription
factor

DNA wrapped around
nucleosome cores
 

  
  
 

Nucleosome;

. remodeling :
Nucleosomedisplaced (rain
to allow transcription bie
factor binding

Figure 6.34 Nucleosome remodeling
factors

Nucleosome remodeling factorsalter
the arrangementor structure of nucleo-
somes. For example, a nucleosomere-
modeling factor can facilitate the bind-
ing of transcription factors to chro-
matin by repositioning nucleosomes
on the DNA.
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Figure 6.35 X chromosome
inactivation

The inactive X chromosome(blue)
is coated by Xist RNA(red). (From B.
Panning and R.Jaenisch, 1998. Cell
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Figure 6.36 DNA methylation
A methyl group is added to the 5-
carbon position of cytosine residues
in DNA.

 

The phenomenonof X chromosomeinactivation provides an exam-
ple of the role of a noncoding RNAin regulating gene expression in
mammals. In many animals, including humans, females have two X
chromosomes, and males have one X and one Y chromosome. The X
chromosomecontains hundredsof genes that are not present on the
much smaller Y chromosome(see Figure 4.29). Thus, females have twice
as manycopies of most X chromosomegenes as males have. Despite this
difference, female and malecells contain equal amountsof the proteins
encoded by the majority of X chromosomegenes. This results from a
dosage compensation mechanism in which most of the genes on one of
the two X chromosomesin female cells are inactivated by being con-
verted to heterochromatin early in development. Consequently, only

one copy of most genes located on the X chromosomeare available for tran-
scription in either female or malecells.

Although the mechanism of X chromosomeinactivation is not yet fully
understood, the key element appears to be a noncoding RNAtranscribed
from a regulatory gene, called Xist, on the inactive X chromosome. Xist
RNAremains localized to the inactive X, binding to and coating this chro-
mosome(Figure 6.35). In addition, Xist RNA recruits regulatory proteins
that repress transcription of most genesonthe inactive X. Although these
proteins remain to beidentified,it is clear that a principaleffect of Xist RNA
is the induction of methylation of histone H3 lysine-9, leading to chromatin
condensation and conversion of the inactive X to heterochromatin.

Noncoding RNAshavealso been recently showntoplay a key role in
transcriptionalsilencing and formation of heterochromatin at the cen-
tromeresofthe fission yeast Schizosaccharomyces pombe.In this case, RNAs
homologousto repeated centromeric DNA sequencesactto repress tran-
scription and induce heterochromatin formation at the centromere. As in X
chromosomeinactivation, methylation of histone H3lysine-9 is an early
event in formation of heterochromatin at yeast centromeres.Interestingly,
the action of regulatory centromeric RNAsin S. pombe requires their con-
version to small double-stranded RNA moleculesby the cellular machinery
responsible for generating the small interfering RNAsthat block gene
expression by targeting mRNAsfor degradation.

DNA Methylation
The methylation of DNAis another general mechanism by which control of
transcription in vertebratesis linked to chromatin structure. Cytosine
residues in vertebrate DNA can be modified by the addition of methyl
groupsat the 5-carbonposition (Figure 6.36). DNAis methylated specifi-
cally at the C’s that precede G’s in the DNA chain (CpG dinucleotides). This
methylation is correlated with reduced transcriptionalactivity of genes that
contain high frequencies of CpG dinucleotidesin the vicinity of their pro-
moters. Methylation inhibits transcription of these genesby interfering with
the binding of sometranscriptionalactivators, as well as by recruiting
repressors that specifically bind methylated DNA. The repressors that bind
methylated DNA function as complexes with histone deacetylases, linking
DNA methylationto alterations in histone acetylation and nucleosome
structure.

Although DNA methylation is capable of inhibiting transcription,it gen~
erally appears that only genes that are already repressed become methy-
lated. Rather than being the primary causeof transcriptional inactivation,
DNAmethylation mayserve principally to stabilize and maintain gene
inactivation during development. For example, genes on the inactive x
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chromosome become methylated following transcriptional repression by
Xist RNA and the methylation of histone H3 lysine-9, which may serve to
target the enzymesresponsible for inducing DNA methylation to inactive
genes. In plants,it has also been suggested that noncoding RNAstarget
DNA methylation of repressed genes.

One important regulatory role of DNA methylation has been established
in the phenomenon knownas genomic imprinting, which controls the
expression of some genes involved in the development of mammalian
embryos. In most cases, both the paternal and maternalalleles of a geneare
expressed in diploid cells. However, there are a few imprinted genes (over
two dozen have been described in mice and humans) whose expression
depends on whether they are inherited from the mother or from the father.
In somecases, only the paternalallele of an imprinted geneis expressed,
and the maternalallele is transcriptionally inactive. For other imprinted
genes, the maternalallele is expressed and the paternalallele is inactive.

DNA methylation appears to play a keyrole in distinguishing between
the paternal and maternalalleles of imprinted genes. A good exampleis the
gene H19, whichis transcribed only from the maternal copy (Figure 6.37).
The H19 geneis specifically methylated during the development of male,
but not female, germ cells. The union of sperm and eggatfertilization
therefore yields an embryo containing a methylated paternalallele and an
unmethylated maternal allele of the gene. These differences in methylation
are maintained following DNAreplication by an enzymethatspecifically
methylates CpG sequences of a daughter strand that is hydrogen-bonded to
a methylated parental strand (Figure 6.38). The paternal H19 allele therefore
remains methylated, and transcriptionally inactive, in embryonic cells and
somatic tissues. However, the paternal H19 allele becomes demethylated in
the germ line, allowing a new pattern of methylation to be established for
transmittal to the next generation.

RNA Processing and Turnover
Although transcription is the first and most highly regulated step in gene
expression, it is usually only the beginning of the series of events required
to produce a functional RNA. Most newly synthesized RNAs must be mod-
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Figure 6.37 Genomic imprinting
The H19 geneis specifically methylat-
ed during developmentof male germ
cells. Therefore, sperm contain a
methylated H19 allele and eggs contain
an unmethylated allele. Following fer-
tilization, the methylated paternal al-
lele remains transcriptionally inactive,
and only the unmethylated maternal
allele is expressed in the embryo.

Figure 6.38 Maintenance of
methylation patterns
In parental DNA, both strands are
methylated at complementary CpG
sequences. Following replication, only
the parental strand of each daughter
molecule is methylated. The newly
synthesized daughter strands are then
methylated by an enzymethat specifi-
cally recognizes CpG sequences oppo-
site a methylationsite.

 

  
 

:

 



134

262 Chapter 6

Figure 6.39 Processing of
ribosomal RNAs

Prokaryotic cells contain three rRNAs
(16S, 235, and 5S), which are formed by
cleavage of a pre-rRNAtranscript. Eu-
karyotic cells (e.g., human cells) con-
tain four rRNAs. Oneof these (5S
rRNA)is transcribed from a separate
gene;the other three (185, 28S, and
5.88) are derived from a common pre-
rRNA.Following cleavage, the 5.85
rRNA (which is unique to eukaryotes)
becomes hydrogen-bondedto 285
rRNA.

Renee

ified in various waysto be converted to their functional forms. Bacterial
mRNAsare an exception; they are used immediately as templates for.pro-
tein synthesis whilestill being transcribed. However, the primary tran-
scripts of both rRNAs and tRNAs must undergo a series of processing steps
in prokaryotic as well as eukaryotic cells. Primary transcripts of eukaryotic
mRNAssimilarly undergo extensive modifications, including the removal
of introns by splicing, before they are transported from the nucleusto the
cytoplasm to serve as templates for protein synthesis. Regulation,of these
processing steps provides an additionallevelof control of gene expression,
as does regulation of the rates at which different mRNAsare subsequently
degraded within thecell.

Processing ofRibosomaland Transfer RNAs
The basic processing of ribosomal and transfer RNAs in prokaryotic and
eukaryoticcellsis similar, as might be expected given the fundamentalroles
of these RNAsin protein synthesis. As discussed previously, eukaryotes
havefour species of ribosomal RNAs(see Table 6.1), three of which (the 285,
18S, and 5.85 rRNAs)are derived by cleavage of a single long precursor
transcript, called a pre-rRNA (Figure 6.39). Prokaryotes have three riboso-
mal RNAs(23S, 16S, and 5S), which are equivalent to the 285, 18S, and 5S
tRNAsofeukaryotic cells and are also formed by the processing of a single
pre-tRNAtranscript. The only rRNAthatis not processed extensively is the
5S rRNAin eukaryotes, which is transcribed from a separate gene.

Prokaryotic and eukaryotic pre-rRNAsare processed in severalsteps.Ini-
tial cleavagesof bacterial pre-rRNAyield separate precursors for the three
individual rRNAs;these are then further processed by secondary cleavages
to the final products. In eukaryotic cells, pre-rRNAisfirst cleavedat a site
adjacentto the 5.85 rRNA onits 5’ side, yielding two separate precursors that
contain the 18S andthe 28S + 5.85 rRNAs,respectively. Further cleavages
then convertthese to their final products, with the 5.85 rRNA becoming
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nucleolus of eukaryotic cells, and will be discussed in detail in Chapter8.
Like rRNAs, tRNAsin both bacteria and eukaryotesare synthesized as

longer precursor molecules (pre-tRNAs), some of which contain several
individual tRNA sequences (Figure 6.40). In bacteria, some tRNAsare
included in the pre-rRNAtranscripts. The processing of the 5’ end of pre-
tRNAs involves cleavage by an enzymecalled RNase P, whichis of special
interest because it is a prototypical modelof a reaction catalyzed by an
RNA enzyme. RNaseP consists of RNA and protein molecules, both of
which are required for maximalactivity. In 1983 Sidney Altmanandhis col-
leagues demonstrated that the isolated RNA component of RNaseP is itself
capable of catalyzing pre-tRNA cleavage. These experiments established
that RNase P is a ribozyme—an enzymein which RNAratherthan protein
is responsible for catalytic activity.

The 3’ end of tRNAsis generated by the action of a conventional protein
RNase, but the processing of this end of the tRNA molecule also involves an
unusual activity: the addition of a CCA terminus. All tRNAshave the
sequence CCAattheir 3’ ends. This sequenceis the site of amino acid attach-
ment,so it is required for tRNA function during protein synthesis. The CCA
terminusis encoded in the DNA of some tRNAgenes, but in othersitis not,
instead being added as an RNAprocessing step by an enzymethat recog-
nizes and adds CCAto the 3’ end of all tRNAsthat lack this sequence.

Figure 6.40 Processing of transfer RNAs
(A) Transfer RNAsare derived from pre-tRNAs, some of which contain several in-
dividual tRNA molecules. Cleavageat the 5’ end of the tRNAis catalyzed by the
RNaseP ribozyme; cleavageat the 3’ end is catalyzed by a conventionalprotein
RNase. A CCAterminusis then addedto the 3’ end of many tRNAsin a posttran-
scriptional processing step. Finally, some bases are modified at characteristic posi-
tions in the tRNA molecule. In this example, these modified nucleosides include di-
hydrouridine (DHU), methylguanosine (mG), inosine (I), ribothymidine (T), and
pseudouridine (y). (B) Structure of modified bases. Ribothymidine, dihydrouri-
dine, and pseudouridine are formed by modification of uridines in tRNA. Inosine
and methylguanosine are formed by the modification of guanosines.
(B) Modified bases  
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rogen-bonded to the 28S molecule. In addition to these cleavages, rRNA
essing involvesthe addition of methyl groupsto the bases and sugar

moieties of specific nucleotides. Processing of rRNA takes place within the
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Another unusualaspect of tRNA processing is the extensive modifica-
tion of bases in tRNA molecules. Approximately 10%of the bases in tRNAs
are altered to yield a variety of modified nucleotides at specific positions in
tRNA molecules (see Figure 6.40). The functions of most of these modified
bases are unknown, but some play importantroles in protein synthesis by
altering the base-pairing properties of the tRNA molecule (see Chapter7).

Some pre-tRNAs, as well as pre-rRNAsin a few organisms, contain
introns that are removedbysplicing. In contrast to other splicing reactions,
which (as discussed in the next section) involve the activities of catalytic
RNAs, tRNAsplicing is mediated by conventional protein enzymes. An
endonuclease cleaves the pre-tRNAatthesplice sites to excise the intron,
followed by joining of the exons to form a mature tRNA molecule.

Processing ofmRNA in Eukaryotes
In contrast to the processing of ribosomal and transfer RNAs, the process-
ing of messenger RNAsrepresents a major difference between prokaryotic
and eukaryotic cells. In bacteria, ribosomes have immediate access to
mRNAandtranslation begins on the nascent mRNAchain while transcrip-
tion is still in progress. In eukaryotes, mRNA synthesized in the nucleus
mustfirst be transported to the cytoplasm before it can be used as a tem-
plate for protein synthesis. Moreover,the initial products of transcription in
eukaryotic cells (pre-mRNAs) are extensively modified before export from
the nucleus. The processing of mRNAincludes modification of both ends of
the intial transcript, as well as the removalof introns from its middle (Fig-
ure 6.41). Rather than occurring as independent events following synthesis

 

   

5’ splice site 3’ splicesite polyAsite
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Figure 6.41 Processing of eukaryotic messenger RNAs
The processing of mRNAinvolves modification of the 5’ terminus by capping with
7-methylguanosine (m’G), modification of the 3’ terminus by polyadenylation, and
removalofintrons by splicing. The 5’ cap is formed by the addition of a GTP in re-
verse orientation to the 5’ end of the mRNA,forming a 5’-to-5’linkage. The added.
G is then methylated at the N-7 position, and methyl groups are addedto theri-
bosesof the first one or two nucleotides in the mRNA.
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of a pre-mRNA,these processing reactions are coupled to transcription, so
that mRNAsynthesis and processingare closely coordinatedsteps in gene
expression. The C-terminal domain (CTD) of RNA polymeraseII plays a
keyrole in coordinating these processes by serving as a bindingsite for the
enzyme complexes involved in mRNAprocessing. The association of these
processing enzymes with the CTD of polymeraseII accountsfor their speci-
ficity in processing mRNAs; polymerasesI andIII lack a CTD,sotheir tran-
scripts are not processed by the same enzyme complexes.

The first step in mRNAprocessing is the modification ofthe 5’ end of the
transcript by the addition of a structurecalled a 7-methylguanosinecap.
The enzymesresponsible for capping are recruited to the phosphorylated
CTDfollowinginitiation of transcription, and the cap is addedafter tran-
scription of the first 20-30 nucleotides of the RNA. Cappingis initiated by
the addition of a GTP in reverse orientation to the 5’ terminal nucleotide of

the RNA. Then methyl groups are addedto this G residue and to the ribose
moieties of one or two 5’ nucleotides of the RNA chain. The 5’capstabilizes
the RNA,as well as aligning eukaryotic mRNAson the ribosome during
translation (see Chapter 7).

The 3” end of most eukaryotic mRNAsis defined not by termination of
transcription, but by cleavageof the primary transcript and additionof a
poly-A tail—a processingreaction called polyadenylation (Figure 6.42). The
signals for polyadenylation include a highly conserved hexanucleotide
(AAUAAAin mammaliancells), which is located 10 to 30 nucleotides
upstream of the site of polyadenylation, and a G-U rich downstream
sequence element. In addition, some genes have a U-rich sequence element
upstream of the AAUAAA.These sequences are recognized by a complex of
proteins, including an endonucleasethat cleaves the RNA chain anda sepa-
rate poly-A polymerasethat adds a poly-Atail of about 200 nucleotides to
the transcript. These processing enzymesare associated with the phospho-
rylated CTD of RNA polymeraseII, and may travel with the polymeraseall
the way from the transcriptioninitiation site. Cleavage and polyadenylation
signal the termination of transcription, which usually occurs several hun-
dred nucleotides downstream of the site of poly-A addition.

Almost all mRNAsin eukaryotes are polyadenylated, and poly-A tails
have been shownto regulate both translation and mRNAstability. In addi-
tion, polyadenylation plays an important regulatory role in early develop-
ment, where changesin the length of poly-A tails control mRNAtransla-
tion. For example, many mRNAsare stored in unfertilized eggs in an
untranslated form with short poly-A tails (usually 30 to 50 nucleotides

G-U rich
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Figure 6.42 Formationof the 3‘
endsof eukaryotic mRNAs
Polyadenylation signals in mam-
malian cells consist of the hexanu-
cleotide AAUAAAin addition to

upstream and downstream (G-U
rich) elements. An endonuclease
cleaves the pre-mRNA10 to 30 nu-
cleotides downstream of the
AAUAAA,usually at a CA se-
quence. Poly-A polymerase then
addsa poly-A tail consisting of
about 200 A’s to the 3’ end ofthe
RNA.
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Figure 6.43 In vitro splicing
A genecontaining an intronis cloned
downstream of a promoter(P) recog-
nized bya bacteriophage RNApoly-
merase. The plasmidis digested with a
restriction enzymethat cleavesat the 3’
end of the inserted geneto yield a lin-
ear DNA molecule. This DNAis then
transcribedin vitro with the bacterio-

phage polymerase to produce pre-
mRNA.Splicing reactions can then be
studiedin vitro by addition of this pre-
mRNAto nuclear extracts of mam-
malian cells.
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long). Fertilization stimulates the lengthening of the poly-A tails of these
stored mRNAs, which in turn activates their translation and the synthesis of
proteins required for early embryonic development.

The most striking modification of pre-mRNAsis the removalofintrons
by splicing. As discussed in Chapter4, the coding sequences of most
eukaryotic genes are interrupted by noncoding sequences (introns) that are
precisely excised from the mature mRNA.In mammals, most genes contain
multiple introns, which typically account for about ten times more pre-
mRNAsequencesthan the exons do. The unexpected discovery of introns
in 1977 generated an active research effort directed toward understanding
the mechanism of splicing, which had to be highly specific to yield func-
tional mRNAs. Further studies of splicing have not only illuminated new
mechanismsof gene regulation; they have also revealed novel catalytic
activities of RNA molecules.

Splicing Mechanisms
The key to understanding pre-mRNAsplicing was the development of in
vitro systemsthatefficiently carried outthe splicing reaction (Figure 6.43).
Pre-mRNAswere synthesized in vitro by the cloning of structural genes
(with their introns) adjacent to promoters for bacteriophage RNA poly-
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Figure 6.44 Splicing of pre-mRNA
Thesplicing reaction proceeds in twosteps. The first step involves cleavage at the
5’ splice site (SS) and joining of the 5’ end of the intron to an A within the intron
(the branch point). This reaction yields a lariat-like intermediate, in which the in-
tron forms a loop. Thesecond step is cleavage atthe 3’ splice site and simultaneous
ligation of the exons, resulting in excision of the intron asa lariat-like structure.

merases, which could readily beisolated in large quantities. Transcription
of these plasmids could then be used to prepare large amountsof pre-
mRNAsthat, when added to nuclear extracts of mammalian cells, were
found to be correctly spliced. As with transcription, the use of such in vitro
systemshas allowed splicing to be analyzed in muchgreater detail than
would have been possible in intact cells.

Analysis of the reaction products and intermediates formedin vitro
revealed that pre-mRNAsplicing proceedsin twosteps (Figure 6.44). First,
the pre-mRNAis cleaved at the 5’ splice site, and the 5’ end of the intron is
joined to an adenine nucleotide within the intron (nearits 3’ end). In this
step an unusual bond forms between the 5’ end of the intron and the 2’
hydroxyl group of the adenine nucleotide. The resulting intermediate is a
lariat-like structure, in which the intron formsa loop. The second step in
splicing then proceeds with simultaneouscleavageat the 3’ splice site and
ligation of the two exons. The intron is thus excised asalariat-like structure,
whichis then linearized and degraded within the nucleusofintactcells.

These reactions define three critical sequence elements of pre-mRNAs:
Sequencesat the 5’ splice site, sequencesat the 3’ splice site, and sequences
within the intron at the branch point(the point at which the 5’ end of the
intron becomes ligated to form thelariat-like structure) (see Figure 6.44).
Pre-mRNAscontain similar consensus sequencesat each of these positions,
allowing the splicing apparatus to recognize pre-mRNAsand carry out the
cleavage andligation reactions involved in the splicing process.

Biochemical analysis of nuclear extracts has revealed that splicing takes
Place in large complexes, called spliceosomes, composed of proteins and
RNAs. The RNA components of the spliceosomeare five types of small
Nuclear RNAs (snRNAs)called U1, U2, U4, U5, and U6. These snRNAs,
which rangein size from approximately 50 to nearly 200 nucleotides, are
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KEY EXPERIMENT

 

Antibodies to small nuclear RNAs complexed with proteins are
produced by patients with systemic lupus erythematosus
Michael R. Lerner and Joan A.Steitz
Yale University, New Haven, Connecticut
Proceedings of the National AcademyofSciences, USA, 1979, Volume 76, pages
5495-5499
 

The Context

The discovery of introns in 1977
impliedthata totally unanticipated
processing reaction was required to
produce mRNAin eukaryoticcells.
Introns had to be precisely excised
from pre-mRNA,followed by the
joining of exonsto yield a mature
mRNA molecule. Given the unex-

pected nature of pre-mRNAsplicing,
understanding the mechanism of the
splicing reaction captivated the atten-
tion of many molecular biologists.
One ofthe majorstepsin elucidating
this mechanism wasthediscoveryof
snRNPsandtheir involvementin pre-

mRNAsplicing.
Small nuclear RNAs werefirst

identified in eukaryotic cells in the
late 1960s. However, the function of
snRNAs remained unknown.In this

1979 paper, Michael Lerner and Joan
Steitz demonstrated that the most
abundant snRNAs were present as
RNA-protein complexescalled
snRNPs.In addition, they provided
the first suggestion that these RNA-
protein complexes might function in
pre-mRNAsplicing. This identifica-
tion of snRNPsled to a variety of
experiments that confirmedtheirroles
and elucidated the mechanism by
which pre-mRNAsplicing takes place.

The Experiments
The identification of snRNPs was
based onthe useof antisera from

patients with systemic lupus erythe-
matosus, an autoimmunedisease in
whichpatients produce antibodies
against their own normalcell con-
stituents. Manyof the antibodies pro-
duced by systemic lupus erythemato-
sus patients are directed against

components of the nucleus,including
DNA, RNA,and histones. The discov-
ery of snRNPsarose from studies in
which Lerner and Steitz sought to
characterize two antigens, called
ribonucleoprotein (RNP) and Sm,that
were recognized by antibodies from
systemic lupus erythematosus
patients. Indirect data suggested that
RNPconsisted of both protein and
RNA,as its name implies, but neither
RNPnor Sm had been characterized
at the molecularlevel.

To identify possible RNA compo-
nents of the RNP and Sm antigens,
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Immunoprecipitation of snRNAswith anti-
sera from systemic lupus erythematosus
patients. Lane 1, anti-Sm; lane 2,normal
control serum;lane 3, antiserum recogniz-

ing primarily the RNP antigen; lane4, anti-
RNP. Note that a nonspecific RNA desig-
nated X is presentin all immunoprecipi-
tates, including the control.

Dennen

The Discovery ofsnRNPs

 
Joan Steitz

nuclear RNAsof mousecells were
radiolabeled with **P and immuno-

precipitated with antisera from differ-
ent systemic lupus erythematosus
patients (see Figure 3.30). Six specific
species of snRNAswere foundto be
selectively immunoprecipitated by
antisera from different patients, but
not by serum from a normal control
patient(see figure). Anti-Sm serum
immunoprecipitatedall six of these
snRNAs, which were designated Ula,
Ulb, U2, U4, U5, and U6. Anti-RNP
serum immunoprecipitated only Ula
and U1b, and serum fromathird
patient (which had been characterized
as mostly anti-RNP) immunoprecipi-
tated Ula, Ulb, and U6. The immuno-
precipitated snRNAswerefurther
characterized by sequence analysis,
which demonstrated that Ula, U1b,
and U2 wereidentical to the most

abundant snRNAspreviously
reported in mammalian nuclei, with
Ula and Utb representing sequence
variants of a single species of U1
snRNApresent in humancells. In
contrast, the U4, U5, and U6 snRNAs
were newly identified by Lerner and
Steitz in these experiments.

Importantly, the immunoprecipita-
tion of these snRNAs demonstrated
that they were components of RNA-
protein complexes. The anti-Sm
serum, which immunoprecipitated all
six of the snRNAs, had previously
been shownto be directed against a
protein antigen. Similarly, protein was
knownto be required for antigen
recognition by anti-RNP serum. More-
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over, Lerner andSteitz showed that
noneof the snRNAscould be

immunoprecipitated if protein was
first removed by extraction of the
RNAswith phenol. Further analysis of
cells in which proteins had been radio-
labeled with *S-methionineidentified

seven prominent nuclear proteins that
were immunoprecipitated along with
the snRNAsbyanti-Sm and anti-RNP
sera. These data therefore indicated

that each ofthe six snRNAs waspres-
ent in an snRNP complex with specific
nuclear proteins.

The Impact

The finding that snRNAs were com-
ponents of snRNPs that were recog-

nized by specific antisera opened a
new approachto studying snRNA
function. Lerner andSteitz noted that

a “most intriguing” possible role for
snRNAsmight be in pre-mRNAsplic-
ing, and pointed out that sequences
nearthe 5’ terminus of U1 snRNA

were complementary to splicesites.
Steitz and her colleagues then pro-

ceeded with a series of experiments
that establishedthe critical involve-

ment of snRNPs in splicing. These
studies included more extensive

sequence analysis that demonstrated
the complementarity of conserved 5’
sequences of U1 snRNAto the con-
sensus sequencesof 5’ splice sites,
suggesting that U1 functioned in 5’

splice site recognition. In addition,
antisera against snRNPs were used to
demonstrate that U1 was required for
pre-mRNAsplicing both in isolated
nuclei and in in vitro splicing extracts.
Further studies have gone on to show
that the snRNAsthemselves play crit-
ical roles notonlyin the identification
of splice sites, but also as catalysts of
the splicing reaction. Theinitial dis-
covery that snRNAs were compo-
nents of snRNPsthat could be recog-
nized by specific antisera thus opened
the door to understanding the mecha-
nism of pre-mRNAsplicing.

SSeSSSS

complexed with six to ten protein molecules to form small nuclear ribonu-
cleoprotein particles (snRNPs), which play centralroles in the splicing
process. The U1, U2, and U5 snRNPseach contain a single snRNA molecule,
whereas U4 and U6 snRNAsare complexedto eachotherin a single snRNP.

Thefirst step in spliceosome assemblyis the binding of U1 snRNPto the
5” splice site of pre-mRNA(Figure 6.45). This recognition of 5’ splice sites
involves base pairing between the 5’ splice site consensus sequence and a
complementary sequenceat the 5’ end of U1 snRNA(Figure 6.46). U2
snRNPthen binds to the branch point, by similar complementary basepair-
ing between U2 snRNAand branch point sequences. A preformed complex
consisting of U4/U6 and U5 snRNPsis then incorporated into the spliceo-
some, with U5 binding to sequences upstream ofthe 5’ splice site. The splic-
ing reaction is then accompanied by rearrangements of the snRNAs.Prior
to the first reaction step (formation ofthelariat-like intermediate, see Figure
6.44), U6 dissociates from U4 and displaces U1at the 5’ splice site. U5 then
binds to sequencesatthe 3’ splicesite, followed by excision of the intron
andligation of the exons.

Not only do the snRNAsrecognize consensus sequencesat the branch
Points and splice sites of pre-mRNAs; they also catalyze the splicing reac-
tion directly. The catalytic role of RNAsin splicing was demonstrated by
the discovery that some RNAsare capableofself-splicing;thatis, they can
catalyze the removalof their ownintrons in the absence of other protein or
RNAfactors. Self-splicing wasfirst described by Tom Cech andhiscol-
leagues during studies of the 28S rRNA of the protozoan Tetrahymena. This
RNAcontains an intron of approximately 400 basesthatis precisely
Temoved following incubation of the pre-rRNAin the absence of added
Proteins. Further studies have revealed that splicing is catalyzed by the
intron, whichacts as a ribozymeto direct its own excision from the pre-
tRNA molecule. The discovery ofself-splicing of Tetrahymena rRNA,
together with the studies of RNaseP already discussed,providedthefirst
demonstrations of the catalytic activity of RNA.
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Figure 6.45 Assembly of the
spliceosome
Thefirst step in spliceosome assembly
is the binding of U1 snRNPto the 5’
splice site (SS), followed bythe bind-
ing of U2 snRNPto the branch point. A
preformed complex consisting of
U4/U6 and U5 snRNPsthen enters the
spliceosome. U5 binds to sequences
upstream ofthe 5splicesite, and U6
dissociates from U4 and displaces U1
prior to formation of the lariat-like in-
termediate. U5 then bindsto the 3’
splicesite, followed by excision of the
intron andligation of the exons.
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Additional studies have revealed self-splicing RNAsin mitochondria,
chloroplasts, and bacteria. Theseself-splicing RNAsare divided into tw°
classes on the basis of their reaction mechanisms(Figure 6.47). Thefirst step
in splicing for groupI introns(e.g., Tetrahymena pre-rRNA)is cleavage @
the 5’ splice site mediated by a guanosine cofactor. The 3’ end ofthe free
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5’ SS 3’ SS

Exon 1 | Intron | Exon 2 . a
Pre-mRNA 5!GSS1GUAGa3’~—«Figure 6.46 Binding of U1 snRNA to

the 5’splice site
The 5’ terminus of U1 snRNAbinds to
consensus sequencesat 5’ splice sites
by complementary base pairing. 
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Figure 6.47 Self-splicing introns
Group I and groupII self-splicing in-
trons are distinguished by their reac-
tion mechanisms. In groupI introns,
the first step in splicing is cleavage of
the 5’ splice site by reaction with a
guanosinecofactor. The resultis a lin-

exon then reacts with the 3’ splice site to excise the intron as a linear RNA. ear intermediate with a G added to the
In contrast, the self-splicing reactions of group II introns (e.g., some mito- 9 end ofthe intron. ingroupaanchondrial pre-mRNAs)closely resemble those characteristic of nuclear pre- (as in pre-mRNAsplicing), the first

step is cleavage ofthe 5’ splice site b
mRNA splicing, in which cleavageofthe 5’ splice site results from attack by veaction withon A withinthe intron.
an adenosine nucleotide in the intron. As with pre-mRNAsplicing, the forminga lariat-like intermediate. In
resultis a lariat-like intermediate, which is then excised. both cases, the second stepis simulta-

neous cleavage of the 3’ splice site and
ligation of the exons.
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Figure 6.48 Roleof splicing factors
in spliceosome assembly
Splicing factors (SR proteins) bind to
specific sequences within exons. The
SR proteins recruit U1 snRNPto the 5’
splice site and an additional splicing
factor (U2AF)to the 3’ splicesite.
U2AFthen recruits U2 snRNP to the

branchpoint.

The similarity between spliceosome-mediated pre-mRNAsplicing and
self-splicing of groupII introns strongly suggested that the active catalytic
componentsof the spliceosome were RNAs rather than proteins. In partic-
ular, these similarities suggested that pre-mRNAsplicing was catalyzed by
the snRNAsofthe spliceosome. Continuing studies of pre-mRNAsplicing
haveprovidedclear supportfor this view, including the demonstration that
U2 and U6 snRNAs,in the absenceof proteins, can catalyze thefirst step in
pre-mRNAsplicing. Pre-mRNAsplicing is thus considered to be an RNA-
based reaction, catalyzed by spliceosome snRNASsacting analogously to
group II self-splicing introns. Within thecell, protein components of the
snRNP%are also required, however, and participate in both assembly of the
spliceosomeandthesplicing reaction.

A numberofprotein splicing factors that are not snRNP components also
playcritical roles in spliceosome assembly, particularly in identification of
the correct splice sites in pre-mRNAs(Figure 6.48). Mammalian pre-
mRNAstypically contain multiple short exons (an average of 150
nucleotides in humans) separated by muchlarger introns (averageof 3,500
nucleotides). Introns frequently contain many sequences that resemble
splice sites, so the splicing machinery mustbe able to identify the appropri-
ate 5’ and 3’splice sites at intron/exon boundaries to producea functional
mRNA.Splicing factors serve to direct spliceosomesto the correct splice
sites by binding to specific RNA sequences within exons and then recruiting
U1 and U2 snRNPsto the appropriate sites on pre-mRNAbyprotein-pro-
tein interactions. In addition, splicing factors couplesplicing to transcrip-
tion by associating with the phosphorylated CTD of RNA polymeraseIT.
This anchoringof the splicing machinery to RNA polymeraseis thought to
be important in ensuring that exonsare joined in the correct order as the
pre-mRNAis synthesized.

Alternative Splicing
The centralrole of splicing in the processing of pre-mRNA opensthe possi-
bility of regulation of gene expression by controlof the splicing machinery.
Since most pre-mRNAscontain multiple introns, different mRNAscan be
produced from the samegene by different combinationsof 5’ and 3’ splice
sites. The possibility of joining exons in varied combinations provides a
novel meansofcontrolling gene expression by generating multiple mRNAs
(and therefore multiple proteins) from the same pre-mRNA.This process,
called alternative splicing, occurs frequently in genes of complex eukary-
-otes. For example,it is estimated that alternative splicing can result in the
production of three or more mRNAsfrom the average mammalian gene,
considerably increasing the diversity of proteins that can be encoded by the
estimated 30,000-40,000 genes in mammalian genomes. Because patterns of
alternative splicing can vary in different tissues, alternative splicing pro-
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vides an important mechanism fortissue-specific and developmental regu-
lation of gene expression.

Onewell-studied exampleof tissue-specific alternative splicing is pro-
vided by sex determination in Drosophila, where alternative splicing of the
same pre-mRNAdetermines whetherafly is male or female (Figure 6.49).
Alternative splicing of the pre-mRNAofa genecalled transformer is con-
trolled by a protein (SXL) that is only expressed in female flies. The trans-
former pre-mRNAhasthree exons, but a different second exon is incorpo-
rated into the mRNAasa result of using alternate 3’ splice sites in the two
different sexes. In males, exon 1 is joined to the most upstream ofthese 3’
splice sites, whichis selected by the binding of the U2AFsplicing factor to
sequencesin exon 2. In females, the SXL protein bindsto this site in exon 2,
blocking the binding of U2AF. Consequently, the upstream 3’ splice site is
skipped in females, and exon1is instead joined to an alternate 3’ splice site
that is further downstream. The exon 2 sequencesincluded in the male
transformer mRNAcontain a translation termination codon,so no protein is
produced. This termination codonis not included in the female mRNA, so
female flies express functional transformer protein, which acts a key regula-
tor of sex determination.

Thealternativesplicing of transformer illustrates the action of a repressor
(the SXL protein) that functions by blocking the binding ofa splicing factor
(U2AF). In othercases, alternative splicing is controlled by activators that
recruit splicing factors to splice sites that would otherwise not be recog-
nized. Multiple mechanismscan thus regulate alternative splicing, and
variations in alternative splicing make a majorcontribution to the diversity
of proteins expressed during developmentanddifferentiation.

RNA Editing
RNA editing refers to RNA processing events (other than splicing) that
alter the protein-coding sequences of some mRNAs.This unexpected form
of RNA processing wasfirst discovered in mitochondrial mRNAsoftry-
Panosomes, in which U residues are added and deleted at multiple sites
along the molecule. More recently, editing has also been described in mito-
chondrial mRNAsofother organisms, chloroplast mRNAsof higherplants,
and nuclear mRNAs of some mammalian genes.

Editing in mammalian nuclear mRNAs,as well as in mitochondrial and
chloroplast RNAsof higherplants, involves single base changesasaresult
o base modification reactions, similar to those involved in tRNA process-
Ng. In mammalian cells, RNA editing reactions include the deamination of
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Figure 6.49 Alternative splicing in
Drosophila sex determination
Alternative splicing of transformer (tra)
mRNAis regulated by the SXL protein,
which is only expressed in femaleflies.
In males, the first exon of tra mRNA is
joined to a 3’ splice site that yields a 24
exon containing a translation termina-
tion codon,so notra protein is expres-
sed. In females, the binding of SXL
protein blocks the binding of U2AF to
this 3’ splice site, resulting in the use of
an alternative site further downstream

in exon 2. This alternative 3’ splice site
is downstream of the translation termi-

nation codon, so the mRNA expressed
in females directs the synthesis of func-
tional tra protein.
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Figure 6.50 Editing of
apolipoprotein B mRNA
In humanliver, unedited mRNAis
translated to yield a 4536-amino-acid
protein called Apo-B100. In human in-
testine, however, the mRNAis edited
by a base modification that changesa
specific C to a U. This modification
changes the codon for glutamine
(CAA)to a termination codon (UAA),
resulting in synthesis of a shorter pro-
tein (Apo-B48, consisting of only 2152
aminoacids).
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cytosine to uridine and of adenosineto inosine. One of the best-studied
examplesis editing of the mRNAfor apolipoprotein B, which transports
lipids in the blood.In this case, tissue-specific RNA editing results in two
different forms of apolipoprotein B (Figure 6.50). In humans, Apo-B100
(4536 aminoacids) is synthesizedin the liver by translation of the unedited
mRNA. However, a shorter protein (Apo-B48, 2152 amino acids) is synthe-
sized in the intestine asa result of translation of an edited mRNAinwhicha
C has been changedto a U by deamination. This alteration changes the
codon for glutamine (CAA)in the unedited mRNAtoa translation termi-
nation codon (UAA)in the edited mRNA, resulting in synthesis of the
shorter Apo-B protein. Tissue-specific editing of Apo-B mRNAthusresults
in the expression of structurally and functionally different proteinsin liver
and intestine. The full-length Apo-B100 produced by the liver transports
lipids in the circulation; Apo-B48 functions in the absorption of dietary
lipids by the intestine.

RNAediting by the deamination of adenosine to inosine is the most com-
monform of nuclear RNAediting in mammals. This form ofediting plays
an importantrole in the nervous system, where A-to-I editing results in sin-
gle aminoacid changesin the receptors for somesignaling molecules on the
surface of neurons. The importanceofthis editing reaction has been clearly
demonstrated using homologous recombination to inactivate the gene
encoding the enzymeresponsible for A-to-I editing in mice (see Chapter 3).
Micelacking this enzymedie at a young age after suffering repeated epilep-
tic seizures as a result of dysfunction of the improperly edited receptors.

RNA Degradation
The processing steps discussedin the previous section result in the forma-
tion of mature mRNAs, which are then transported to the cytoplasm and
function to direct protein synthesis. However, most of the sequences tran-
scribed into pre-mRNAare instead degraded within the nucleus. Over 90%
of pre-mRNAsequencesare introns, whichare degraded within the nucleus
following their excision by splicing. This is carried out by an enzymethat
recognizes the unique 2’-5’ bond formedat the branchpoint, as well as by
enzymesthat recognize either the 5/ or 3’ ends of RNA molecules and cat-
alyze degradation of the RNA in either direction. The 5’ and 3’ ends of
processed mRNAsare protected from this degradation machinery by cap”
ping and polyadenylation, respectively, while the unprotected ends ©
introns are recognized and degraded.

In addition to degrading introns, cells possess a quality-control syste™
(called nonsense-mediated mRNA decay)that leads to the degradation °
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mRNAsthat lack complete open-reading frames. This eliminates defective
mRNAmolecules and prevents the synthesis of abnormaltruncated pro-
teins. In yeast, nonsense-mediated mRNAdecaytakes place in the cyto-
plasm and is triggered when a premature termination codonis encountered
by a ribosome during protein synthesis. In mammals, however,atleast
gome nonsense-mediated mRNAdecay takes place within the nucleus. The
mechanism by which termination codonsare recognized within the nucleus
of mammalian cells is not yet understood, although somerecent studies
have suggested that ribosomeswithin the nucleus could be involvedin rec-
ognizing and eventranslating nuclear mRNAs.

What maybe consideredthe final aspect of the processing of an RNA
molecule is its eventual degradation in the cytoplasm.Since the intracellular
level of any RNAis determined by a balance between synthesis and degra-
dation, the rate at which individual RNAsare degradedis anotherlevel at
which gene expression can be controlled. Both ribosomal and transfer RNAs
are very stable, and this stability largely accounts for the high levels of these
RNAs(greater than 90%of all RNA) in both prokaryotic and eukaryotic
cells. In contrast, bacterial mRNAsare rapidly degraded, usually having
half-lives of only 2 to 3 minutes. This rapid turnoverof bacterial mRNAs
allowsthecell to respond quickly to alterations in its environment, such as
changesin the availability of nutrients required for growth. In eukaryotic
cells, however, different mRNAsare degradedat different rates, providing
an additional parameterto the regulation of eukaryotic gene expression.

The cytoplasmic degradation of most eukaryotic mRNAsis initiated by
shortening of their poly-A tails. Then follows removalof the 5’ cap and
degradation of the RNA by nucleases acting from both ends. Thehalf-lives
of mRNAs in mammalian cells vary from less than 30 minutes to approxi-
mately 20 hours. The unstable mRNAsfrequently code for regulatory pro-
teins, including certain transcription factors, whose levels within the cell
vary rapidly in response to environmental stimuli. These mRNAsoften
contain specific AU-rich sequences neartheir 3’ ends that appear to signal
rapid degradation by promoting deadenylation.

The stability of some mRNAscan also be regulated in responseto extra-
cellular signals. A good example is provided by the mRNAthat encodes
transferrin receptor—acell surface protein involved in the uptake ofiron by
mammalian cells. The amountof transferrin receptor within cells is regu-
lated by the availability of iron, largely as a result of modulation ofthe sta-
bility of its mRNA(Figure 6.51). In the presence of adequate amounts of
iron, transferrin receptor mRNAis rapidly degraded asa result of specific
nuclease cleavage at a sequencenearits 3’ end. If an adequate supplyof
iron is not available, however, the mRNAisstabilized, resulting in
increased synthesis of transferrin receptor and moreiron uptakebythecell.

Figure 6.51 Regulation of
transferrin receptor mRNAstability
Thelevels of transferrin receptor
mRNAare regulated by the availability
of iron. If the supply ofiron is ade-
quate, the mRNAis rapidly degraded
as a result of nuclease cleavage near
the 3’ end.If iron is scarce, however, a
regulatory protein (called the iron re-
sponse element-bindingprotein,or
IRE-BP) binds to a sequence near the 3’
end of the mRNA(the iron responseel-
ement, or IRE), protecting the mRNA
from nuclease cleavage.
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KEY TERMS

RNA polymerase, promoter,
footprinting

operon, operator, repressor,
cis-acting control element,

trans-acting factor

transcription factor, general
transcription factor, TATA box,

TATA-bindingprotein (TBP),
TBP-associated factor (TAF),

Mediator

enhancer, insulator

 

This regulation is mediated by a protein that binds to specific sequences
(called the iron response element, or IRE) near the 3’ end of transferrin
receptor mRNAand protects the mRNAfrom cleavage. The binding of this
regulatory protein to the IRE is in turn controlled by the levels of iron
within the cell: If iron is scarce, the protein binds to the IRE and protects
transferrin receptor mRNAfrom degradation. Similar changesin the stabil-
ity of other mRNAsare involved in the regulation of gene expression by
certain hormones. Thus, although transcription remainsthe primarylevel
at which gene expressionis regulated, variationsin the rate of mRNA
degradationalso play an importantrole in controlling steady-state levels of
mRNAswithin thecell.

SUMMARY

TRANSCRIPTION IN PROKARYOTES

RNA Polymerase and Transcription: E. coli RNA polymerase consists of
a, B, B’, @,and o subunits. Transcriptionis initiated by the binding of o to
promoter sequences. After synthesis of aboutthefirst ten nucleotides of
RNA,the core polymerase dissociates from o andtravels along the tem-
plate DNA asit elongates the RNA chain. Transcription then continues
until the polymerase encounters a termination signal.

Repressors and Negative Control of Transcription: The prototype model
for gene regulation in bacteria is the lac operon, whichis regulated by the
binding of a repressor to specific DNA sequences within the promoter.

Positive Control of Transcription: Some bacterial genesare regulated by
transcriptional activators rather than repressors.

EUKARYOTIC RNA POLYMERASES AND GENERAL
TRANSCRIPTION FACTORS

Eukaryotic RNA Polymerases: Eukaryotic cells contain three distinct
nuclear RNA polymerasesthat transcribe genes encoding mRNAs(poly-
meraseII), rRNAs(polymerasesI and IIT), and tRNAs (polymeraseII).

General Transcription Factors and Initiation of Transcription by RNA
PolymeraseII: Eukaryotic RNA polymerasesdo not bind directly to pro-
moter sequences; they require additional proteins (general transcription
factors) to initiate transcription. The promoter sequences of many poly-
meraseII genes are recognized by the TATA-bindingprotein, which recruits
additional transcription factors and RNA polymerase to the promoter.

Transcription by RNA PolymerasesI and III: RNA polymerasesI and Til
also require additionaltranscription factors to bind to the promoters of
rRNA, tRNA, and some snRNAgenes.

REGULATION OF TRANSCRIPTION IN EUKARYOTES

cis-Acting Regulatory Sequences: Promoters and Enhancers: Transcrip-
tion of eukaryotic genesis controlled by proteins that bind to regulatory
sequences, which can belocated up to several kilobases away from the
transcriptionstart site. Enhancers typically contain binding sites for mul-
tiple proteins that work together to regulate gene expression.
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Transcriptional Regulatory Proteins: Many eukaryotic transcription fac-
tors have beenisolated onthebasis of their binding to specific DNA
sequences.

Structure and Function of Transcriptional Activators: Transcriptional
activators are modular proteins, consisting of distinct DNA-binding and
activation domains. DNA-binding domains mediate association with
specific regulatory sequences; activation domainsstimulate transcription
by interacting with Mediator proteins and generaltranscription factors,
as well as with coactivators that modify chromatin structure.

Eukaryotic Repressors: Gene expression in eukaryotic cells is regulated
by repressors as well as by activators. Some repressors interfere with the
binding ofactivators or general transcription factors to DNA. Other
repressors contain discrete repression domainsthat inhibit transcription
by interacting with either general transcription factors, transcriptional
activators, or corepressorsthat affect chromatin structure.

Relationship of Chromatin Structure to Transcription: The packaging of
DNAin nucleosomespresents an impediment to transcription in eukary-
otic cells. Modification of histones by acetylation increases the accessibil-
ity of nucleosomal DNAto transcription factors, and this modification of
chromatin is tightly linked to transcriptional regulation. Enzymesthat
catalyze histoneacetylation are associated with transcriptional activa-
tors, whereas histone deacetylases are associated with repressors.
Histones are also modified by phosphorylation and methylation, and
specific modifications of histones affect gene expression by serving as
bindingsites for other regulatory proteins. In addition, nucleosome
remodeling factors facilitate the binding of transcription factors to DNA
by altering the arrangementor structures of nucleosomes. RNA poly-
meraseis then able to transcribe through nucleosomesby disrupting
histone-DNAcontacts. Transcriptional elongationis facilitated by the
nonhistone HMGN chromosomalproteins, and by elongation factors
that recruit histone acetyltransferases as well as acting directly to disrupt
nucleosomestructure.

Regulation of Transcription by Noncoding RNAs: Transcription can be
regulated by noncoding RNAs,as well as by regulatory proteins. X chro-
mosomeinactivation provides an example of gene regulation by a non-
coding RNA in mammals.

DNA Methylation: Methylation of cytosine residues can inhibit the tran-
scription of vertebrate genes. Regulation of gene expression by methyla-
tion plays an importantrole in genomic imprinting, which controls the
transcription of some genes involved in mammalian development.

RNA PROCESSING AND TURNOVER

Processing of Ribosomal and Transfer RNAs: Ribosomaland transfer
RNAsare derived by cleavage of long primary transcripts in both
prokaryotic and eukaryotic cells. Methyl groups are added to rRNAs,
and various bases are modified in tRNAs.

Processing of mRNA in Eukaryotes: Eukaryotic pre-mRNAsare modi-
fied by the addition of 7-methylguanosine caps and 3’ poly-Atails, in
addition to the removal of intronsbysplicing.
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electrophoretic-mobility shift
assay, DNA-affinity
chromatography

transcriptional activator, zinc
finger domain, steroid hormone
receptor, helix-turn-helix, homeo-
domain, homeobox,leucine
zipper,helix-loop-helix,
coactivator

corepressor

HMGNproteins, histone acetyla-
tion, histone code, nucleosome
remodeling factor, elongation
factor

X chromosomeinactivation

genomic imprinting

pre-rRNA, pre-tRNA, RNaseP,
ribozyme
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spliceosome, small nuclear RNA
(snRNA), snRNP, self-splicing

Splicing Mechanisms: Splicing of nuclear pre-mRNAstakes place in
large complexes, called spliceosomes, composed of proteins and small
nuclear RNAs(snRNAs). The snRNAsrecognize sequencesat the splice
sites of pre-mRNAsandcatalyze the splicing reaction. Some mitochon-
drial, chloroplast, and bacterial RNAs undergoself-splicing, in which the
splicing reaction is catalyzed by intron sequences.

Alternative Splicing: Exons can be joined in various combinations as a
result of alternative splicing, which provides an important mechanism
for tissue-specific control of gene expression in complex eukaryotes.

alternative splicing

RNAediting RNAEditing: Some mRNAsare modified by processing events that alter
their protein-coding sequences. Editing of mitochondrial mRNAsin
some protozoansinvolves the addition and deletion of U residues at
multiple sites in the molecule. Other forms of RNA editing in plant and
mammaliancells involve the modification of specific bases.

RNADegradation:Introns are degraded within the nucleus, and abnor-
mal mRNAslacking complete open-reading framesare eliminated by
nonsense-mediated mRNAdecay. Functional mRNAsin eukaryotic cells
are degradedat different rates, providing an additional mechanism for
control of gene expression. In somecases, rates of mRNA degradation
are regulated by extracellular signals.

nonsense-mediated mRNAdecay

Questions

1. How doeslactose induce the expres-
sion of the proteins that are needed for
E. coli to take up and metabolizelactose?

2. The consensus sequenceofthe E.coli
~10 promoter element is TATAAT, You
are comparing two promoters that have
-10 element sequences of TATGAT and
CATGAT,respectively. Which would you
expectto be transcribed more efficiently?

3. You are working with twostrainsof E.
coli. One contains a wild-type B-galac-
tosidase gene and an 7 mutation; the
other contains a temperature-sensitive
B-galactosidase gene and an o° mutation.
After mating these strains, you assay for
the production of B-galactosidase at both
permissive and nonpermissive tempera-
tures in the absence of lactose. What do

you expect to find?

4. How does DNAfootprinting show
where a protein binds to a specific DNA
sequence?

5. Whatis the role of sigma (o) factors in
bacterial RNA synthesis?

6. How is an E. coli mRNAterminated?

7. Eukaryotic cells have three distinct
RNA polymerases. Which RNAs does
each transcribe?

8. You are comparing the requirements
for in vitro basal transcription of two
polymeraseII genes, one containing a
TATA box and the other containing only
an Inr sequence. Doestranscription from
these promoters require TBP or TFIID?

9. How do enhancers differ from pro-
motersas cis-acting regulatory sequences
in eukaryotes?

10. You are studying the enhancerof a
gene that normally is expressed only in
neurons. Constructs in which this en-

hanceris linked to a reporter gene are
expressed in neuronal cells but not in

fibroblasts. However, if you mutate a
specific sequence element within the
enhancer, you find expression in both
fibroblasts and neuronalcells. What type
of regulatory protein would you expectto
bind to that enhancer element?

11. A transcription factor is found to acti-
vate transcription by binding to different
DNAsequences in muscle cells and liver
cells. How mightalternative splicing be
involved in determiningthis tissue speci-
ficity of activator function?

12. What are the functionsof insulators?

13. Explain the mechanism of X chromo-
someinactivation in human females.
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