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Recombinant DNA
Technology

* The Fragmentation,
Separation, and Sequencing
of DNA Molecules

* Nucleic Acid Hybridization
* DNA Cloning
* DNA Engineering

Until the early 1970s DNA was the most difficult cellular molecule for the bio-
chemist to analyze. Enormously long and chemically monotonous, the nucleotide
sequence of DNA could be approached only by indirect means, such as by pro-
tein or RNA sequencing or by genetic analysis. Today the situation has changed
entirely. From being the most difficult macromolecule of the cell to analyze, DNA
has become the easiest. It is now possible to excise a specific region of DNA, to
produce a virtually unlimited number of copies of it, and to determine the se-
quence of its nucleotides at a rate of hundreds of nucleotides a day. By variations
of the same techniques, an isolated gene can be altered (engineered) at will and
transferred back into cells in culture. With more difficulty, the redesigned gene
can be inserted into the germ line of an animal or plant, so as to become a func-
tional and heritable part of the organism’s genome.

These technical breakthroughs have had a dramatic impact on all aspects of
cell biology by allowing the study of cells and their macromolecules in previously
unimagined ways. They have led to the discovery of whole new classes of genes
and proteins and have revealed that many proteins have been much more highly
conserved in evolution than had been suspected. They have provided new means
to determine the functions of proteins and of individual domains within proteins,
revealing a host of unexpected relationships between them. By making available
large amounts of any protein, they have shown the way to efficient mass produc-
tion of protein hormones and vaccines. Finally, by allowing the regulatory regions
of genes to be dissected, they have provided biologists with an important tool for
unraveling the complex mechanisms by which eucaryotic gene expression is
regulated.

Recombinant DNA technology comprises a mixture of techniques, some new
and some borrowed from other fields such as microbial genetics (Table 7-1). The
most important of these techniques are the following:

1. Cleavage of DNA at specific sites by restriction nucleases, which greatly fa-
cilitates the isolation and manipulation of individual genes.

2. Rapid sequencing of all the nucleotides in a purified DNA fragment, which
makes it possible to determine the boundaries of a gene and the amino acid
sequence it encodes.

3. Nucleic acid hybridization, which makes it possible to find a specific se-
quence of DNA or RNA with great accuracy and sensitivity on the basis of
its ability to bind a complementary nucleic acid sequence.
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4. DNA cloning, whereby a single DNA molecule can be copied to generate
many billions of identical molecules.

5. DNA engineering, by which DNA sequences are altered to make modified
versions of genes, which are reinserted back into cells or organisms.

In this chapter we explain how recombinant DNA technology has generated
the new experimental approaches that have revolutionized cell biology.

The Fragmentation, Separation, and
Sequencing of DNA Molecules '

Before the 1970s the goal of isolating a single gene from a large chromosome
seemed unattainable. Unlike a protein, a gene does not exist as a discrete entity
in cells, but rather as a small region of a much larger DNA molecule. Although
the DNA molecules in a cell can be randomly broken into small pieces by me-
chanical force, a fragment containing a single gene in a mammalian genome
would still be only one among a hundred thousand or more DNA fragments,
indistinguishable in their average size. How could such a gene be purified? Since
all DNA molecules consist of an approximately equal mixture of the same four
nucleotides, they cannot be readily separated, as proteins can, on the basis of
their different charges and binding properties. Moreover, even if a purification
scheme could be devised, vast amounts of DNA would be needed to yield enough
of any particular gene to be useful for further experiments.

The solution to all of these problems began to emerge with the discovery of
restriction nucleases. These enzymes, which can be purified from bacteria, cut the
DNA double helix at specific sites defined by the local nucleotide sequence, pro-
ducing double-stranded DNA fragments of strictly defined sizes. Different spe-
cies of bacteria make restriction nucleases with different sequence specificities,
and it is relatively simple to find a restriction nuclease that will create a DNA
fragment that includes a particular gene. The size of the DNA fragment can then

Table 7-1 Some Major Steps In the Development of Recombinant DNA Technology

1869 Miescher isolated DNA for the first time.

1944 Avery provided evidence that DNA, rather than protein, carries the
genetic information during bacterial transformation.

1953 Watson and Crick proposed the double-helix model for DNA structure
based on x-ray results of Franklin and Wilkins.

1957 Kornberg discovered DNA polymerase, the enzyme now used to
produce labeled DNA probes.

1961 Marmur and Doty discovered DNA renaturation, establishing the
specificity and feasibility of nucleic acid hybridization reactions.

1962 Arber provided the first evidence for the existence of DNA restriction
nucleases, leading to their later purification and use in DNA sequence
characterization by Nathans and H. Smith.

1966 Nirenberg, Ochoa, and Khorana elucidated the genetic code.

1967 Gellert discovered DNA ligase, the enzyme used to join DNA fragments

together.

1972-1973 DNA cloning techniques were developed by the laboratories of Boyer,
Cohen, Berg, and their colleagues at Stanford University and the
University of California at San Francisco.

Southern developed gel-transfer hybridization for the detection of
specific DNA sequences.

1975-1977 Sanger and Barrell and Maxam and Gilbert developed rapid DNA-

sequencing methods.

1981-1982 Palmiter and Brinster produced transgenic mice; Spradling and Rubin
produced transgenic fruit flies.

Mullis and co-workers invented the polymerase chain reaction (PCR).

1975

1985

292 Chapter 7 : Recomblnant DNA Technology

[Hpa .

[CHTHTI[AH&Hc}+
[CHAHA]THTHGPs

cur

]

“w

Eco Rl

[AHAHTHTHChs

o

{CHTHcHcKA][cks
sqG][AMcHcKTHcks

cut Pstl

Figure 7-1 The DNA nucleotide
sequences recognized by four widely
used restriction nucleases. As in the
examples shown, such sequences are
often six base pairs long and
“palindromic” (that is, the nucleotide
sequence is the same if the helix is
turned by 180 degrees around the
center of the short region of helix that
is recognized). The enzymes cut the
rwo strands of DNA at or near the
recognition sequence. For some
enzymes, such as Hpa |, the cleavage
leaves blunt ends; for others, such as
Eco RI, Hind 111, and Pst [, the
cleavage is staggered and creates
cohesive ends. Restriction nucleases
are obtained from various species of
bacteria: Hpa I is from Hemophilus
parainfluenzae, Eco Rl is from
Escherichia coli, Hind 111 is from
Hemophilus influenzae, and Pst 1 is
from Providencia stuartii.
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be used as a basis for partially purifying the gene from a mixture. Most impor-
tant, the DNA fragment usually serves as the starting material for the production
of the highly purified gene in unlimited amounts by DNA cloning.

We begin this section by discussing how restriction nucleases are used to
produce specific DNA fragments and how these (and other) DNA molecules are
separated according to their size. We then explain how, after the purification and

amplification of a DNA fragment by DNA cloning, this DNA can be sequenced to
determine the order of its nucleotides.

Restriction Nucleases Hydrolyze DNA Molecules
at Specific Nucleotide Sequences 2

Many bacteria make restriction nucleases, which protect the bacterial cell from
viruses by degrading the viral DNA. Each such nuclease recognizes a specific
sequence of four to eight nucleotides in DNA. These sequences, where they occur
in the genome of the bacterium itself, are protected from cleavage by methyla-
tion at an A or a C residue; where the sequences occur in foreign DNA, they are
generally not methylated and so are cleaved by the restriction nucleases. Large
numbers of restriction nucleases have been purified from various species of
bacteria; more than 100, most of which recognize different nucleotide sequences,
are now available commercially.

Some restriction nucleases produce staggered cuts, which leave short single-
stranded tails at the two ends of each fragment (Figure 7-1). Ends of this type are
known as cohesive ends, as each tail can form complementary base pairs with the
tail at any other end produced by the same enzyme (Figure 7-2). The cohesive
ends generated by restriction enzymes allow any two DNA fragments to be easily
joined together, as long as the fragments were generated with the same restric-
tion nuclease (or with another nuclease that produces the same cohesive ends).
DNA molecules produced by splicing together two or more DNA fragments in this
way are called recombinant DNA molecules; they have made possible many new
types of cell biological studies.

Restriction Maps Show the Distribution of Short Marker
Nucleotide Sequences Along a Chromosome 3

A particular restriction nuclease will cut any double-helical DNA molecule ex-
tracted from a cell into a series of specific DNA fragments (known as restriction
fragments). By comparing the sizes of the DNA fragments produced from a par-
ticular genetic region after treatment with a combination of different restriction
nucleases, a restriction map of that region can be constructed showing the lo-
cation of each cutting (restriction) site in relation to neighboring restriction sites
(Figure 7-3). The different short DNA sequences recognized by different restric-
tion nucleases serve as convenient markers, and the restriction map reflects their
arrangement in the region. This allows one to compare the same region of DNA
in different individuals (by comparing their restriction maps) without having to
determine the nucleotide sequences in detail. By comparing the restriction maps
illustrated in Figure 74, for example, we know that the chromosomal regions that
code for hemoglobin chains in humans and various other primates have re-
mained largely unchanged during the 5 to 10 million years since these species
first diverged. Restriction maps are also used in DNA cloning and DNA engineer-
ing, where they make it possible to locate a gene of interest on a particular re-
striction fragment and thus facilitate its isolation.

Gel Electrophoresis Separates DNA Molecules
of Different Sizes *

In the early 1970s it was found that the length and purity of DNA molecules could
be accurately determined by the same types of gel electrophoresis methods that
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Flgure 7-2 Many kinds of restriction
nucl produce DNA frag

with cohesive ends. DNA fragments
with the same cohesive ends can
readily join by complementary base-
pairing between their cohesive ends
as illustrated. The rwo DNA fragments
that join in this example were both
produced by the Eco Rl restriction
nuclease, whereas the three other
fragments were produced by different
restriction nucleases that generate
different cohesive ends (see Figure
7-1).
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had proved so useful in the analysis of proteins. The procedure is actually sim-
pler than for proteins: because each nucleotide in a nucleic acid molecule already
carries a single negative charge, there is no need to add the negatively charged
detergent SDS that is required to make protein molecules move uniformly toward
the positive electrode. For DNA fragments less than 500 nucleotides long, spe-
cially designed polyacrylamide gels allow molecules that differ in length by as
little as a single nucleotide to be separated from each other (Figure 7-5A). The
pores in polyacrylamide gels, however, are too small to permit very large DNA
molecules to pass; to separate these by size, the much more porous gels formed
by dilute solutions of agarose (a polysaccharide isolated from seaweed) are used
(Figure 7-5B). These DNA separation methods are widely used for both analytical

and preparative purposes.

.

CONCLUSION: enzyme A cuts near one
end of the molecule. Enzyme B must cut
either near the same end or near the other
end. The size of the fragments produced
by both enzymes acting together rules out
the first alternative and leads to the
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Figure 7-3 Restriction mapping. A
simple example illustrating how the
positions of cutting sites for different
restriction nucleases (known as
restriction sites) are determined
relative to one another on double-
helical DNA molecules to create a
restriction map. (kb = kilobases, an
abbreviation designating either 1000
nucleotides or 1000 nucleotide pairs.)
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Figure 7-4 Restriction maps of human and various primate DNAs In a cluster of genes coding for hemoglobln. The
two red squares in each map indicate the positions of the DNA corresponding to the two a-globin genes. Each letter
stands for a site cut by a different restriction nuclease. As in Figure 7-3, the location of each cut was determined by -
comparing the sizes of the DNA fragments generated by treating the DNAs with the various restriction nucleases,
individually and in combinations. Note that the chimpanzee, which is most closely related to humans, has the most
similar restriction map, whereas the gibbon is more distantly related and has the most diverged map—including three

DNA Insertions. (Courtesy of Elizabeth Zimmer and Allan Wilson.)
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Figure 7-5 Gel electrophoresis techniques for separating DNA molecules
by size. In the three examples shown, electrophoresis is from top to
bottom, so that the largest—and so slowest-moving—DNA molecules are
near the top of the gel. In (A) a polyacrylamide gel with small pores is used
to fractionate single-stranded DNA. In the size range 10 to 500 nucleotides,
DNA molecules that differ in size by only a single nucleotide can be
separated from each other. In the example the four lanes represent sets of
DNA molecules synthesized in the course of a DNA-sequencing procedure.
The DNA to be sequenced has been artificially replicated from a fixed start
site up to a variable stopping point, producing a set of partial replicas of
differing lengths. (Figure 7-8 explains how such sets of partial replicas are
synthesized.) Lane 1 shows all the partial replicas that terminate ina G;
lane 2, all those that terminate in an A; lane 3, all those that terminate in a
T; and lane 4, all those that terminate in a C. Since the DNA molecules used
in these reactions are radiolabeled, their positions can be determined by
autoradiography, as shown. In (B) an agarose gel with medium-sized pores
is used to separate double-stranded DNA molecules. This method is most
useful in the size range 300 to 10,000 nucleotide pairs. These DNA mole-
cules are restriction fragments produced from the genome of a bacterial
virus, and they have been detected by their fluorescence when stained with
the dye ethidium bromide. In (C) the technique of pulsed-field agarose gel
electrophoresis has been used to separate 16 different yeast (Saccharomyces
cerevisiae) chromosomes that range in size from 220,000 to 2.5 million
nucleotide pairs. The DNA was stained as in (B). DNA molecules as large as
107 nucleotide pairs can be separated in this way. (A, courtesy of Leander
Lauffer and Peter Walter; B, courtesy of Ken Kreuzer; C, from D. Vollrath
and R.W. Davis, Nucleic Acids Res. 15:7876, 1987, by permission of Oxford
University Press.)

A variation of agarose gel electrophoresis, called pulsed-field gel electrophore-
sis, makes it possible to separate even extremely long DNA molecules. Ordinary
gel electrophoresis fails to separate such molecules because the steady electric
field stretches them out so that they travel end-first through the gel in snakelike
configurations at a rate that is independent of their length. In pulsed-field gel
electrophoresis, by contrast, the direction of the electric field is changed periodi-
cally, which forces the molecules to reorient before continuing to move snake-
like through the gel. This reorientation takes much more time for larger mol-
ecules, so that progressively longer molecules move more and more slowly. As
a consequence, even entire bacterial or yeast chromosomes separate into discrete
bands in pulsed-field gels and so can be sorted and identified on the basis of their
size (Figure 7-5C). Although a typical mammalian chromosome of 10° base pairs
is too large to be sorted even in this way, large subregions of these chromosomes
are readily separated and identified if the chromosomal DNA is first cut with a
restriction nuclease selected to recognize sequences that occur only extremely
rarely (once every 10° to 107 nucleotide pairs, for example).

The DNA bands on agarose or polyacrylamide gels are invisible unless the
DNA is labeled or stained in some way. One sensitive method of staining DNA
is to expose it to the dye ethidium bromide, which fluoresces under ultraviolet
light when it is bound to DNA (see Figure 7-5B and C). An even more sensitive
detection method involves incorporating a radioisotope into the DNA molecules
before electrophoresis; 3P is often used as it can be incorporated into DNA phos-
phates and emits an energetic B particle that is easily detected by autoradiogra-
phy (Figure 7-5A).

Purified DNA Molecules Can Be Specifically Labeled
with Radioisotopes or Chemical Markers in Vitro®

Two procedures are widely used to add distinct labels to isolated DNA molecules.
In the first the DNA is copied by an E. coli enzyme, DNA polymerase I, in the
presence of nucleotides that are either radioactive (usually labeled with *P) or

The Fragmentation, Separation, and Sequencing of DNA Molecules
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population of DNA
moleculn mnl contain Iabelad examples of all
sequences on both strands

A

chemically tagged (Figure 7-6A). In this way “DNA probes” containing many la-
beled nucleotides can be produced for nucleic acid hybridization reactions (see
below). The second procedure uses the bacteriophage enzyme polynucleotide
kinase to transfer a single %2P-labeled phosphate from ATP to the 5’ end of each
DNA chain (Figure 7-6B). Because only one *?P atom is incorporated by the
kinase into each DNA strand, the DNA molecules labeled in this way are often
not radioactive enough to be used as DNA probes; because they are labeled at
only one end, however, they are invaluable for DNA sequencing and DNA
footprinting, as we see next.

Isolated DNA Fragments Can Be Rapidly Sequenced ©

In the late 1970s methods were developed that allow the nucleotide sequence of
any purified DNA fragment to be determined simply and quickly. They have
made it possible to determine the complete DNA sequences of thousands of
genes, including those coding for such well-known proteins as insulin, hemoglo-
bin, interferon, and cytochrome c. The volume of DNA sequence information is
already so large (many tens of millions of nucleotides) that computers must be
used to store and analyze it. Several continuous stretches of DNA sequence have
been determined that each contain more than 10° nucleotide pairs; these include
the entire genomes of the Epstein-Barr virus (which infects humans and causes
infectious mononucleosis) and of a plant chloroplast, as well as an entire chro-
mosome of yeast. Two powerful DNA sequencing methods were originally devel-
oped: the principle underlying the chemical method is illustrated in Figure 7-7,
and the enzymatic method is explained in Figure 7-8. The latter method, which
Is based on in vitro DNA synthesis carried out in the presence of chain-terminat-
ing nucleoside triphosphates, has now become the standard procedure for se-
quencing DNA.

DNA sequencing methods are so rapid and reliable that the easiest and most
accurate way to determine the amino acid sequence of a protein is to determine
the nucleotide sequence of its gene: a cDNA clone is made from the appropri-
ate mRNA (see below), its nucleotide sequence is determined, and the genetic

296 Chapter7 : Recombinant DNA Technology
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Figure 7-6 Two procedures are used
routinely for making DNA molecules
radloactive. (A) A purified DNA
polymerase enzyme labels all the
nucleotides in a DNA molecule and
can thereby produce highly
radioactive DNA probes. (B)
Polynucleotide kinase labels only the
5’ ends of DNA strands; therefore,
when labeling is followed by
restriction nuclease cleavage, as
shown, DNA-molecules containing a
single 5-end-labeled strand can be
readily obtained. The method in (A) is
also used to produce nonradioactive
DNA molecules that carry a specific
chemical marker that can be detected
with an appropriate antibody (see
Figure 7-18).
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code is then used as a dictionary to convert this sequence back to an amino acid
sequence. Although in principle there are six different reading frames in which
a DNA sequence can be translated into protein (three on each strand), the cor-
rect one is generally recognizable as the only one lacking frequent stop codons
(Figure 7-9). A limited amount of amino acid sequence can be determined ffom
the purified protein to confirm the sequence determined from the DNA.

As techniques for DNA sequencing have improved, scientists have begun to
envisage the possibility of determining the entire DNA sequence of a human
genome of 3 x 10° nucleotides. Because this sequence specifies all of the possible
RNA and protein molecules that are used to construct the body, knowledge of it
will provide us with a “dictionary of the human being,” which will greatly expedite
future studies of human cells and tissues. DNA sequencing on such a scale will
require the development of highly automated methods that will lower the cur-
rent cost of DNA sequencing by at least fivefold.

DNA Footprinting Reveals the Sites Where Proteins
Bind on a DNA Molecule *

A modification of the chemical method for DNA sequencing can be used to de-
termine the nucleotide sequences recognized by DNA-binding proteins. Some of
these proteins play a central part in determining which genes are active in a
particular cell by binding to regulatory DNA sequences, which are usually located
outside the coding regions of a gene. In analyzing how such a protein functions,
it is important to identify the specific sequences to which it binds. A method used
for this purpose is called DNA footprinting. First, a pure DNA fragment that is
labeled at one end with 3P is isolated (see Figure 7-6B); this molecule is then
cleaved with a nuclease or a chemical that makes random single-stranded cuts
in the DNA. After the DNA molecule is denatured to separate its two strands, the
resultant subfragments from the labeled strand are separated on a gel and de-

tected by autoradiography. The pattern of bands from DNA cut in the presence
of a DNA-binding protein is compared with that from DNA cut in its absence.

When the protein is present, it covers the nucleotides at its binding site and pro-

tects their phosphodiester bonds from cleavage. As a resull, the labeled fragments

that terminate in the binding site will be missing, leaving a gap in the gel pattern

called a “footprint” (Figure 7-10A). The footprint of a DNA-binding protein that

activates the transcription of a eucaryotic gene is shown in Figure 7-10B.

The Fragmentation, Separation, and Sequencing of DNA Molecules
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Figure 7-7 The chemical method for
sequencing DNA. (A) The procedure
starts with a set of identical end-
labeled double-stranded DNA
molecules produced by the method
outlined in Figure 7-6B. In the first
step the strands of the double helix
are dissociated and exposed to mild
treatment with a chemical that
destroys one of the four bases (in this
case, A residues) in the DNA. Because
the treatment is mild, usually only
one of the A residues in each
molecule is destroyed at random. This
generates a family of DNA fragments
of different lengths, reflecting the
different sites at which A residues
occur in the original DNA. These
fragments are separated on a gel and
detected by autoradiography: only the
fragments possessing a 5”-terminal
32p_phosphate group show up on the
gel, and their sizes reveal the
distances from the labeled end at
which A residues occur. (B) To
determine the full sequence, similar
procedures are carried out
simultaneously on four separate
samples of the same 5"-end-labeled
DNA molecule using chemicals that
cleave DNA preferentially at T for the
first sample, C for the second, G for
the third, and A for the fourth. The
resulting fragments are separated in
parallel lanes of a gel like that shown
in Figure 7-5A, giving a pattern of
radioactive DNA bands from which
the DNA sequence is read. The
nucleotide closest to the 5 end of the
sequence is determined by looking
across the gel at level 1 (at the bottom
of the gel) and seeing in which lane a
band appears (T). The same
procedure is repeated for level 2, then
level 3, and so on, to obtain the
sequence. The method has been
idealized here; the actual chemical
treatments are less specific than
shown.
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Summary

Recombinant DNA technology has revolutionized the study of the cell. The develop-
ment of this technology was neither planned nor anticipated. Instead, steady ad-
vances in the ability of researchers to manipulate DNA molecules were made on many
different fronts until the combination of techniques became powerful enough to allow
researchers to pick out any gene at will and, after an amplification step, to determine
the exact molecular structure of both the gene and its products. Crucial elements in
this technology are the ability to fragment chromosomes into DNA molecules with
specific ends and the means to separate and sequence the resulting DNA fragments.
The fragmentation step is carried out by proteins that are normally produced by
bacteria in order to destroy invading DNA molecules. These proteins, called restric-
tion nucleases, are purified and used to cut the DNA double helix at a specific short
nucleotide sequence. The resulting DNA fragments can be separated from one another
according to their size by using electrophoresis to move the mixture of fragments
through the pores of a gel. Under certain conditions, even DNA molecules that dif-
fer in length by only a single nucleotide can be detected as separate bands. DNA se-
quencing takes advantage of this powerful separation method: after electrophoresis,
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Figure 7-8 The enzymatic method
for sequencing DNA. (A) The DNA to
be sequenced is used as template for
the in vitro synthesis, by DNA
polymerase, of a set of partial
replicas, all beginning at the same
place, but terminating at different
points along the DNA chain. The key
to this method is the use of
dideoxyribonucleoside triphosphates
in which the deoxyribose 3"-OH group
present in normal nucleotides is
missing; when such a modified
nucleotide is incorporated into a DNA
chain, it blocks the addition of the
next nucleotide. In the example
illustrated, dideoxy ATP (ddATP)
competes with an excess of deoxy ATP
(dATP), so that each newly
synthesized DNA strand made ina
test tube by DNA polymerase will stop
at arandomly selected A in the
sequence. This reaction therefore
generates a ladder of DNA fragments
similar to that shown previously for
the chemical method (Figure 7-7);
these fragments are detected by a
label (chemical or radioactive) that is
either incorporated into the
oligonucleotide primer (orange), or
into one of the deoxyribonucleoside
triphosphates (green) used to extend
the DNA chain. (B) To determine the
full sequence, four different chain-
terminating nucleoside triphosphates
(red) are used in separate DNA
synthesis reactions on the same
primed single-stranded DNA
template, When the products of these
four reactions are analyzed by
electrophoresis in four parallel lanes
of a polyacrylamide gel, the DNA
sequence can be derived in the
manner illustrated for the chemical
method in Figure 7-7B.
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Figure 7-9 Finding the regions ina
DNA sequence that encode a protein.
(A) Any region of the DNA sequence
can, in principle, code for six different
amino acid sequences, because any
one of three different reading frames
can be used to interpret the
nucleotide sequence on each strand.
Note that a nucleotide sequence is
always read in the 5™-t0-3’ chain
direction and encodes a polypeptide
from the amino (N) to the carboxyl
(C) terminus. For a random nucleo-
tide sequence, a stop signal for
protein synthesis will be encountered,
on average, about once every 21
amino acids (once every 63 nucleo-
tides). In this sample sequence of 48
base pairs, each such signal (stop
codon) is colored green, and only
reading frame 2 lacks a stop signal.
(B) Search of a 1700 base-pair DNA
sequence for a possible protein-
encoding sequence. The information
is displayed as in (A), with each stop
signal for protein synthesis denoted
by a green line. In addition, all of the
regions between possible start and
stop signals for protein synthesis (see
p- 234) are displayed as red bars. Only
reading frame 1 actually encodes a
protein, which is 475 amino acid
residues long.

Figure 7-10 The DNA footprinting
technique. (A) This technique
requires a DNA molecule that has
been radioactively labeled at one end
(see Figure 7-6B). The protein shown
binds tightly to a specific DNA
sequence that is seven nucleotides
long, thereby protecting these seven
nucleotides from the cleaving agent. If
the same reaction were carried out
without the DNA-binding protein, a
complete ladder of bands would be
seen on the gel (not shown). (B) An
actual footprint used to determine the
binding site for a human protein that
stimulates the transcription of
specific eucaryotic genes. These
results locate the binding site about
60 nucleotides upstream from the
start site for RNA synthesis. The
cleaving agent was a small, iron-
containing organic molecule that
normally cuts at every phosphodiester
bond with nearly equal frequency. (B,
courtesy of Michele Sawadogo and
Robert Roeder.)
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the sequence of nuc in a DNA molecule is determined from the pattern of la-
beled DNA bands observed when a fixed end of one of its DNA strands has been la-
beled and the other end terminates at a randomly selected nucleotide of a single type
(A, G CorT).

Nucleic Acid Hybridization®

When an aqueous solution of DNA is heated at 100°C or exposed to a very high
pH (pH 2 13), the complementary base pairs that normally hold the two strands
of the double helix together are disrupted and the double helix rapidly dissoci-
ates into two single strands. This process, called DNA denaturation, was for many
years thought to be irreversible. In 1961, however, it was discovered that comple-
mentary single strands of DNA will readily re-form double helices (a process
called DNA renaturation or hybridization) if they are kept for a prolonged pe-
riod at 65°C. Similar hybridization reactions will occur between any two single-
stranded nucleic acid chains (DNA/DNA, RNA/RNA, or RNA/DNA), provided that
they have a complementary nucleotide sequence. In this section we explain how
these specific hybridization reactions can be used to detect and characterize
specific nucleotide sequences in both RNA and DNA molecules.

Nucleic Acid Hybridization Reactions Provide a Sensitive
Way of Detecting Specific Nucleotide Sequences ?

The rate of double-helix formation during hybridization reactions is limited by
the rate at which two complementary nucleic acid chains happen to collide. Since
this collision rate is proportional to the concentration of complementary chains
in the solution, hybridization rates can be used to determine the concentration
of any desired DNA or RNA sequence in a mixture of other sequences. The as-
say requires a pure single-stranded DNA fragment that is complementary in se-
quence to the desired nucleic acid (DNA or RNA). This DNA fragment can be
obtained by cloning, or, if the sequence is short, it can be synthesized by chemical
means. In either case the DNA fragment must carry a unique marker (either a
radioisotope or a chemical label), so that its incorporation into double-stranded
molecules can be followed during the course of a hybridization reaction. A single-
stranded DNA molecule used as an indicator in this way is known as a DNA probe;
it can be anywhere from fifteen to thousands of nucleotides long.

Hybridization reactions using DNA probes are so sensitive and selective that
complementary sequences present at a concentration as low as one molecule per
cell can be detected (Figure 7-11). It is thus possible to determine how many
copies of a particular DNA sequence are present in a cell’s genome. The same
technique can be used to search for related but nonidentical genes; once an in-
teresting gene has been cloned from a mouse or a chicken, for example, part of
its sequence can be used as a probe to find the corresponding gene in a human.

Alternatively, DNA probes can be used in hybridization reactions with RNA
rather than DNA to find out whether a cell is expressing a given gene. In this case
a DNA probe that contains part of the gene's sequence is hybridized with RNA
purified from the cell in question to see whether the RNA includes molecules
matching the probe DNA and, if so, in what quantities. In somewhat more elabo-
rate procedures the DNA probe is treated with specific nucleases after the hybrid-
ization is complete to determine the exact regions of the DNA probe that have
paired with cellular RNA molecules. One can thereby determine the start and stop
sites for RNA transcription, as well as the precise boundaries of the regions that
are cut out of the RNA transcripts by RNA splicing (the intron sequences) (Fig-
ure 7-12). N

Large numbers of genes are switched on and off in elaborate patterns as an
embryo develops. The hybridization of DNA probes to cellular RNAs allows one
to determine whether a particular gene is off or on; moreover, when the expres-
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Figure 7-11 Measurement of the
number of coples of a specific gene
In a sample of DNA by means of DNA
hybridization. The single-stranded
DNA fragment used in such
experiments is commonly referred to
as a DNA probe. The probe must be
specially marked ta distinguish it
from the vast excess of the
chromosomal DNA. In this example
the label Is a radioactive isotope;
alternatively, chemically labeled
nucleotides can be used as the label
(see Figure 7-18).
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sion of a gene changes, one can determine whether the change is due to controls
that act on the transcription of DNA, the splicing of the gene’s RNA, or the trans-
lation of its mature mRNA molecules into protein. Hybridization methods are in
such wide use in cell biology today that it is difficult to imagine what it would be
like to study gene structure and expression without them.

Northern and Southern Blotting Facilitate
Hybridization with Electrophoretically Separated
Nucleic Acid Molecules 1°

DNA probes are often used following gel electrophoresis to detect the nucleic acid
molecules with sequences that are complementary to all or part of the probe. The
electrophoresis fractionates the many different RNA or DNA molecules in a crude
mixture according to their size before the hybridization reaction is carried out;
if molecules of only one or a few sizes become labeled with the probe, one can
be certain that the hybridization was indeed specific. Moreover, the size infor-
mation obtained can be invaluable in itself. An example will illustrate this point.

Suppose that one wishes to determine the nature of the defect in a mutant
mouse that produces abnormally low amounts of albumin, a protein that liver
cells normally secrete into the blood in large amounts. First, one collects iden-
tical samples of liver tissue from mutant and normal mice (the latter serving as
controls) and disrupts the cells in a strong detergent to inactivate cellular nucle-
ases that might otherwise degrade the nucleic acids. Next, one separates the RNA
and DNA from all of the other cell components: the proteins present are com-
pletely denatured and removed by repeated extractions with phenol—a potent
organic solvent that is partly miscible with water; the nucleic acids, which remain
in the aqueous phase, are then precipitated with alcohol to separate them from
the small molecules of the cell. Then one separates the DNA from the RNA by
their different solubilities in alcohols and degrades any contaminating nucleic
acid of the unwanted type by treatment with a highly specific enzyme—either an

RNase or a DNase.
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To analyze the albumin-encoding RNAs with a DNA probe, a technique v
called Northern blotting is used. First, the intact RNA molecules purified from
mutant and control liver cells are fractionated according to their size into a se-
ries of bands by gel electrophoresis. Then, to make the RNA molecules accessible
to DNA probes, a replica of the pattern of RNA bands on the gel is made by trans-
ferring (“blotting”) the fractionated RNA molecules onto a sheet of nitrocellulose
paper (nylon). The RNA molecules that hybridize to the labeled DNA probe (be-
cause they are complementary to part of the normal albumin gene sequence) are
then located by incubating the paper with a solution containing the probe and
detecting the hybridized probe by autoradiography or by chemical means (Fig-
ure 7-13). The size of the RNA molecules in each band that binds the probe can
be determined by reference to bands of RNA molecules of known size (RNA stan-
dards) that are electrophoresed side by side with the experimental sample. In this
way one might discover that liver cells from the mutant mice make albumin RNA
in normal amounts and of normal size; alternatively, albumin RNA of normal size
might be detected in greatly reduced amounts. Another possibility is that the
mutant albumin RNA molecules might be abnormally short and therefore move
unusually quickly through the gel; in this case the gel blot could be retested with
a series of shorter DNA probes, each corresponding to small portions of the gene,
to reveal which part of the normal RNA is missing.

An analogous gel-transfer hybridization method, called Southern blotting,
analyzes DNA rather than RNA. Isolated DNA is first cut into readily separable
fragments with restriction nucleases. The double-stranded fragments are then
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TO SIZE BY ELECTROPHORESIS IN NITROCELLULOSE PAPER BY SUCTION OF
AN AGAROSE GEL BUFFER THROUGH BOTH GEL AND PAPER
AN
labeled
Flgure 7-13 Detectlon of specific RNA or DNA molecules by gel-transfer x probe
hybridization. A mixture of either single-stranded RNA molecules :%ZRBE.&LODVSAE gF UNBOUND
(Northern blotting) or the double-stranded DNA molecul?s created by TO LABELED PROB?:LR?“ENTMY
restriction nuclease treatment (Southern blotting) is fractionated by REVEALED BY SPECIFIC
electrophoresis. The many different RNA or DNA molecules present are DETECTION OF THE LABEL
then transferred to nitrocellulose, or nylon, paper by blotting. The paper
sheet is exposed to a labeled DNA probe for a prolonged period under —_
conditions favoring hybridization. The sheet is washed thoroughly A ey
afterward, so that only those immobilized RNA or DNA molecules that Wl:;oﬂ' o R e
hybridize to the probe become labeled and show up as bands on the paper labalad - —’?b:n d.’
sheet. For Southern blotting, the strands of the double-stranded DNA markers | _/
molecules on the paper must be separated prior to the hybridization r=y
process; this is done by exposing the DNA to alkaline denaturing conditions —_—
after the gel has been run (not shown).
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separated according to their size by gel electrophoresis, and those complemen-
tary to a DNA probe are identified by blotting and hybridization, as just described
for RNA (see Figure 7-13). To characterize the structure of the albumin gene in
the mutant mice, an albumin-specific DNA probe would be used (after cutting
the DNA with different restriction nucleases) to construct a detailed restriction
map of the genome in the region of the albumin gene. From this map one could
determine if the albumin gene has been rearranged in the defective animals—
for example, by the deletion or the insertion of a short DNA sequence; most single
base changes, however, could not be detected in this way.

RFLP Markers Greatly Facilitate Genetic Approaches
to the Mapping and Analysis of Large Genomes !!

Very large genomes can be mapped either physically or genetically. Physical
maps are based on direct analysis of the DNA molecules that constitute each
chromosome. They include restriction maps and ordered libraries of genomic
DNA clones (see Figure 7-29), both of which can be viewed as incomplete rep-
resentations of the ultimate physical map, which is the complete nucleotide se-
quence of the genome. Genetic linkage maps, by contrast, are based on the fre-
quency of coinheritance of two or more features of the organism that serve as
genetic markers when individuals interbreed. A genetic marker can be any site in
the genome where there is variation in the DNA sequence that is detectable as
differences between individuals in a population. If the difference is a rare one,
itis called a mutation; if it is a common one, it is called a polymorphism. Genetic
linkage maps are constructed by following the pattern of inheritance of such
genetic variants.

Traditionally, linkage mapping has depended on the identification of muta-
tions by their effects on characteristics such as eye color or blood groups. More
recently, recombinant DNA methods have made it possible to use as genetic
markers short DNA sequences that differ between normal individuals without
having a detectable effect on the organism. A widely used genetic marker of this
type depends on the way small differences in DNA sequence can alter restriction-
enzyme cutting patterns. A single base-pair difference in a particular chromo-
somal position, for example, may eliminate a restriction-enzyme cutting site, giv-
ing rise to a large difference in the lengths of certain restriction fragments
produced from the DNA at that position. Similarly, short deletions or insertions
will change the size of any DNA restriction fragment in which they occur. Such
small differences between individuals are known as restriction fragment length
polymorphisms (RFLPs). An RFLP is most useful when it is very common in the
population, so that there is a high probability that the parents of an individual
will carry distinguishable markers. For this reason, short, tandemly repeated
sequences whose exact length is highly variable in the population are the basis
for the most useful RFLP markers (Figure 7-14).
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Figure 7-14 Some DNA sequence
changes that produce a restriction
fragment length polymorphism
(RFLP). (A) In many individuals in the
population, a restriction nuclease cuts
the chromosomal DNA shown at
three sites, producing two DNA
fragments; one of these DNA
fragments is detected with a labeled
DNA probe after gel electrophoresis
and Southern blotting. (B) In other
examples of the same chromosome, a
single base-pair change in the short
sequence recognized by the
restriction nuclease prevents cutting
at the central restriction site. The
labeled probe now detects a much
longer DNA fragment as an RFLP. (C)
In yet other examples of the same
chromosome, a sequence duplication
increases the length of the DNA
fragment that is detected by the
labeled probe. This type of RFLP is
commonly found in regions
containing runs of short repeated
sequences, such as GTGTGT ... ; the
number of such tandem repeats is
found to be highly variable in the
population, with each individual
typically containing a different
number of copies (generally 4 to 40)
of the repeat at each particular locus.
A repeat of this type is commonly
referred to as either a microsatellite or
a VNTR (variable number of tandem
repeat) sequence.
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revealing an RFLP

RFLPs can be used for genetic mapping because the fragment size differences
that an individual inherits are readily detected by Southern blotting with a DNA
probe complementary to a specific DNA sequence in the region (Figure 7-15).
RFLPs provide an immediate way to relate a genetic linkage map to a physical
map: on the one hand, they serve as heritable genetic markers, like eye color; on
the other hand, the DNA probes that detect them represent DNA sequences
whose positions on the physical map are easily found by DNA hybridization.

If two genetic markers are on different chromosomes, the inheritance of a
variation in either of them will be unlinked—that is, they will have only a 50-50
chance of being inherited together. The same is true for the variants of markers
at opposite ends of a single chromosome because of the high probability that they
will be separated during the frequent crossing-over that occurs during meiosis
in the development of eggs and sperm. The closer together two markers are on
the same chromosome, the greater the chance that the form of each marker in
the parent will not be separated by crossover events and will therefore be
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Figure 7-15 Detection of an RFLP by
Southern blotting. In this example,
the technique is being used to
distinguish the maternally and
paternally inherited copies of a region
of chromosome 3 that are presentina
single individual. A variant of this
method uses the PCR technique (see
Figure 7-32) to amplify the
appropriate DNA region selectively
before the restriction nuclease
treatment. The relevant restriction
fragments are then vastly more
abundant than other DNA fragments
in the preparation and can be seen
simply by staining the gel, avoiding
the need for blotting and labeled
probes.

Figure 7-16 Genetic linkage analysls
using an RFLP marker. In this
procedure one studies the
coinheritance of a specific human
phenotype (here a genetic disease)
with an RFLP marker. If individuals
who Inherit the disease nearly always
inherit the RFLP marker, then the
gene causing the disease and the
RFLP marker are likely to be close
together on the chromosome, as
shown here. To prove that an
observed linkage is statistically
significant, hundreds of individuals
may need to be examined. Note that
the linkage will not be absolute unless
the RFLP marker is located in the
gene itself. Thus, occasionally the
RFLP marker will bé separated from
the disease gene by meiotic crossing-
over during the formation of the egg
or sperm: this has happened in the
case of the chromosome pair on the
far right,
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coinhented by each progeny (linked). By screening large family groups for the
coinheritance of a gene of interest (such as one associated with a disease) and
a large number of individual RFLPs, a few RFLP markers can be identified that
are lupambiguously coinherited with the gene (this requires the analysis of many
individuals, as explained in Figure 7-16). DNA sequences that surround the gene
can thereby be located. Eventually the DNA corresponding to the gene itself can
be found by techniques to be described later (see Figure 7-30). Many genes that
cause human diseases are being isolated in this way, allowing the proteins they
encode to be analyzed in detail.

It is clear from Figure 7-16 that the closer an RFLP marker is to the mutant
gene of interest, the easier it is to locate the gene unambiguously. To facilitate
these and other studies, an intensive effort is underway to prepare a high-reso-
lution RFLP map of the human genome, with thousands of RFLP markers spaced
an average of 10° nucleotide pairs apart. On average, two markers separated by
this distance will be coinherited by 99 of every 100 progeny. Such a map will make
it relatively easy to use genetic linkage studies to locate a gene that has been
identified only by the effect of a mutation in humans, allowing it to be mapped
to one or a few large DNA clones in an ordered genomic DNA library. Isolation
of the gene might then be accomplished relatively quickly.

Synthetic DNA Molecules Facilitate the Prenatal Diagnosis
of Genetic Diseases 2

At the same time that microbiologists were developing DNA cloning techniques,
organic chemists were improving the methods for synthesizing short DNA chains.
Today, such synthetic DNA oligonucleotides are routinely produced by machines
that can automatically synthesize any DNA sequence up to 120 nucleotides long
overnight. This ability to produce DNA molecules of a desired sequence makes
it possible to redesign genes at will, an important aspect of genetic engineering,
as explained later. Such synthetic oligonucleotides can also be used as labeled
probes to detect corresponding genomic sequences by DNA hybridization. By
varying the temperature at which the hybridization reaction is run, it is possible
to vary the stringency of the hybridization: above a certain temperature, only per-
fectly matched sequences will hybridize, and this can make it possible, for ex-
ample, to detect a mutant gene in the prenatal diagnosis of genetic disease.

More than 3000 human genetic diseases are attributable to single-gene de-
fects. In most of these the mutation is recessive: that is, it shows its effect only
when an individual inherits two defective copies of the gene, one from each
parent. One goal of modern medicine is to identify those fetuses that carry two
copies of the defective gene long before birth so that the mother, if she wishes,
can have the pregnancy terminated. In sickle-cell anemia, for example, the ex-
act nucleotide change in the mutant gene is known (the sequence GAG is
changed to GTG at a specific point in the DNA strand that codes for the B chain
of hemoglobin). For prenatal diagnosis, two DNA oligonucleotides are synthe-
sized—one corresponding to the normal gene sequence in the region of the
mutation and the other corresponding to the mutant sequence, If the oligonucle-
otides are kept short (about 20 nucleotides), they can be hybridized with DNA at
a temperature selected so that only the perfectly matched helix will be stable.
Such oligonucleotides can thus be used as labeled probes to distinguish between
the two forms of the gene by Southern blotting on DNA isolated from fetal cells
collected by amniocentesis. A fetus carrying two copies of the mutant B-chain
gene can be readily recognized because its DNA will hybridize only with the oli-
gonucleotide that is complementary to the mutant DNA sequence.

For many genetic abnormalities the exact nucleotide sequence change is not
known. For an increasing number of these, prenatal diagnosis is still possible by
using Southern blotting to assay for specific variations in the human genome (the
RFLPs in Figure 7-16) that are known to be closely linked to the defective gene.
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The same techniques can also be used to detect an individual's susceptibility
to future disease. Individuals who have inherited abnormal copies of certain
genes, for example, have a greatly increased risk of cancer. They need to take
protective measures to improve their prospects for a healthy life.

Hybridization at Reduced Stringency Allows Even Distantly
Related Genes to Be Identified 13

New genes arise during evolution by the duplication and divergence of old genes
and by the reutilization of portions of old genes in new combinations. For this
reason, most genes have a family of close relatives elsewhere in the genome,
many of which are likely to have a related function. Laborious methods are usu-
ally required to isolate a DNA clone corresponding to the first member of such
a gene family. Other members of the family, however, can then often be isolated
relatively easily by using sequences from the first gene as DNA probes. Because
the new genes are unlikely to have identical sequences, hybridizations with the
DNA probe are usually carried out under conditions of “reduced stringency”—
that is, conditions that allow even an imperfect match with the probe sequence
to form a stable double helix (Figure 7-17). Although using reduced stringency
for hybridization carries the risk of obtaining a false signal from a chance region
of short sequence homology in an unrelated DNA sequence, such false positives
can be eliminated by further investigation.

This technique is one of the most powerful uses of recombinant DNA tech-
nology. It has led, for example, to the isolation of a whole family of DNA-bind-
ing proteins that function as master regulators of gene expression during embry-
onic development in Drosophila and also made it possible to isolate members of
this same gene family from a variety of other organisms, including mice and
humans.
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Figure 7-17 Comparison of stringent
and reduced-stringency
hybridization conditions. In the
reaction on the left (stringent
conditions), the solution is kept only a
few degrees below the temperature at
which a perfect DNA helix denatures
(its melting temperature), so that the
imperfect helices that can form under
the conditions of reduced stringency
are unstable. Only the hybridization
conditions on the right can be used to
find genes that are nonidentical but
related to gene A.
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In Situ Hybridization Techniques Locate Specific Nucleic
Acid Sequences in Cells or on Chromosomes 14

Nucleic acids, no less than other macromolecules, occupy precise positions in
cells and tissues, and a great deal of potential information is lost when these
molecules are extracted by homogenization. For this reason, techniques have
been developed in which nucleic acid probes are used in much the same way as
labeled antibodies to locate specific nucleic acid sequences in situ, a procedure
called in situ hybridization. This can now be done both for DNA in chromo-
somes and for RNA in cells. Labeled nucleic acid probes can be hybridized to
chromosomes that have been exposed briefly to a very high pH to disrupt their
DNA base pairs. The chromosomal regions that bind the probe during the hybrid-
ization step are then visualized. Originally, this technique was developed using
highly radioactive DNA probes, which were detected by autoradiography. The
spatial resolution of the technique, however, can be greatly improved by label-
ing the DNA probes chemically instead of radioactively. For this purpose the
probes are synthesized with special nucleotides that contain a modified side
chain (Figure 7-18), and the hybridized probes are detected with an antibody (or
other ligand) that specifically recognizes this side chain (Figure 7-19).

In situ hybridization methods have also been developed that reveal the dis-
tribution of specific RNA molecules in cells in tissues. In this case the tissues are
not exposed to a high pH, so the chromosomal DNA remains double-stranded
and cannot bind the probe. Instead the tissue is gently fixed so that its RNA is
retained in an exposed form that will hybridize when the tissue is incubated with
a complementary DNA or RNA probe. In this way the patterns of differential gene
expression can be observed in tissues. In the Drosophila embryo, for example,
such patterns have provided new insights into the mechanisms that create dis-
tinctions between cells in different positions during development (Figure 7-20).

Summary

In nucleic acid hybridization reactions, single strands of DNA or RNA randomly col-
lide with one another, rapidly testing out billions of possible alignments. Under strin-
gent hybridization conditions (a combination of solvent and temperature where a
perfect double helix is barely stable), two strands will pair to form a “hybrid” helix
only if their nucleotide sequences are almost perfectly complementary. The enormous
specificity of this hybridization reaction allows any single-stranded sequence of
nucleotides to be labeled with a radioisotope or chemical and used as a probe to find

Nucleic Acid Hybridizatlon
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Figure 7-18 A chemical label for
DNA probes. The modified nucleotide
shown can be incorporated into DNA
by DNA polymerase so as to allow the
DNA molecule to serve as a probe that
can be readily detected. The base on
the nucleoside triphosphate shown is
an analogue of thymine, in which the
methyl group on T has been replaced
by a spacer arm linked to the plant
steroid digoxygenin. To visualize the
probe, the digoxygenin is detected by
a specific antibody coupled to a

visible marker such as a fluorescent
dye. Other chemical labels such as
biotin can be attached to nucleotides
and used in essentially the same way.

Figure 7-19 In situ hybridization
to locate specific genes on
chromosomes. Here, six different
DNA probes have been used to mark
the location of their respective
nucleotide sequences on human
chromosome 5 at metaphase. The
probes have been chemically labeled
and detected with fluorescent
antibodies. Both copies of
chromosome 5 are shown, aligned
side by side. Each probe produces two
dots on each chromosome, since a
metaphase chromosome has
replicated its DNA and therefore
contains two identical DNA helices
(see Figure 8-4). (Courtesy of David
C. Ward.)
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a complementary partner strand, even in a cell or cell extract that contains millions
of different DNA and RNA sequences. Probes of this type are widely used to detect the
nucleic acids corresponding to specific genes, both to facilitate the purification and
characterization of the genes after cell lysis and to localize them in cells, tissues, and
organisms. Moreover, by carrying out hybridization reactions under conditions of
“reduced stringency,” a probe prepared from one gene can be used to find its evolu-
tionary relatives—both in the same organism, where the relatives form part of a gene
family, and in other organisms, where the evolutionary history of the nucleotide se-
quence can be traced.

DNA Cloning **

In DNA cloning, a DNA fragment that contains a gene of interest is inserted into
the purified DNA genome of a self-replicating genetic element—generally a vi-
rus or a plasmid. A DNA fragment containing a human gene, for example, can be
joined in a test tube to the chromosome of a bacterial virus, and the new recom-
binant DNA molecule can then be introduced into a bacterial cell. Starting with
only one such recombinant DNA molecule that infects a single cell, the normal
replication mechanisms of the virus can produce more than 10" identical virus
DNA molecules in less than a day, thereby amplifying the amount of the inserted
human DNA fragment by the same factor. A virus or plasmid used in this way is
known as a cloning vector, and the DNA propagated by insertion into it is said to
have been cloned.

A DNA Library Can Be Made Using Either
Viral or Plasmid Vectors 18

In order to clone a specific gene, one begins by constructing a DNA library—a
comprehensive collection of cloned DNA fragments, including (one hopes) at
least one fragment that contains the gene of interest. The library can be con-
structed using either a virus or a plasmid vector and is generally housed in a
population of bacterial cells. The principles underlying the methods used for
cloning genes are the same for either type of cloning vector, although the details
may be different. For simplicity, in this chapter we ignore these differences and
illustrate the methods with reference to plasmid vectors.

The plasmid vectors used for gene cloning are small circular molecules of
double-stranded DNA derived from larger plasmids that occur naturally in bac-
terial cells. They generally account for only a minor fraction of the total host
bacterial cell DNA, but they can easily be separated on the basis of their small size
from chromosomal DNA molecules, which are large and precipitate as a pellet
upon centrifugation. For use as cloning vectors, the purified plasmid DNA circles
are first cut with a restriction nuclease to create linear DNA molecules. The cel-
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Figure 7-20 In situ hybridization for
RNA localization In tissues.
Autoradiograph of a section of a very
young Drosophila embryo that has
been subjected to in situ
hybridization using a radioactive DNA
probe complementary to a gene
involved in segment development.
The probe has hybridized to RNA in
the embryo, and the pattern of
autoradiographic silver grains reveals
that the RNA made by the gene

(called ftz) is localized in alternating
stripes across the embryo that are
three or four cells wide. At this stage
of development (cellular blastoderm),
the embryo contains about 6000 cells.
(From E. Hafen, A. Kuriowa, and W.].
Gehring, Cell 37:833-841, 1984. © Cell
Press.)
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lular DNA to be used in constructing the library is cut with the same restriction
nuclease, and the resulting restriction fragments (including those containing the
gene to be cloned) are then added to the cut plasmids and annealed via their
cohesive ends to form recombinant DNA circles. These recombinant molecules
containing foreign DNA inserts are then covalently sealed with the enzyme DNA
ligase (Figure 7-21).

In the next step in preparing the library, the recombinant DNA circles are
introduced into bacterial cells that have been made transiently permeable to
DNA; such cells are said to be transfected with the plasmids. As these cells grow
and divide, doubling in number every 30 minutes, the recombinant plasmids also
replicate to produce an enormous number of copies of DNA circles containing
the foreign DNA (Figure 7-22). Many bacterial plasmids carry genes for antibi-
otic resistance, a property that can be exploited to select those cells that have

| been successfully transfected; if the bacteria are grown in the presence of the
antibiotic, only cells containing plasmids will survive. Each original bacterial cell
that was initially transfected will, in general, contain a different foreign DNA
insert; this insert will be inherited by all of the progeny cells of that bacterium,
which together form a small colony in a culture dish.

The mixture of many different surviving bacteria contains the DNA library,
composed of a large number of different DNA inserts. The problem is that only
a few of the bacteria will harbor the particular recombinant plasmids that con-
tain the desired gene. One needs to be able to identify these rare cells in order
to recover the DNA of interest in pure form and in useful quantities, Before dis-
cussing how this is achieved, we need to describe a second strategy for generating
a DNA library that is commonly used in gene cloning.

Two Types of DNA Libraries Serve Different Purposes !7

Cleaving the entire genome of a cell with a specific restriction nuclease as just
described is sometimes called the “shotgun” approach to gene cloning. It pro-
duces a very large number of DNA fragments—on the order of a million for a
mammalian genome—which will generate millions of different colonies of trans-
fected bacterial cells. Each of these colonies will be composed of a clone derived
from a single ancestor cell and therefore will harbor a recombinant plasmid with
the same inserted genomic DNA sequence. Such a plasmid is said to contain a
genomlic DNA clone, and the entire collection of plasmids is said to constitute

Figure 7-22 Purification and amplification of a specific DNA sequence by
DNA cloning In a bacterlum. Each bacterial cell carrying a recombinant
plasmid develops into a colony of identical cells, visible as a spot on the
nutrient agar. By inoculating a single colony of Interest into a liquid culture,
one can obtain a large number of identical plasmid DNA molecules, each

| containing the same DNA insert.

| DNA Cloning

COVALENT
LINKAGE BY
DNA LIGASE

plasmid DNA molecule
containing chromosomal
DNA insert

Figure 7-21 The formation ofa
recombinant DNA molecule. The
cohesive ends produced by many
kinds of restriction nucleases allow
two DNA fragments to join by
complementary base-pairing (see
Figure 7-2). DNA fragments joined in
this way can be covalently linked in a
highly efficient reaction catalyzed by
the enzyme DNA ligase. In this
example a recombinant plasmid DNA
molecule containing a chromosomal
DNA insert is formed.
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a genomic DNA library. But because the genomic DNA is cut into fragments at
random, only some fragments will contain genes; many will contain only a por-
tion of a gene, while most of the genomic DNA clones obtained from the DNA
of a higher eucaryotic cell will contain only noncoding DNA, which, as we shall
discuss in Chapter 8, makes up most of the DNA in such genomes.

An alternative strategy is to begin the cloning process by selecting only those
DNA sequences that are transcribed into RNA and thus are presumed to corre-
spond to genes. This is done by extracting the mRNA (or a purified subfraction
of the mRNA) from cells and then making a complementary DNA (cDNA) copy
of each mRNA molecule present; this reaction is catalyzed by the reverse tran-
scriptase enzyme of retroviruses, which synthesizes a DNA chain on an RNA tem-
plate. The single-stranded DNA molecules synthesized by the reverse tran-
scriptase are converted into double-stranded DNA molecules by DNA
polymerase, and these molecules are inserted into a plasmid or virus vector and
cloned (Figure 7-23). Each clone obtained in this way is called a cDNA clone, and
the entire collection of clones derived from one mRNA preparation constitutes
a cDNA library.

There are important differences between genomic DNA clones and cDNA
clones, as illustrated in Figure 7-24. Genomic clones represent a random sample
of all of the DNA sequences in an organism and, with very rare exceptions, will
be the same regardless of the cell type used to prepare them. By contrast, cDNA
clones contain only those regions of the genome that have been transcribed into
mRNA; as the cells of different tissues produce distinct sets of mRNA molecules,
a different cDNA library will be obtained for each type of cell used to prepare the

library.

cDNA Clones Contain Uninterrupted Coding Sequences '®

The use of a cDNA library for gene cloning has several advantages. First, some
proteins are produced in very large quantities by specialized cells. In this case,
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Figure 7-23 The gynthesis of cDNA.
A DNA copy (cDNA) of an mRNA
molecule is produced by the enzyme
reverse transcriptase (see p. 282),
thereby forming a DNA/RNA hybrid
helix. Treating the DNA/RNA hybrid
with alkali selectively degrades the
RNA strand into nucleotides. The
remaining single-stranded cDNA is
then copied into double-stranded
cDNA by the enzyme DNA
polymerase. As indicated, both
reverse transcriptase and DNA
polymerase require a primer to begin
their synthesis. For reverse
transcriptase a small oligonucleotide
is used; in this example oligo(dT) has
been annealed with the long poly-A
tract at the 3’ end of most mRNAs.
Note that the double-stranded cDNA
molecule produced here lacks
cohesive ends; such blunt-ended DNA
molecules can be cloned by one of
several procedures that are analogous
to (but less efficient than) that shown
in Figure 7-21.
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the mRNA encoding the protein is likely to be produced in such large quantities
that a cDNA library prepared from the cells will be highly enriched for the cDNA
molecules encoding the protein, greatly reducing the problem of identifying the
desired clone in the library (see Figure 7-24). Hemoglobin, for example, is made
in large amounts by developing erythrocytes (red blood cells); for this reason the
globin genes were among the first to be cloned.

By far the most important advantage of cDNA clones'is that they contain the
uninterrupted coding sequence of a gene. Eucaryotic genes usually consist of
short coding sequences of DNA (exons) separated by longer noncoding sequences
(introns); the production of mRNA entails the removal of the noncoding se-
quences from the initial RNA transcript and the splicing together of the coding
sequences. Neither bacterial nor yeast cells will make these modifications to the
RNA produced from a gene of a higher eucaryotic cell. Thus, if the aim of the
cloning is either to deduce the amino acid sequence of the protein from the DNA
or to produce the protein in bulk by expressing the cloned gene in a bacterial or
yeast cell, it is much preferable to start with cDNA.

Genomic and cDNA libraries are inexhaustible resources that are widely
shared among investigators. Today, many such libraries are also available from
commercial sources.

cDNA Libraries Can Be Prepared from Selected
Populations of mRNA Molecules '*

When cDNAs are prepared from cells that express the gene of interest at ex-
tremely high levels, the majority of cDNA clones may contain the gene sequence,
which can therefore be selected with minimal effort. For less abundantly tran-
scribed genes, various methods can be used to enrich for particular mRNAs be-
fore making the cDNA library. If an antibody against the protein is available, for
example, it can be used to precipitate selectively those polyribosomes (see pp.
237-238) that have the appropriate growing polypeptide chains attached to them.
Since these polyribosomes will also have attached to them the mRNA coding for
the protein, the precipitate may be enriched in the desired mRNA by as much as

1000-fold.

DNA Cloning

Figure 7-24 The differences between
cDNA clones and genomic DNA
clones. In this example gene A is
infrequently transcribed while gene B
is frequently transcribed, and both
genes contain introns (green). In the
genomic DNA clones both the introns
and the nontranscribed DNA are
included, and most clones will
contain only part of the coding
sequence of a gene. In the cDNA
clones the intron sequences have
been removed by RNA splicing during
the formation of the mRNA, and a
continuous coding sequence is
therefore present.
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Subtractive hybridization provides a powerful alternative way of enriching
for particular nucleotide sequences prior to cDNA cloning. This selection proce-
dure can be used, for example, if two closely related cell types are available from
the same organism, only one of which produces the protein or proteins of inter-
est. It was first used to identify cell-surface receptor proteins present on T lym-
phocytes but not on B lymphocytes. It can also be used wherever a cell that ex-
presses the protein has a mutant counterpart that does not. The first step is to
synthesize cDNA molecules using the mRNA from the cell type that makes the
protein of interest. These cDNAs are then hybridized with a large excess of mRNA
molecules from the second cell type. Those rare cDNA sequences that fail to find
a complementary mRNA partner are likely to represent mRNA sequences present
only in the first cell type. Because these cDNAs remain unpaired after the hybrid-
ization, they can be purified by a simple biochemical procedure (a hydroxyapatite
column) that separates single-stranded from double-stranded nucleic acids (Fig-
ure 7-25). Besides providing a powerful way to clone genes whose products are
known to be restricted to a specific differentiated cell type, cDNA libraries pre-
pared after subtractive hybridization are useful for defining the differences in
gene expression between any two related types of cells.

Either a DNA Probe or a Test for Expressed Protein Can Be
Used to Identify the Clones of Interest in a DNA Library 2°

The most difficult part of gene cloning is often the identification of the rare colo-
nies in the library that contain the DNA fragment of interest. This is especially
true in the case of a genomic library, where one has to identify one bacterial cell
in a million to select a specific mammalian gene. The technique most frequently
used is a form of in situ hybridization that takes advantage of the exquisite speci-
ficity of the base-pairing interactions between two complementary nucleic acid
molecules. Culture dishes containing the growing bacterial colonies are blotted
with a piece of filter paper, to which some members of each bacterial colony
adhere. The adhering colonies, known as replicas, are treated with alkali to dis-
rupt the cells and to separate the strands of their DNA molecules; the paper is
then incubated with either a radioactive or a chemically labeled DNA probe con-
taining part of the sequence of the gene being sought (Figure 7-26). If necessary,
millions of bacterial clones can be screened in this way to find the one clone that
hybridizes with the probe.

In order to find the clone of interest, a specific probe must be made. How this

< is done will depend on the information that is available about the gene to be

cloned. In many cases the protein of interest has been identified by biochemi-
cal studies and purified in small amounts. Only a few micrograms of pure pro-
tein are often enough to determine the sequence of 30 or so amino acid residues.
From this amino acid sequence the corresponding nucleotide sequence can be
deduced using the genetic code (with some ambiguities corresponding to amino
acids that can be represented by several alternative codons). Two sets of DNA oli-
gonucleotides, chosen to match different parts of the predicted nucleotide se-
quence of the gene, are then synthesized by chemical methods (Figure 7-27).
Colonies of cells that hybridize with both sets of DNA probes are strong candi-
dates for containing the desired gene and are saved for further characterization
(see below).

Probes can also be obtained in other ways. If an antibody is available that
recognizes the protein produced by the gene, it can be labeled and used as a
probe to find a clone that is producing the protein, which therefore contains the
desired gene. Any other ligand that is known to bind to the protein encoded by
the gene can also be used as a probe: if the gene encodes a receptor protein, for
example, the ligand that normally binds to the receptor can, in principle, be used
as a probe,

T lymphocytes B lymphocytes
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mRNA from
T lymnhocytes
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HYBRIDIZATION WITH
EXCESS mRNA FROM
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mRANA that is
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purified cONA corresponding
to mRNA confined to
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Figure 7-25 Subtractive
hybridization. In this example the
technique is used to purify rare cDNA
clones corresponding to mRNA
molecules present in T lymphocytes
but not in B lymphocytes. Because
the two cell types are very closely
related, most of the mRNAs will be
common to both cell types;
subtractive hybridization is thus a
powerful way to enrich for those
specialized molecules that distinguish
the two cells.

Sarepta Exhibit 1056, page 24

312  Chapter 7 : Recombinant DNA Technology



disc of absorbent paper

INCUBATE WITH PROBE

AND WASH
colonies containing
plasmid of
interest

radicactively EXPOSE PAPER TO
labeled DNA probe PHOTOGRAPHIC FILM

R \

T

DNA

petri dish with bound to
colonies of bacteria
containing
recombinant plasmids
position of desired
colonies detected by

autoradiography
LYSE BACTERIA
PEEL PAPER FROM DISH TO DENATURE DNA
PRODUCE REPLICA OF
COLONIES

Figure 7-26 An efficient technique commonly used to detect a bacterial
colony carrying a particular DNA clone. A replica of the culture is made by
pressing a piece of absorbent paper against the surface. This replica is
treated with alkali (to disrupt the cells and denature the plasmid DNA) and
then hybridized to a highly radioactive DNA probe. Those bacterial colonies
that have bound the probe are identified by autoradiography. (See also
Figure 7-22.) ‘

Whenever the protein product of a gene is to be detected rather than the gene
itself, a special type of cDNA library is required. It is prepared in a special plas-
mid or virus called an expression vector, which directs the transfected bacterium
to synthesize large amounts of the protein encoded by the foreign DNA insert
contained within the vector's DNA, as we shall discuss later.

In Vitro Translation Facilitates Identification
of the Correct DNA Clone 3!

Any method that is used to find a specific clone from a cDNA or genomic DNA
library will usually pick out many false positive clones. Further ingenuity is re-
quired to discriminate between these and the authentic clones desired. The task
is easiest when the desired clone encodes a protein that has already been char-
acterized by other means. In this case each candidate DNA can be tested by one
of several methods for its ability to encode the appropriate protein. The cloned
DNA can be inserted into an expression vector, for example, so that the protein
that it encodes is produced in large amounts in a bacterium. Alternatively, the
cloned DNA can be used to obtain a corresponding RNA molecule, either through
in vitro synthesis with a purified RNA polymerase (see Figure 7-36) or by a tech-
nique called hybrid selection. In the latter method a mixture of cellular RNAs is
added to an excess of single strands of the candidate DNA, and DNA/RNA hybrid-
ization is used to purify complementary mRNA molecules from the mixture. In
either case the mRNA obtained is allowed to direct protein synthesis in a cell-free
system using radioactive amino acids, and the radioactive protein produced is
then characterized and compared with the expected protein product of the de-
sired clone. A match in any of these tests allows one to conclude that a cloned
DNA fragment encodes the correct protein.
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The Selection of Overlapping DNA Clones Allows One
to “Walk” Along the Chromosome to a Nearby Gene
of Interest 22

Many of the most interesting genes—for example, those that control develop-
ment—are known only from genetic analysis of mutants in such organisms as the
fruit fly Drosophila and the nematode Caenorhabditis elegans. The protein prod-
ucts of these genes are unknown and may be present in very small quantities in
a few cells or produced only at one stage of development. A study of the genetic
linkage between different mutations, however, can be used to generate chromo-
some maps, which give the relative locations of the genes (see Figure 7-16). Once
one mapped gene has been cloned, the clones in a genomic DNA library that
correspond to neighboring genes can be identified using a technique called chro-
mosome walking. The methods described in this chapter can then be used to
deduce the exact structure and function of the gene of interest and the protein
that it encodes.

In chromosome walking one starts with a DNA clone corresponding to a gene
or an RFLP marker that is known to be as close as possible to the gene of inter-
est. One end of this clone is used to prepare a DNA probe, which is then used in
DNA hybridization experiments to find an overlapping clone in a genomic DNA
clone library. The DNA from this second DNA clone is purified, and its far end
is used to prepare a second DNA probe, which is used to find a clone that is over-
lapping, and so on. In this way one can walk along a chromosome one clone at
a time, in steps of 30,000 base pairs or more in either direction (Figure 7-28).

How does one know when the gene of interest (identified originally by a
deleterious mutation) has been reached, given that the walk is generally too long
for complete DNA sequencing to be practicable? For experimental organisms
such as fruit flies, nematodes, Arabidopsis, yeast, and mice, the ultimate proof
of the correct gene is to transfer the normal form of the gene (as a cloned DNA
molecule) into a chromosome of the mutant organism, producing a transgenic
organism (see Figures 7-45 and 7-49). If the original mutation was a recessive
one, the correct DNA should reverse the original mutant phenotype. Other,
less stringent criteria, however, are often used and are necessary in the case of
human genes, as described later (see Figure 7-30).

Ordered Genomic Clone Libraries Are Being Produced

for Selected Organisms 2

The whole task of identifying mutant genes should become vastly easier as knowl-
edge of the sequence of the normal genome becomes more complete and sys-
tematic. By using methods related to those described for chromosome walking,
it has been possible to order (map) a complete, or nearly complete, set of large

{8 pussibilities|

Figure 7-27 Selecting reglons of a
known amino acid sequence to make
synthetic oligonucleotide probes.
Although only one nucleotide
sequence will actually code for the
protein, the degeneracy of the genetic
code means that several different
nucleotide sequences will give the
same amino acid sequence, and it is
impossible to tell in advance which is
the correct one. Because it is desirable
to have as large a fraction of the
correct nucleotide sequence as
possible in the mixture of
oligonucleotides to be used as a
probe, those regions with the fewest
possibilities are chosen, as illustrated.
In this example the mixture of 8
closely related oligonucleotides
shown might be synthesized and used
to probe a clone library, and the
indicated mixture of 16
oligonucleotides would be used 1o
reprobe all positive clones to find
those that actually code for the
desired protein. After the
oligonucleotide mixture is
synthesized by chemical means, the 5°
end of each oligonucleotide is
radioactively labeled (see Figure 7-
6B); alternatively, the probe can be
marked with a chemical label by
incorporating a modified nucleotide
during its synthesis (see Figure 7-18).
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genomic clones along the chromosomes of the E. coli bacterium, the yeast Sac-
charomyces cerevisiae, the fruit fly Drosophila, the plant Arabidopsis, and the
nematode C. elegans. Such large clones, each about 30,000 base pairs in length,
are usually prepared in bacteriophage lambda vectors called cosmids, which are
specially designed to accept only large DNA inserts. It takes a few thousand such
clones to cover the entire genome of an organism such as C. elegans or Dros-
ophila. To map the entire human genome in this way would require ordering
more than 100,000 clones in cosmids, which is very time consuming but techni-
cally feasible. DNA fragments that are more than 10 times larger than these clones
(300,000 to 1.5 million base pairs) can be cloned in yeast cells as YACs (yeast ar-
tificial chromosomes) (Figure 7-29); in principle, the human genome could be
represented as about 10,000 clones of this type (see Figure 8-5).

In the near future, ordered sets of genomic clones will no doubt be available
from centralized DNA libraries for use by all research workers. Eventually, a com-
plete library will be available for each commonly studied organism, with each
DNA fragment catalogued according to its chromosome of origin and numbered
sequentially with respect to the positions of all other DNA fragments derived from
the same chromosome. One will then begin a “chromosome walk” simply by
obtaining from the library all the clones covering the region of the genome that
contains the mutant gene of interest.

Positional DNA Cloning Reveals Human Genes
with Unanticipated Functions 4

Thousands of human diseases are caused by alterations in single genes. Our
understanding of these genetic diseases is being revolutionized by recombinant
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Figure 7-28 The use of overlapping
DNA clones to find a new gene by
“chromosome walking.” To speed up
the walk, genomic libraries containing
very large cloned DNA molecules are
optimal. To probe for the next clone
in the walk by DNA hybridization, a
short DNA fragment (labeled with a
chemical or a radioisotope) from one
end of the previously identified clone
is purified: If a “right-handed” end is
used, for example, the walk will go in
the “rightward” direction, as shown in
this example. Use of a small end
fragment as a probe also reduces the
probability that the probe will contain
arepeated DNA sequence that would
hybridize with many clones from
different parts of the genome and
thereby interrupt the walk.

Figure 7-29 Overlapping genomic
DNA clones. The collection of clones
shown covers a small region of a
chromosome of the nematode worm
Caenorhabditis elegans and
represents 0.3% of the total genome.
(Adapted from J. Sulston et al., Nature
356:37-41, 1992. © 1992 Macmillan
Magazines Ltd.)
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DNA methods, which allow the altered DNA to be cloned and sequenced, reveal-
ing the precise defect in each patient. In this way, for example, Duchenne’s
muscular dystrophy was shown to be due to an abnormal cytoskeletal protein
in muscle cells, and cystic fibrosis to be an abnormal chloride channel in epi-
thelial cells. This knowledge not only improves the accuracy of diagnosis but also
makes it possible, in principle at least, to design treatments.

Although the techniques used to find human disease genes have differed
depending on the disease, a standard approach has recently been developed that
makes it possible to isolate any human gene that is responsible by itself for a
specific trait or disease, It is called positional cloning because it starts with ge-
netic linkage mapping to locate the gene in the genome (Figure 7-30). While the
approach is straightforward, it presently requires 10 to 100 person-years to iso-
late a gene in this way. It will become much easier once DNA sequencing is highly
automated and the full DNA sequence of the human genome is known: genetic
linkage mapping will reveal immediately which genes are prime suspects, and the
sequences of these genes can then be analyzed directly in individual patients. The
functions of thousands of human genes are likely to be identified in this way.

Y_’::

Selected DNA Segments Can Be Cloned in a Test Tube
by a Polymerase Chain Reaction 25

The availability of purified DNA polymerases and chemically synthesized DNA
oligonucleotides has made it possible to clone specific DNA sequences rapidly
without the need for a living cell. The technique, called the polymerase chain
reaction (PCR), allows the DNA from a selected region of a genome to be am-
plified a billionfold, provided that at least part of its nucleotide sequence is al-
ready known. First, the known part of the sequence is used to design two syn-
thetic DNA oligonucleotides, one complementary to each strand of the DNA
double helix and lying on opposite sides of the region to be amplified. These
oligonucleotides serve as primers for in vitro DNA synthesis, which is catalyzed
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Figure 7-30 Positional cloning. The
procedure requires a mutant human
gene whose inheritance can be traced
in many family groups by virtue of the
phenotype that the mutation causes.
Step 1, genetic mapping: RFLP
markers that are coinherited with the
phenotype are identified and used to
position the gene within about 108
base pairs (one megabase, or about
1% the length of a typical human
chromosome). Step 2, assembly of an
ordered clone library: genomic DNA
clones are obtained that cover the
entire region between two RFLP
markers that bracket the gene. Step 3,
search for conserved DNA sequences:
the portions of each DNA clone that
hybridize with mouse DNA are
identified; only those regions of the
human chromosome whose
nucleotide sequence is important will
have been sufficiently conserved
during evolution to form such a
hybrid DNA helix (one strand human
and the other mouse). Step 4, search
Jfor appropriate mRNAs: the subset of
conserved DNA sequences that
encode an mRNA in tissues where the
mutant phenotype is expressed are -
the most likely to represent the
mutait gene. Step 5, finding a
difference in the DNA sequence of
mutated genes. When the deleterious
mutations in a typical human gene
are analyzed, about 1 in 10 turns out
to be a deletion that is easily detected
as a change in the size of a restriction
fragment detected by Southern
blotting. For this reason one generally
begins by screening the DNA of many
human patients with the same disease
using probes identified in step 4,
looking for such a change. If the
mutation is not detectable as a
deletion, other, more laborious
methods that are capable of detecting
single base changes must be used to
identify the gene of interest.
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by a DNA polymerase, and they determine the ends of the final DNA fragment
that is obtained (Figure 7-31).

The principle of the PCR technique is illustrated in Figure 7-32. Each cycle
of the reaction requires a brief heat treatment to separate the two strands of the
genomic DNA double helix (step 1). The success of the technique depends on the
use of a special DNA polymerase isolated from a thermophilic bacterium that is
stable at much higher temperatures than normal, so that it is not denatured by
the repeated heat treatments. A subsequent cooling of the DNA in the presence
of a large excess of the two primer DNA oligonucleotides allows these oligo-
nucleotides to hybridize to complementary sequences in the genomic DNA (step
2). The annealed mixture is then incubated with DNA polymerase and the four
deoxyribonucleoside triphosphates so that the regions of DNA downstream from
each of the two primers are selectively synthesized (step 3). When the procedure
is repeated, the newly synthesized fragments serve as templates in their turn, and
within a few cycles the predominant product is a single species of DNA fragment
whose length corresponds to the distance between the two original primers. In
practice, 20 to 30 cycles of reaction are required for effective DNA amplification.
Each cycle doubles the amount of DNA synthesized in the previous cycle. A single
cycle requires only about 5 minutes, and an automated procedure permits “cell-
free molecular cloning” of a DNA fragment in a few hours, compared with the
several days required for standard cloning procedures.

The PCR method is extremely sensitive; it can detect a single DNA molecule
in a sample. Trace amounts of RNA can be analyzed in the same way by first tran-
scribing them into DNA with reverse transcriptase. The PCR cloning technique
is rapidly replacing Southern blotting for the diagnosis of genetic diseases and
for the detection of low levels of viral infection. It also has great promise in fo-
rensic medicine as a means of analyzing minute traces of blood or other tissdes—
even as little as a single cell—and identifying the person from whom they came
by his or her genetic “fingerprint” (Figure 7-33).

Figure 7-32 PCR amplification. PCR produces an amount of DNA that
doubles in each cycle of DNA synthesis and includes a uniquely sized DNA
species. Three steps constitute each cycle, as described in the text. After
many cycles of reaction, the population of DNA molecules becomes
dominated by a single DNA fragment, X nucleotides long, provided that the
original DNA sample contains the DNA sequence that was anticipated
when the two oligonucleotides were designed. In the example illustrated,
three cycles of reaction produce 16 DNA chains, 8 of which have this
unique length (yellow); but after three more cycles, 240 of the 256 DNA
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Figure 7-31 The start of the
polymerase chain reaction (PCR) for
amplifying specific nucleotide
sequences in vitro. DNA isolated
from cells is heated to separate its
complementary strands. These
strands are then annealed with an
excess of two DNA oligonucleotides
(each 15 to 20 nucleotides long) that
have been chemically synthesized to
match sequences separated by X
nucleotides (where X is generally
between 50 and 2000). The two
oligonucleotides serve as specific
primers for in vitro DNA synthesis
catalyzed by DNA polymerase, which
copies the DNA between the
sequences corresponding to the two
oligonucleotides.
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Summary

DNA cloning allows a copy of any specific part of a DNA or RNA sequence to be se-
lected from the millions of other sequences in a cell and produced in unlimited
amounts in pure form. DNA sequences are amplified after cutting chromosomal DNA
with a restriction nuclease and inserting the resulting DNA fragments into the chro-
maosome of a self-replicating genetic element (a plasmid or a virus). When a plasmid
vector is used, the resulting “genomic DNA library” is housed in millions of bacterial
cells, each carrying a different cloned DNA fragment. The bacterial colony contain-
ing a DNA fragment of interest is ldentified by hybridization using a DNA probe or,
Jollowing expression of a cloned gene or gene fragment in the bacterial host cell, by
using a test that detects the desired protein product. The cells in the identified bac-
terial colony are then allowed to proliferate, producing large amounts of the desired
DNA fragment,

The procedure used to obtain DNA clones that correspond in sequence to mRNA
molecules are the same except that the starting material is a DNA copy of the mRNA
sequence, called cDNA, rather than fragments of chromosomal DNA. Unlike genomic
DNA clones, cDNA clones lack intron sequences, making them the clones of choice for
expressing and characterizing the protein product of a gene.

PCR Is a new form of DNA cloning that is carried out outside cells using a pu-
rified, thermostable DNA polymerase enzyme. This type of DNA amplification requires
a prior knowledge of gene sequence, since two synthetic oligonucleotide primers must
be synthesized that bracket the DNA sequence to be amplified. PCR cloning, however,
has the advantage of being much faster and easier than standard cloning methods.
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Flgure 7-33 The use of PCR In
forensic science. (A) A PCR reaction
using two primers that bracket a
particular microsatellite, or VNTR,
sequence (see Figure 7-14C) pro-
duces a different pair of DNA bands
from each individual. One of these
bands contains the repeated VNTR
sequence that was inherited from

the individual’s mother and the

other contains the repeated VNTR
sequence that was inherited from the
individual’s father. (B) The large set of
DNA bands obtained from a set of
different PCR reactions, each of which
amplifies the DNA from a different
VNTR sequence, can serve as a
“fingerprint” to identify each
individual nearly uniquely. The
starting material for the PCR reaction
can be a single hair that was left at the
scene of a crime.
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DNA Engineering >

The methods described thus far in this chapter make it possible, in principle, to
determine the exact organization and nucleotide sequence of any chromosome,
including all of the chromosomes that constitute the human genome. In this
section we describe how extensions of these methods have revolutionized all

other aspects of cell biology by providing new ways to study the functions of
genes, RNA molecules, and proteins.

New DNA Molecules of Ahy Sequence Can Be Formed
by Joining Together DNA Fragments 27

As we have seen, recombinant DNA molecules are generally constructed by using
the enzyme DNA ligase to join together two DNA molecules with matching co-
hesive ends. For production of a DNA library, one of the two DNA molecules to
be joined is the vector, derived from a bacterial plasmid or virus, while the other
is either a fragment of a chromosome or a cDNA molecule (see Figure 7-21). A
recombinant DNA molecule can in turn serve as a vector for cloning additional
DNA molecules, and by the stepwise repetition of the cloning procedure, a se-
ries of DNA fragments can be joined together end to end. In this way new DNA
molecules can be generated that are different from any molecule that occurs
naturally (Figure 7-34).

Automated oligonucleotide synthesizers rapidly produce any DNA molecule
containing up to about 100 nucleotides. The sequence of such synthetic DNA
molecules is entirely determined by the experimenter, and they can be joined
together by repeated DNA cloning steps in various combinations to produce long
custom-designed DNAs of any sequence. But the DNA sequences of interest to
cell biologists are mostly those that code for protein domains that already exist
in nature. The polymerase chain reaction (PCR) can be used both to amplify any
natural nucleotide sequence and to redesign its two ends, so that any two natu-
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Figure 7-34 Serlal DNA cloning can
be used to splice together a set of
DNA fragments derived from
different genes. All of the DNA
molecules shown here are double-
stranded. After each DNA insertion
step, the plasmid is cloned to purify
and amplify the new recombinant
DNA molecule. The recombinant
molecule is then cut once witha
restriction nuclease, as indicated, and
used as a cloning vector for the next
DNA fragment.

Figure 7-35 Talloring the ends of
DNA fragments facllitates their
precise Joinlng. The PCR reaction
allows any DNA segment to be
amplified with modified ends in
preparation for cloning. The synthetic
oligonucleotide primers used here
contain 5’ tails whose sequence has
been chosen to create a particular
restriction nuclease cutting site.
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rally occurring DNA sequences can be amplified and spliced together very rap-
idly and efficiently (Figure 7-35). Thus, rather than generating novel DNA mol-
ecules from chemically synthesized fragments, it is almost always easier to pro-
duce them using PCR and repeated cloning steps to link selected naturally
occurring DNA segments.

Homogeneous RNA Molecules Can Be Produced in Large
Quantities by DNA Transcription in Vitro 28

Pure RNA molecules are useful for many types of cell biological studies. If the
RNA encodes a protein, large amounts of the pure species will facilitate in vitro
studies of RNA splicing or protein synthesis; if the RNA has a catalytic function,
its catalytic mechanism can be tested in cell-free systems. But most species of
RNA molecules are present in only tiny quantities in cells, and they are very dif-
ficult to purify away from the many thousands of other species present in a typi-
cal cell extract. By making available pure DNA templates that can be used to
produce large amounts of any RNA molecule, genetic engineering provides the
best path to a pure RNA species.

The technique uses the unusually efficient RNA polymerase molecules pro-
duced by certain bacterial viruses. To prepare a suitable DNA template, the DNA
sequence encoding the RNA is cloned in a way that joins it to a second DNA seg-
ment that contains the start signal (promoter) for the viral RNA polymerase en-
zyme. The pure recombinant DNA molecule is then mixed with a pure prepara-
tion of the RNA polymerase plus the four ribonucleoside triphosphates used in
RNA synthesis. During a prolonged incubation at 37°C, large amounts of the
desired RNA are then generated by in vitro transcription (Figure 7-36).

Rare Cellular Proteins Can Be Made in Large Amounts
Using Expression Vectors 2°

Until recently, the only proteins in a cell that could be studied easily were the
relatively abundant ones. Starting with several hundred grams of cells, a major
protein—one that constitutes 1% or more of the total cellular protein—can be
purified by sequential chromatography steps to yield perhaps 0.1 g (100 mg) of
pure protein. This amount is sufficient for conventional amino acid sequencing,
for detailed analysis of biological activity (if known), and for the production of
antibodies, which can then be used to localize the protein in the cell. Moreover,
if suitable crystals can be grown (usually a difficult task), the three-dimensional
structure of the protein can be determined by x-ray diffraction techniques. In this
way the structure and function of many abundant proteins—including hemoglo-
bin, trypsin, immunoglobulin, and lysozyme—have been analyzed.

The vast majority of the thousands of different proteins in a eucaryotic cell,
however, including many with crucially important functions, are present in very
small amounts. For most of them it is extremely difficult, if not impossible, to
obtain more than a few micrograms of pure material, One of the most important
contributions of DNA cloning and genetic engineering to cell biology is that they
have made it possible to produce any of the cell’s proteins, including the minor
ones, in large amounts.

Large amounts of a pure protein could, in principle, be produced by first
synthesizing a large amount of the mRNA that encodes the protein and then
translating it in a cell-free system that contains all of the many components re-
quired for protein synthesis, including ribosomes, transfer RNAs, translation
enzymes, and so on. While this approach is occasionally used, a more efficient
way is to produce both the mRNA and the protein in a living cell, using an expres-
sion vector (Figure 7-37). The vector is designed to produce a large amount of a
stable mRNA that will be efficiently translated into protein in the transfected
bacterial, yeast, insect, or mammalian cell. To prevent the high level of the for-
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Figure 7-36 Large amounts of any
RNA molecule can be prepared in
vitro using a viral RNA polymerase.
The use of this unusually efficient
enzyme requires that the DNA
template be engineered so that the
short DNA sequence that specifies the
viral promoter is adjacent to the DNA
sequence that encodes the RNA
molecule to be synthesized. As
indicated, the 3’ end of the RNA is
determined by cutting the DNA
template at a unique site with a
restriction nuclease.
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Figure 7-37 Production of large amounts of a protein by cloning the double-stranded
protein-coding DNA sequence In a plasmid expression vector. The plasmid DNA expression vector
plasmid has been engineered to contain a highly active promoter, which
causes unusually large amounts of mRNA encoding the protein to be
synthesized in the transfected cells.

promoter \cloning

sequence site

! & ; o ; CUT DNA WITH
eign protein from interfering with the transfected cell's growth, the expression RESTRICTION NUCLEASE

vector is often designed so that the synthesis of the foreign mRNA and protein E
can be delayed until shortly before the cells are harvested (Figure 7-38).

Because the desired protein made from an expression vector is produced
inside a cell, it must be purified away from the host cell proteins by chromatog-

% 4 INSERT PROTEIN-
raphy following cell lysis; but because it is such a plentiful species in the cell ly- CODING DNA SEQUENCE
sate (often 1% to 10% of the total cell protein), the purification is usually easy to —

accomplish in only a few steps. A variety of expression vectors are available, each
engineered to function in the type of cell in which the protein is to be made. In

this way cells can be induced to make vast quantities of medically useful pro- :
teins—such as human insulin and growth hormone, interferon, and viral anti-

gens for vaccines. More generally, these methods make it possible to produce TRANSFECT CELLS WITH

every protein in large enough amounts for the kinds of detailed structural and RECOMBIRANTONA
functional studies that were previously possible for only a rare few.

Reporter Genes Enable Regulatory DNA Sequences :

to Be Dissected 3° [

5 EEEE— 3"
The transcription of a gene is controlled by regulatory DNA sequences that are e
not transcribed. These sequences determine which cells will express the gene and 0000
under what conditions, as explained in Chapter 9. In higher eucaryotes these / 00
regulatory sequences can be located many thousands of base pairs upstream or uermipmised -
downstream from the transcribed sequences, and they act in combinations to ANA protein
control gene transcription. The regulatory DNA sequences can be identified for
any particular gene by a manipulation that involves replacing part of the gene's
coding sequence with a different coding sequence (a so-called reporter sequence),
selected because the protein it encodes is easily detected by either a simple cy-
tological stain or an enzyme assay. The regulatory sequences for the gene of in- tima.st

terest can then be identified by attaching the reporter sequence to various frag-
ments of DNA sequence taken from upstream or downstream of the gene. When
such recombinant DNA molecules are used to transfect cells, the level, timing,
and cell specificity of reporter protein production will reflect the action of the
regulatory sequences that each DNA construct contains (Figure 7-39).

Mutant Organisms Best Reveal the Function of a Gene 3! g2
Suppose that one has cloned a gene that codes for a protein whose function is
unknown. How can one discover what the protein does in the cell? This has be-
come a common problem in cell biology and one that is surprisingly difficult to

solve, since neither the three-dimensional structure of the protein nor the com-

Figure 7-38 Productlon of large amounts of a proteln using a plasmid
expresslon vector. In this example bacterial cells have been transfected
with the coding sequence for an enzyme, DNA helicase (arrow);
transcription from this coding sequence is under the control of a viral
promoter that becomes active only at temperatures of 37°C or higher. The
total cell protein has been analyzed by SDS-polyacrylamide gel
electrophoresis, either from bacteria grown at 25°C (no helicase protein
made), or after a shift of the same bacteria to 42°C for up to two hours.
(Photograph courtesy of Jack Barry.)
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plete nucleotide sequence of its gene is usually sufficient to deduce the protein's
function. Moreover, many proteins—such as those that have a structural role in
the cell or normally form part of a large multienzyme complex—will have no
obvious activity by themselves.

One approach, discussed in Chapter 4, is to inactivate the protein by injecting
into a cell a specific antibody that recognizes the protein and then observing how
the cell is affected. Although this provides a useful way to test protein function,
the effect is transitory because the injected antibody is eventually diluted out
during cell proliferation or destroyed by intracellular proteolytic enzymes. More-
over, many antibodies—even those that bind tightly to some part of the given
protein—fail to block the protein’s function.

Genetics provides a much more powerful solution to this problem. Mutants
that lack a particular protein may quickly reveal the function of the normal
molecule. Even more useful are mutants in which the abnormal protein is tem-
perature sensitive, so that it is inactivated by a small increase or decrease in tem-
perature, since in these mutants the abnormality can be switched on and off sim-
ply by changing the temperature. Before the advent of gene cloning technology,
most genes were identified in this way, according to the processes disrupted
when mutations occur. The genetic approach is most easily applicable to organ-
isms that reproduce rapidly—such as bacteria, yeasts, nematode worms, and fruit
flies. By treating these organisms with agents that alter their DNA (mutagens),
very large numbers of mutants can be created quickly and then screened for a
particular defect of interest. By screening populations of mutagen-treated bac-
teria for cells that stop making DNA when they are shifted from 30°C to 42°C, for
example, many temperature-sensitive mutants were isolated in the genes that
encode the bacterial proteins required for DNA replication. These mutants were
later used to identify and characterize the corresponding DNA replication pro-
teins. Similarly, the genetic approach has been used to demonstrate the function

of enzymes involved in the principal metabolic pathways of bacteria, as well as
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Figure 7-39 Using a reporter protein
to locate the regulatory DNA
sequences that determine the
pattern of a gene’s expression. In this
example the coding sequence for
protein X is replaced by the coding
sequence for protein Y, and various
fragments of DNA containing
candidate reguiatory sequences are
added in combinations. The
recombinant DNA molecules are then
tested for expression after their
transfection into a variety of different
types of mammalian cells. For
experiments in eucaryotic cells, two
commonly used reporters are the
enzymes [3-galactosidase (8-gal) and
chloramphenicol acetyltransferase
(CAT). Because these are bacterial
enzymes, their presence can be
monitored by simple and sensitive
assays of enzyme activity, without any
interference from host cell enzymes.
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to discover many of the gene products responsible for the orderly development
of the Drosophila embryo,

Humans do not reproduce rapidly, and they are not, as a rule, intentionally
treated with mutagens. Moreover, any human with a serious defect in an essential
process, such as DNA replication, would die long before birth. Many mutations
that are compatible with life, however—for example, tissue-specific defects in
lysosomes or in cell-surface receptors—have arisen spontaneously in the human
population. Analyses of the phenotypes of the affected individuals, together with
studies of their cultured cells, have provided many unique insights into impor-
tant cell functions. Although such mutants are rare, they are very efficiently dis-
covered because of a unique human property: the mutant individuals call atten-
tion to themselves by seeking special medical care.

Cells Containing Mutated Genes Can Be Made to Order 32

Although in rapidly reproducing organisms it is often not difficult to obtain
mutants that are deficient in a particular process, such as DNA replication or eye
development, it can take a long time to trace the defect to a particular altered
protein. Recently, recombinant DNA technology has made possible a different
type of genetic approach. Instead of starting with a randomly generated mutant
and using it to identify a gene and its protein, one can start with a particular gene
and proceed to make mutations in it, creating mutant cells or organisms so as
to analyze the gene's function. Because the new approach reverses the traditional
direction of genetic discovery—proceeding from genes and proteins to mutants,
rather than vice versa—it is commonly referred to as reverse genetics.

Reverse genetics begins with a cloned gene or a protein with interesting fea-
tures that has been isolated from a cell. If the starting point is a protein, the gene
encoding it is first cloned and its nucleotide sequence is determined. The gene
sequence is then altered by biochemical means to create a mutant gene that
codes for an altered version of the protein. The mutant gene is transferred into
a cell, where it can integrate into a chromosome by gepetic recombination to
become a permanent part of the cell's genome. If the gene is expressed, the cell
and all of its descendants will now synthesize an altered protein.

If the original cell used for the gene transfer is a fertilized egg, whole multi-
cellular organisms can be obtained that contain the mutant gene, and some of
these transgenic organisms will pass the gene on to their progeny as a permanent
part of their germ line. Such genetic transformations are now routinely performed
with organisms as complex as fruit flies and mammals (see Figure 7-45). Tech-
nically, even humans could now be transformed in this way, although such pro-
cedures are not undertaken, even for therapeutic purposes, for fear of the unpre-
dictable aberrations that might occur in such individuals,

Genes Can Be Redesigned to Produce Proteins of Any
Desired Sequence ¥

To facilitate reverse genetic studies of protein function, both the coding sequence
of a gene and its regulatory regions can be altered to change the functional prop-
erties of the protein product, the amount of protein made, or the particular cell
type in which the protein is produced.

Special techniques are required to alter a gene in such subtle ways: itis of-
ten desirable, for example, to change the protein the gene encodes by one ora
few amino acids. The first step in redesigning a gene in this way is the chemical
synthesis of a short DNA molecule containing the altered portion of the gene's
nucleotide sequence. This synthetic DNA oligonucleotide is hybridized with
single-stranded plasmid DNA that contains the DNA sequence to be altered,
using conditions that allow imperfectly matched DNA strands to pair (Figure 7-
40). The synthetic oligonucleotide will now serve as a primer for DNA synthesis

DNA Engineering
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by DNA polymerase, thereby generating a DNA double helix that incorporates the
altered sequence into one of its two strands. After transfection, plasmids that
carry the fully modified gene sequence are obtained, and the appropriate DNA
is inserted into an expression vector so that the redesigned protein can be pro-
duced in the appropriate type of cells for detailed studies of its function. By
changing selected amino acids in a protein in this way, one can analyze which
parts of the polypeptide chain are important in such fundamental processes as
protein folding, protein-ligand interactions, and enzymatic catalysis.

Fusion Proteins Are Often Useful for Analyzing
Protein Function 3

A protein will often contain short amino acid sequences that determine its loca-
tion in a cell, or its stability after the protein has been synthesized. These spe-
cial regions of the protein can be identified by fusing them to an easily detected
reporter protein that lacks such regions and then following the behavior of the
reporter protein in a cell (Figure 7-41). Such fuslon proteins are produced by the
recombinant DNA techniques discussed previously. Most nuclear proteins, for
example, contain one or more specific short sequences of amino acids that serve
as signals for their import into the nucleus after their synthesis in the cytosol. By
artificially attaching different segments of such a nuclear protein to a cytoplas-
mic protein using gene-fusion techniques, the “signal peptides” responsible for
nuclear import have been identified.

Not all of the important signals carried by proteins, however, can be trans-
ferred to a large reporter protein in the form of a short amino acid sequence. The

insertion “\

4 mutation

|

protein with inserted
amino acids

Figure 7-40 The use of synthetlc
oligonucleotides to modify the
protein-coding regions of genes.
Only two of the many types of
changes that can be engineered in
this way are shown. With an
appropriate oligonucleotide, for
example, more than one amino acid
substitution can be made at a time, or
one or more amino acids can be
deleted. As indicated, because only
one of the two DNA strands in the
original recombinant plasmid is
altered by this procedure, only half of
the transfected cells will end up with
a plasmid that contains the desired
mutant gene. Note that most of the
plasmid DNA sequence Is not
illustrated here.
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information that moves newly synthesized lysosomal proteins to lysosomes from
the Golgi apparatus, for example, resides in a “signal patch,” whose formation
requires that the lysosomal protein fold correctly so as to bring distant portions
of the polypeptide chain into close proximity. In these cases a different strategy,
called epitope tagging, can often be used. Again, a fusion protein is produced,
but it contains the entire protein being analyzed plus a short peptide of 8 to 12
amino acids (the “epitope”) that can be recognized by an antibody—hence its
name. The fusion protein can therefore be specifically followed in cells with the
anti-epitope antibody, even in the presence of a large excess of the normal pro-
tein, so that one can determine the effect of altering any of the amino acids in
the fusion protein on its intracellular location (strategy B in Figure 7-41).

Normal Genes Can Be Easily Replaced by Mutant Ones
in Bacteria and Some Lower Eucaryotes 3%

Unlike higher eucaryotes (which are multicellular and diploid), bacteria, yeasts,
and the cellular slime mold Dictyostelium generally exist as haploid single cells.
In these organisms an artificially introduced DNA molecule carrying a mutant
gene will, with a relatively high frequency, replace the single copy of the normal
gene by homologous recombination (see p. 263), so that it is easy to produce cells
in which the mutant gene has replaced the normal gene (Figure 7-42A). In this
way cells can be made to order that produce an altered form of any specific pro-
tein or RNA molecule instead of the normal form of the molecule. If the mutant
gene is completely inactive and the gene product normally performs an essen-
tial function, the cell will die; but in this case a less severely mutated version of
the gene can be used to replace the normal gene, so that the mutant cell survives

normal gene X
B
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Figure 7-41 Two strategies for the
analysis of proteln function that
explolt genetic engineering. In
strategy A. a new function is imparted
to a reporter protein by the addition
of a small segment of normal protein
X. In strategy B, minor alterations are
made in the normal protein X and its
behavior is followed by detection of a
short epitope tag and compared to
that of the normal protein. Both
strategies have been used to analyze
the structure and function of the
nuclear localization signals found on
nuclear proteins (see Chapter 12).

Flgure 7-42 Gene replacement and
gene addition. A gene whose
nucleotide sequence has been altered
can be inserted back into the
chromosomes of an organism. In
bacteria and some haploid eucaryotes
such as yeast, the altered gene
frequently replaces the normal gene,
a process called gene replacement (A);
in these cases, only the mutant gene
remains in the cell. In higher
eucaryotes, gene addition (B)
generally occurs instead of gene
replacement; the transformed cell or
organism now contains the mutated
gene in addition to the normal gene.
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but is abnormal in the process for which the gene is required. Often the mutant
of choice is one that produces a temperature-sensitive gene product, which func-
tions normally at one temperature but is inactivated when cells are shifted to a
higher or lower temperature.

The ability to perform direct gene replacements in lower eucaryotes, com-
bined with the power of standard genetic analyses in these haploid organisms,
in large part explains why studies in these types of cells have been so important
for working out the details of those processes that are shared by all eucaryotes.
Gene replacements occur more rarely in higher eucaryotes, for reasons that are
not known.

Engineered Genes Can Be Used to Create Specific
Dominant Mutations in Diploid Organisms 36

Higher eucaryotes, such as mammals or fruit flies, are diploid and therefore have
two copies of each chromosome. Moreover, transfection with an altered gene
generally leads to gene addition rather than gene replacement: the altered gene
inserts at a random location in the genome, so that the cell (or the organism) ends
up with the mutated gene in addition to its normal gene copies (Figure 7-42B).

Because gene addition is much more easily accomplished than gene replace-
ment in higher eucaryotic cells, it would be enormously useful to be able to create
specific dominant negative mutations in which a mutant gene eliminates the
activity of its normal counterparts in the cell. One ingenious and promising ap-
proach exploits the specificity of hybridization reactions between two comple-
mentary nucleic acid chains. Normally, only one of the two DNA strands in a
given portion of double helix is transcribed into RNA, and it is always the same
strand for a given gene. If a cloned gene is engineered so that the opposite DNA
strand is transcribed instead, it will produce antisense RNA molecules that have
a sequence complementary to the normal RNA transcripts. Antisense RNA, when
synthesized in large enough amounts, will often hybridize with the “sense” RNA
made by the normal genes and thereby inhibit the synthesis of the corresponding
protein (Figure 7-43). A related method is to synthesize short antisense nucleic
acid molecules by chemical or enzymatic means and then inject (or otherwise
deliver) them into cells, again blocking (though only temporarily) production of
the corresponding protein.

For unknown reasons the antisense RNA approach frequently fails to inac-
tivate the desired gene. An alternative way of producing a dominant negative
mutation takes advantage of the fact that most proteins function as part of a

normal gene X chromosome
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normal —_—— L
RNA < RNA
RNA double helix
do—r——m

FORMATION OF RNA/RNA HELIX PREVENTS THE SYNTHESIS
OF A PROTEIN PRODUCT FROM NORMAL GENE X
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Figure 7-43 The antisense RNA
strategy for generating dominant
negative mutations. Mutant genes
that have been engineered to produce
antisense RNA, which is
complementary in séquence to the
RNA made by the normal gene X, can
cause double-stranded RNA to form
inside cells. If a large excess of the
antisense RNA is produced, it can
hybridize with—and thereby
inactivate—most of the normal RNA
produced by gene X Although in the
future it may become possible to
inactivate any gene in this way, at
present the technique seems to work
for some genes but not others,
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larger protein complex. Such complexes can be inactivated by the inclusion of
just one nonfunctional component. Therefore, by designing a gene that produces
large quantities of a mutant protein that is inactive but still able to assemble into
the complex, it is often possible to produce a cell in which all the complexes are
inactivated despite the presence of both normal and mutant copies of the pro-

| tein (Figure 7-44).

If a protein is required for the survival of the cell (or the organism), a domi-
nant negative mutant will die, making it impossible to test the function of the
protein. To avoid this problem, one can couple the mutant gene to control se-
quences that have been engineered to produce the gene product only on com-
mand—for example, in response to an increase in temperature or to the presence
of a specific signaling molecule. Cells or organisms containing such an inducible
dominant mutant gene can be deprived of a specific protein at a particular time,
and the effect can then be followed. In the future, techniques for producing domi-

- nant negative mutations to inactivate specific genes are likely to be widely used

to determine the functions of proteins in higher organisms.

Engineered Genes Can Be Permanently Inserted
into the Germ Line of Mice or Fruit Flies
to Produce Transgenic Animals 37

The ultimate test of the function of an altered gene is to reinsert it into an organ-
ism and see what effect it has. Ideally one would like to be able to replace the
normal gene with the altered one so that the function of the mutant protein can
be analyzed in the absence of the normal protein. As discussed above, this can
be readily accomplished in some haploid organisms, but in higher eucaryotic
cells an integrative event leading to a gene replacement occurs only very rarely.
Foreign DNA can, however, rather easily be randomly integrated into the genome.
In mammals, for example, linear DNA fragments introduced Into cells are rap-
idly ligated end to end by intracellular enzymes to form long tandem arrays,
which usually become integrated into a chromosome at an apparently random
site. Fertilized mammalian eggs behave like other mammalian cells in this re-
spect. A mouse egg injected with 200 copies of a linear DNA molecule will often
develop into a mouse containing, in many of its cells, a tandem array of copies
of the injected gene integrated at a single random site in one of its chromosomes
(Figure 7-45). If the modified chromosome is present in the germ line cells (eggs
or sperm), the mouse will pass these foreign genes on to its progeny. Animals that
have been permanently altered in this way are called transgenic organisms, and
the foreign genes are called transgenes. Because the normal gene generally re-
mains present, only dominant effects of the alteration will show up. Neverthe-
less, such transgenic animals have already provided important insights into how
mammalian genes are regulated and how certain altered genes (called
oncogenes) cause cancer.

It is also possible to produce transgenic fruit flies, in which single copies of
a gene are Inserted at random into the Drosophila genome, The trick in this case
is first to Insert the DNA fragment between the two terminal sequences of a par-

Flgure 7-44 A dominant negative
effect of a protein. Here a gene is
engineered to produce a mutant
protein that prevents the normal
copies of the same protein from
performing their function. In this
simple example the normal protein
must form a multi-subunit complex
to be active, and the mutant protein
blocks function by forming a mixed
complex that is inactive. In this way a
single copy of a mutant gene located
anywhere in the genome can
inactivate the normal products
produced by other gene copies.
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Figure 7-45 Corhparison of the
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transgenic mice and transgenic
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Figure 7-46 Genetic rescue.
Comparison of a normal Drosophila
larva and rwo mutant larvae that
contain defective fz genes. One of the

defective (ftz") larvae has been

transposable alement DNA ends SR 5
rescued by the injection of a DNA

ticular Drosophila transposable element, called the P element. The terminal
sequences enable the P element to integrate into Drosophila chromosomes if
the P element transposase enzyme is also present (see p. 285). To make
transgenic fruit flies, therefore, the appropriately modified DNA fragment is
injected into a very young fruit fly embryo along with a separate plasmid contain-
ing the gene encoding the transposase. When this is done, the injected gene often
enters the germ line in a single copy as the result of a transposition event (Fig-

ures 7-45 and 7-46).

clone containing thé normal fiz gene
sequence into the egg of one of its
ancestors. This added DNA sequence
has become permanently integrated
into one of the fly’s chromosomes and
is therefore faithfully inherited and
expressed. The fiz gene is required for
normal development, and the
addition of this gene to the mutant
genome restores the larval segments
that are missing in the fiIz- organism.
For the technique used to make
transgenic animals, see Figure 7-45.
(Courtesy of Walter Gehring.)
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Gene Targeting Makes It Possible to Produce Transgenic
Mice That Are Missing Specific Genes 38

If a DNA molecule carrying a mutated mouse gene is transferred into a mouse
cell, it usually inserts into the chromosomes at random, but about once in a thou-
sand times, it will replace one of the two copies of the normal gene by homolo-
gous recombination. By exploiting these rare “gene targeting” events, any spe-
cific gene can be inactivated in a mouse cell by a direct gene replacement. This
technique can be extended to produce a mouse with a missing gene by means
of the following two-step pathway.

In the first step, a DNA fragment containing a desired mutant gene (or part
of a gene) is inserted into a vector and then introduced into a special line of
embryo-derived mouse stem cells (called embryonic stem cells, or ES cells) that
grow in cell culture and are capable of producing cells of any tissue. After a pe-
riod of cell proliferation, the rare colonies of cells in which a homologous recom-
bination event is likely to have caused a gene replacement to occur are isolated
by a double drug selection (Figure 7-47). The correct colonies among these are
identified by PCR or by Southern blotting: they will contain recombinant DNA
sequences in which the inserted fragment has replaced all or part of one copy of
the normal gene. In the second step, individual cells from the identified colony
are taken up into a fine micropipette and injected into an early mouse embryo.
The transfected embryo-derived stem cells collaborate with the cells of the host
embryo to produce a normal-looking mouse (see Figure 21-32); large parts of this
chimeric animal, including in favorable cases cells of the germ line, will often de-
rive from the artificially altered stem cells. Such mice are bred to produce both
a male and a female animal, each heterozygous for the gene replacement (that
is, they have one normal and one mutant copy of the gene). When these two mice
are mated, one-fourth of their progeny will be homozygous for the altered gene.
Studies of these homozygotes allow the function of the altered gene to be exam-
ined in the absence of the corresponding normal gene.

preparation of modified gene
by DNA engineering

cloned DNA from target gene Figure 7-47 Selectlve gene knockout
by homologous recombination In the
DELETE CENTRAL mouse. Cloned DNA from the mouse
I REGION AND gene to be mutated is modified by
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o |
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resistant 1o a drug that otherwise kills
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The ability to prepare transgenic mice lacking a known normal gene has been
a major advance, and the technique is now being widely used to dissect the func-
tions of specific mammalian genes (Figure 7-48).

Transgenic Plants Are Important for Both Cell Biology
and Agriculture 3°

When a plant is damaged, it can often repair itself by a process in which mature
differentiated cells “dedifferentiate,” proliferate, and then redifferentiate into
other cell types. In some circumstances the dedifferentiated cells can even form
an apical meristem, which can then give rise to an entire new plant, including
gametes. This remarkable plasticity of plant cells can be exploited to generate
transgenic plants from cells growing in culture.

When a piece of plant tissue is cultured in a sterile medium containing nu-
trients and appropriate growth regulators, many of the cells are stimulated to
proliferate indefinitely in a disorganized manner, producing a mass of relatively
undifferentiated cells called a callus. If the nutrients and growth regulators are
carefully manipulated, one can induce the formation of a shoot and then root
apical meristems within the callus, and, in many species, a whole new plant can
be regenerated.

Callus cultures can also be mechanically dissociated into single cells, which
will grow and divide as a suspension culture. In a number of plants—including
tobacco, petunia, carrot, potato, and Arabidopsis—a single cell from such a sus-
pension culture can be grown into a small clump (a clone) from which a whole
plant can be regenerated. Just as mutant mice can be derived by genetic manipu-
lation of embryonic stem cells in culture, so transgenic plants can be created from
single plant cells transfected with DNA in culture (Figure 7-49).

The ability to produce transgenic plants has greatly accelerated progress in
many areas of plant cell biology. It has played an important part, for example, in
isolating receptors for growth regulators and in analyzing the mechanisms of
morphogenesis and of gene expression in plants. It has also opened up many new
possibilities in agriculture that could benefit both the farmer and the consumer.
It has made it possible, for example, to modify the lipid, starch, and protein stor-
age reserved in seeds, to impart pest and virus resistance to plants, and to cre-
ate modified plants that tolerate extreme habitats such as salt marshes or water-
logged soil.

Many of the major advances in understanding animal development have
come from studies on the fruit fly Drosophila and the nematode worm
Caenorhabditis elegans, which are amenable to extensive genetic analysis as well
as to experimental manipulation. Progress in plant developmental biology has
been relatively slow by comparison. Many of the organisms that have proved
most amenable to genetic analysis, such as maize and tomato, have long life
cycles and very large genomes, which have made both classical and molecular
genetic analysis time-consuming. Increasing attention is consequently being paid
to a fast-growing small weed, the common wall cress (Arabidopsis thaliana),
which has several major advantages as a “model plant” (see Figure 21-93).

Summary

Genetic engineering has revolutionized the study of both cells and organisms. DNA
engineering techniques can be used to create any mutant gene and insert it into a
cell’s chromosomes so that it becomes a permanent part of the genome. If the cell used
Jfor this gene transfer is a fertilized egg (for an animal) or a totipotent plant cell in
culture, transgenic organisms can be produced that express the mutant gene and will
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Figure 7-48 A transgenic mouse in
which both copies of the Wat-1
growth factor gene have been
eliminated by homologous
recombination. (A) Section of the
brain from a normal embryo. (B)
Section of the brain from a mutant
embryo, which lacks a cerebellum
and most of the midbrain, and dies in
utero. (Photographs courtesy of Mario
Capecchi.)
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pass it on to their progeny. Especially important for cell biology is the power that such
technology gives the experimenter to alter cells and organisms in highly specific
ways—allowing one to discern the effect on the cell or the organism of a designed
change in a single protein that has been intentionally mutated by “reverse genetic”
techniques.

The consequences of genetic engineering are far-reaching in other ways as well.
Plants can be altered in ways that increase their value as food crops. Bacteria, yeasts,
or mammalian cells can be engineered to synthesize any desired protein in large
quantities, making it possible to analyze the structure and function of the protein in
detail or to use the protein as a drug or a vaccine for medical purposes.

Figure 7-49 A procedure used to
make a transgenic plant. (A) Outline
of the process. A disc is cut out of a
leaf and incubated in culture with
Agrobacteria that carry a recombinant
plasmid with both a selectable marker
and a desired transgene. The
wounded cells at the edge of the disc
release substances that attract the
Agrobacteria and cause them to inject
DNA into these cells. Only those plant
cells that take up the appropriate
DNA and express the selectable
marker gene survive to proliferate and
form a callus. The manipulation of
growth factors supplied to the callus
induces it to form shoots that
subsequently root and grow into adult
plants carrying the transgene. (B) The
preparation of the recombinant
plasmid and its transfer to plant cells.
An Agrobacterium plasmid that
normally carries the T-DNA sequence
is modified by substituting a
selectable marker (such as the
kanamycin-resistance gene) and a
desired transgene between the 25-
nucleotide-pair T-DNA repeats. When
the Agrobacterium recognizes a plant
cell, it efficiently passes a DNA strand
that carries these sequences into the
plant cell, using the special
machinery that normally transfers the
plasmid’s T-DNA sequence.
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The Cell Nucleus

The DNA in a eucaryotic cell is sequestered in the nucleus, which occupies about
10% of the total cell volume. The nucleus is delimited by a nuclear envelope
formed by two concentric membranes. These membranes are punctured at in-
tervals by nuclear pores, which actively transport selected molecules to and from
the cytosol. The envelope is directly connected to the extensive membranes of
the endoplasmic reticulum, and it is supported by two networks of intermediate
filaments: one called the nuclear lamina forms a thin shell just inside the nucleus
‘underlying the inner nuclear membrane, while the other, less regularly organized,

surrounds the outer nuclear membrane (Figure 8-1).

Like modern procaryotes, the ancestors of eucaryotic cells almost certainly
lacked a nucleus, and one can only speculate on why a separate nuclear compart-
ment evolved, segregating the DNA from the activities in the cytoplasm. Two
special features of eucaryotic cells suggest possible reasons. One is the eucary-
otic cytoskeleton, which is composed mainly of microtubules and actin filaments
and mediates cell movements. Bacteria, whose DNA is in direct contact with the
cytoplasm, lack a cytoskeleton and move by means of external structures such
as flagella. One function of the nuclear envelope may therefore be to protect the
long, fragile DNA molecules from the mechanical forces generated by the cyto-
plasmic filaments in eucaryotes.

DNA and associated
proteins (chromatin)

endoplasmic

reticulum nucleolus

centrosome

microtubule

nuclear lamina

outer nuclear membran

e
| :I nuclear envelope
inner nuclear membrane

Figure 8-1 Cross-section of a typical

cell nucleus. The nuclear envelope
consists of two membranes, the outer
one being continuous with the
endoplasmic reticulum membrane
(see also Figure 12-9). The lipid
bilayers of the inner and outer
nuclear membranes are connected at
each nuclear pore. Two networks of
intermediate filaments (green)
provide mechanical support for the
nuclear envelope; the intermediate
filaments inside the nucleus form a
sheetlike nuclear lamina. The space
inside the endoplasmic reticulum (the
ER lumen) is colored yellow.
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A second special feature of eucaryotic cells is the extensive processing that
RNA molecules undergo before they are translated into protein. In procaryotic
cells RNA synthesis (transcription) and protein synthesis (translation) occur con-
currently: ribosomes translate the 5’ end of an RNA molecule into protein while
the 3’ end of the RNA molecule is still being synthesized. Consequently, there is
relatively little opportunity to alter the RNA transcripts before they are translated
into protein. In eucaryotes, by contrast, transcription (in the nucleus) is separated
both temporally and spatially from translation (in the cytoplasm). The RNA tran-
scripts in the nucleus are immediately packaged into ribonucleo-protein com-
plexes and subjected to RNA splicing, in which certain portions of the nucleotide
sequence are removed. Only when splicing is complete are the packaging pro-
teins removed and the RNA molecules transported out of the nucleus to the cy-
tosol, where ribosomes begin translating the RNA into protein (Figure 8-2). As
we discuss later, RNA splicing is an important intermediate step in the transfer
of genetic information in eucaryotes. It provides a number of advantages for the
cell, including the potential for a single gene to make several different proteins.
This may help explain why eucaryotic cells have a nucleus, where splicing can
occur without interference from ribosomes (Figure 8-3).

In this chapter we describe how proteins package eucaryotic DNA into chro-
mosomes, how chromosomes are folded and organized in the nucleus, and how
they are replicated during each cell-division cycle. We then discuss RNA synthesis
and RNA splicing, and, finally, we describe how genetic information is organized
in the eucaryotic genome and how this organization may have arisen during
evolution. The nuclear envelope is discussed in detail in Chapter 12 in connec-
tion with the selective transport of macromolecules into and out of the nucleus,
and a hypothetical scheme of how the nuclear compartment might have evolved
is presented there (see Figure 12-5).

Chromosomal DNA and Its Packaging '

For the first 40 years of this century, biologists tended to dismiss the possibility
that DNA could carry the genetic information in chromosomes, partly because

nuclear
envelope
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Figure 8-2 Protein synthesis

(DNA — RNA — protein) in
eucaryotes. Eucaryotic cells have
evolved numerous membrane-
bounded compartments that
segregate their various chemical
reactions so as to make them more
efficient, and the nucleus is one such
compartment. The nuclear envelope
keeps functional ribosomes out of the
nucleus, preventing RNA transcripts
from being translated into protein
until they have been extensively
processed (spliced) and transported
out of the nucleus into the cytosol.
Thus RNA splicing and transport
steps are interposed between DNA
transcription and RNA translation.

Figure 8-3 The nuclear envelope
keeps the nuclear compartment free
from cytoplasmic organelles. This
electron micrograph shows a thin
section of a sea urchin egg, which has
a nucleus that stains unusually evenly
and a cytoplasm densely packed with
organelles. (Courtesy of David Begg
and Tim Hunt.)
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nucleic acids were erroneously believed to contain only a simple repeating
tetranucleotide sequence (such as AGCTAGCTAGCT...). We now know, however,
that a DNA molecule is an enormously long, unbranched, linear polymer that can
contain many millions of nucleotides arranged in an irregular but nonrandom
sequence and that the genetic information of a cell is contained in the linear
order of the nucleotides in its DNA. The genetic code, written in “words” of three
nucleotides (codons that each specify an amino acid, discussed in Chapter 6),
neatly solves the problem of storing a large amount of genetic information in a
small amount of space: every million “letters” (nucleotides) take up a linear dis-
tance of only 3.4 x 10° nm (0.034 c¢m) and occupy a total volume of about 10° nm?
(10715 cm?).

Each DNA molecule is packaged in a separate chromosome, and the total
genetic information stored in the chromosomes of an organism is said to con-
stitute its genome. The genome of the E. coli bacterium contains 4.7 x 10° nucle-
otide pairs of DNA, present in a single double-helical DNA molecule (one chro-
mosome). The human genome, in contrast, contains about 3 x 109 nucleotide
pairs, organized as 24 chromosomes (22 different autosomes and 2 different sex
p chromosomes), and thus consists of 24 different DNA molecules—each contain-

ing from 50 x 10° to 250 x 10° nucleotide pairs of DNA. DNA molecules of this size

are 1.7 to 8.5 cm long when uncoiled, and even the slightest mechanical force will

break them once the chromosomal proteins have been removed.
' In diploid organisms such as ourselves, there are two copies of each differ-
ent chromosome, one inherited from the mother and one from the father (except
for the sex chromosomes in males, where a Y chromosome is inherited from the
father and an X from the mother). A typical human cell thus contains a total of
46 chromosomes and about 6 x 10° nucleotide pairs of DNA. Other mammals
have genomes of similar size. This amount of DNA could in theory be packed into
a cube 1.9 pum on each side. By comparison, 6 x 10? letters in this book would
occupy more than a million pages, thus requiring more than 10'7 times as much
space.

In this section we consider the relationship between DNA molecules, genes,
and chromosomes, and we discuss how the DNA is folded into a compact and
orderly structure—the chromosome—while still allowing access to its genetic
information. Throughout the discussion, it is important to bear in mind that the
chromosomes in a cell change their structure and activities according to the stage
of the cell-division cycle: in mitosis, or M phase, they are very highly condensed
and transcriptionally inactive; in the other, much longer part of the division cycle,
called interphase, they are less condensed and are continuously active in directing
RNA synthesis.

Each DNA Molecule That Forms a Linear Chromosome
Must Contain a Centromere, Two Telomeres, and
Replication Origins 2

To form a functional chromosome, a DNA molecule must be able to do more
than direct the synthesis of RNA: it must be able to propagate itself reliably from
one cell generation to the next. This requires three types of specialized nucleotide
sequences in the DNA, each of which serves to attach specific proteins that guide
the machinery that replicates and segregates chromosomes. Experiments in
yeasts, whose chromosomes are relatively small and easy to manipulate by re-
combinant DNA methods, have identified the minimal DNA sequence elements
responsible for each of these functions. Two of the three elements were identi-
fied by studying small circular DNA molecules that can be propagated as plas-
mids in cells of the yeast Saccharomyces cerevisiae. In order to replicate, such a
DNA molecule requires a specific nucleotide sequence to act as a DNA replica-
tion origin; as we discuss below, one can identify the many origins in each yeast
chromosome by their ability to allow a test DNA molecule that contains one of
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them to replicate when free of the host chromosome. A second sequence ele-
ment, called a centromere, attaches any DNA molecule that contains it to the
mitotic spindle during cell division. Each yeast chromosome contains a single
centromere; when this sequence is inserted into a plasmid, it guarantees that
each daughter cell will receive one of the two copies of the newly replicated plas-
mid DNA molecule when the yeast cell divides.

The third required sequence element is a telomere, which is needed at each
end of a linear chromosome. If a circular plasmid that contains a replication
origin and a centromere is broken at a single site to create two free ends in the
double helix, it will still replicate and attach to the mitotic spindle, but it will
eventually be lost from the progeny cells. This is because replication on the lag-
ging strand of a replication fork requires the presence of some DNA ahead of the
sequence to be copied to serve as the template for an RNA primer (see Figure
6-44). Since there can never be such a template for the last few nucleotides of a
linear DNA molecule, special mechanisms are required to prevent each such DNA
strand from becoming shorter with each replication cycle. Bacteria and many
viruses solve this “end-replication problem” by having a circular DNA molecule
as their chromosome. Eucaryotic cells have instead evolved a specialized
telomeric DNA sequence at each chromosome end. This simple repeating se-
quence is periodically extended by an enzyme, telomerase, thus compensating
for the loss of a few nucleotides of telomeric DNA in each cycle and permitting
a linear chromosome to be completely replicated.

Figure 8-4 summarizes the functions of the three DNA sequence elements
that are required for a linear chromosome to propagate itself from generation to
generation in a yeast cell. These sequence elements are relatively short (typically
less than 1000 base pairs each) and therefore utilize only a tiny fraction of the
information-carrying capacity of a chromosome. The same three types of se-
quence elements are thought to operate in human chromosomes, but to date
only the human telomere sequences have been well defined. Although the yeast
versions of these sequences do not function in higher eucaryotic cells, recombi-
nant DNA methods allow the yeast sequence elements to be added to human
DNA molecules, which can then replicate in yeast cells as artificial chromo-
somes. In this way yeast cells can be used to prepare human genomic DNA li-
braries (see p. 315) in which each DNA clone (propagated as an artificial chro-
mosome) contains as many as a million nucleotide pairs of human DNA
sequence (Figure 8-5).
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Figure 8-4 The functions of the
three DNA sequence elements
needed to produce a stable linear
eucaryotic chromosome. Each
chromosome has many origins of
replication, one centromere, and two
telomeres. The centromere serves to
hold the two copies of the duplicated
chromosome together and to attach
them, via a protein complex called a
kinetochore, to the mitotic spindle in
such a way that one copy is
distributed to each daughter cell at
mitosis. The phases of the cell-
division cycle corresponding to the
events of chromosome replication
and segregation are shown above the
diagrams.
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Most Chromosomal DNA Does Not Code for
Proteins or RNAs 3

The genomes of higher organisms seem to contain a large excess of DNA. Long
before it was possible to examine the nucleotide sequences of chromosomal DNA
directly, it was evident that the amount of DNA in the haploid genome of an

~ organism has no systematic relationship to the complexity of the organism.
Human cells, for example, contain about 700 times more DNA than the bacte-
rium E. coli, but some amphibian and plant cells contain 30 times more DNA
than human cells (Figure 8-6). Moreover, the genomes of different species of
amphibians can vary 100-fold in their DNA content.

Population geneticists have tried to estimate how much of the DNA in higher
organisms codes for essential proteins or RNA molecules on the basis of the fol-
lowing indirect argument. Each gene is inevitably subject to a small risk of ac-
cidental mutation, in which nucleotides in the DNA are altered at random. The
greater the number of genes, the greater the probability that a mutation will occur
in at least one of them. Since most mutations will impair the function of the gene
in which they occur, the mutation rate sets an upper limit to the number of es-
sential genes that an organism can depend on for its survival: if there are too
many, disaster becomes almost a certainty, as with a complex machine depen-
dent on too many components that are liable to fail. Using this argument and the
observed mutation rate, it has been estimated that no more than a small percent-
age of the mammalian genome can be involved in regulating or encoding essen-
tial proteins or RNA molecules. We shall see later that other evidence supports
this conclusion.

The most important implication of this estimate is that although the mam-
malian genome contains enough DNA, in principle, to code for nearly 3 million
average-sized proteins (3 x 10 nucleotides), the limited fidelity with which DNA
sequences can be maintained means that no mammal (or any other organism)
is likely to be constructed from more than perhaps 60,000 essential proteins.

Chromosomal DNA and Its Packaging

Figure 8-5 The making of a yeast
artificial chromosome (YAC). A YAC
vector allows the cloning of very large
DNA molecules. TEL, CEN, and ORI
are the telomere, centromere, and
replication origin sequence elements,
respectively, for the yeast
Saccharomyces cerevisiae. BamH1 and
EcoR1 are sites where the
corresponding restriction nucleases
cut the DNA double helix. The
sequences denoted as A and B encode
enzymes that serve as selectable
markers to allow the easy isolation of
yeast cells that have taken up the
artificial chromosome. (Adapted from
D.T. Burke, G.F. Carle, and M.V.
Olson, Science 236:806-812, 1987.

© 1987 AAAS.)
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Figure 8--6 Lack of relationship
between amount of DNA and
organism complexity. The amount of
DNA in a haploid genome varies over
a 100,000-fold range from the smallest
procaryolic cell—the mycoplasma—
to the large cells of some plants and
amphibia. Note that the genome size
of humans (3 x 10° nucleotide pairs)
is much smaller than that of many
organisms that appear to be simpler.

107 10° 10° 10 10"

number of nucleotide pairs per haploid genome

10° 10°

Thus, from a genetic point of view, humans are unlikely to be more than about
10 times more complex than the fruit fly Drosophila, which is estimated to have
about 5000 essential genes.

Whatever the remaining nonessential DNA in higher eucaryotic chromo-
somes may do (we discuss this later), the data shown in Figure 8-6 make it clear
that it is not a great handicap for a higher eucaryotic cell to carry a large amount
of extra DNA. Indeed, even the essential coding regions are often interrupted by
long stretches of noncoding DNA.

Each Gene Produces an RNA Molecule 4

The primary function of the genome is to specify RNA molecules. Selected por- ¢
tions of the DNA nucleotide sequence are copied into a corresponding RNA
nucleotide sequence, which either encodes a protein (if it is an mRNA) or forms

a “structural” RNA, such as a transfer RNA (tRNA) or ribosomal RNA (rRNA)

molecule. Each region of the IDNA helix that produces a functional RNA molecule
constitutes a gene.

Table 8-1 The Size of Some Human Genes in Thousands of Nucleotides

Number of
Gene Size mRNA Size Introns

B-Globin iS5 0.6 2
Insulin (B 0.4 2
Protein kinase C 11 14 g
Albumin 25 2.1 14
Catalase 34 1.6 12
LDL receptor : 45 5 17
Factor VIII 186 9 25
Thyroglobulin 300 8.7 36

Dystrophin* more than 17 more than
2000 50

*An altered form of this gene causes Duchenne muscular dystrophy.
The size specified here for a gene includes both its transcribed portion and nearby regulatory
DNA sequences. (Compiled from data supplied by Victor McKusick.)
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In higher eucaryotes genes that are more than 100,000 nucleotide pairs in
length are common, and some contain more than 2 million nucleotide pairs
(Table 8-1); yet only about 1000 nucleotide pairs are required to encode a pro-
tein of average size (one containing 300 to 400 amino acids). Most of the extra
length consists of long stretches of noncoding DNA that interrupt the relatively
short segments of coding DNA. The coding sequences are called exons; the in-
tervening (noncoding) sequences are called introns. The RNA molecule (called
a primary RNA transcript) synthesized from such a gene is altered to remove the
intron sequences during its conversion to an mRNA molecule (see Figure 8-2) in
the process of RNA splicing, as we discuss later.

Large genes consist of a long string of alternating exons and introns, with
most of the gene consisting of introns. In addition, each gene is associated with
regulatory DNA sequences, which are responsible for ensuring that the gene is
transcribed at the proper time and in the appropriate cell type. We discuss in
Chapter 9 how these regulatory sequences work. Many of them are located “up-
stream” (on the 5° side) of the site where RNA transcription begins, but they can
also be located “downstream” (on the 3’ side) of the site where RNA transcrip-
tion ends, or even in introns or exons. A typical vertebrate chromosome is illus-
trated schematically in Figure 8-7, along with one of its many genes.

Comparisons Between the DNAs of Related Organisms
Distinguish Conserved and Nonconserved Regions of
DNA Sequence ®

Technical improvements in DNA sequencing are expected to allow the routine
sequencing of stretches of chromosomal DNA that are millions of nucleotide
pairs long, so that in the foreseeable future the sequence of all 3 x 10° nucleotides
of thé human genome will be determined. As more than 90% of this sequence is
probably unimportant, it will be crucial to have some way of identifying the small
proportion of sequence that is important. One approach to this problem is based
on the observation that important sequences are conserved during evolution,
while unimportant ones are free to mutate randomly. The strategy, therefore, is
to compare the human sequence with that of the corresponding regions of a re-
lated genome, such as that of the mouse. Humans and mice are thought to have
diverged from a common mammalian ancestor about 80 x 10° years ago, which
is long enough for roughly two out of every three nucleotides to have been
changed by random mutational events. Consequently, the only regions that will

Chromosomal DNA and Its Packaging

Figure 8-7 The organization of genes
on a typical vertebrate chromosome.
Proteins that bind to the DNA in
regulatory regions determine whether
a gene is transcribed; although often
located on the 5’ side of a gene, as
shown here, regulatory regions can
also be located in introns, in exons, or
on the 3’ side of a gene. Intron
sequences are removed from primary
RNA transcripts to produce
messenger RNA (mRNA) molecules.
The figure given here for the number
of genes per chromosome is a
minimal estimate.
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have remained closely similar in the two genomes are those where mutations
would impair function and put animals carrying them at a disadvantage, resulting
in their elimination from the population by natural selection. Such closely similar
regions are known as conserved regions. In general, nonconserved regions repre-
sent noncoding DNA—both between genes and in introns—whose sequence is
not critical for function, whereas conserved regions represent functionally im-
portant exons and regulatory sequences. By revealing in this way the results of
a very long natural “experiment,” comparative DNA sequencing studies highlight
the most interesting regions in genomes. Such studies also provide strong sup-
port for the conclusion that only about 10% of the vertebrate genome sequence
is vitally important to the organism.

Histones Are the Principal Structural Proteins
of Eucaryotic Chromosomes °

If chromosomes were composed simply of extended DNA, it is difficult to imag-

ine how they could be replicated and segregated to daughter cells without becom-
ing severely tangled or broken. In fact, the DNA of all chromosomes is packaged
into a compact structure with the aid of specialized proteins. It is traditional
to divide the DNA-binding proteins in eucaryotes into two general classes: the
histones and the nonhistone chromosomal proteins. The complex of both classes
of proteins with the nuclear DNA of eucaryotic cells is known as chromatin.
Histones are unique to eucaryotes. They are present in such enormous quanti-
ties (about 60 million molecules of each type per cell, compared to 10,000 mol-
ecules per cell for a typical sequence-specific DNA-binding protein) that their
total mass in chromatin is about equal to that of the DNA.

Histones are relatively small proteins with a very high proportion of positively
charged amino acids (lysine and arginine); the positive charge helps the histones
bind tightly to DNA (which is highly negatively charged), regardless of its nucle-
otide sequence. Histones probably only rarely dissociate from the DNA, and so
they are likely to have an influence on any reaction that occurs on chromosomes.

The five types of histones fall into two main groups—the nucleosomal his-
tones and the HI histones. The nucleosomal histones are small proteins (102-135
amino acids) responsible for coiling the DNA into nucleosomes, as discussed later.
These four histones are designated H2A, H2B, H3, and H4. H3 and H4 are among
the most highly conserved of all known proteins (Figure 8-8). This evolutionary
conservation suggests that their functions involve nearly all of their amino acids,
so that a change in any position is deleterious to the cell. This suggestion has
been tested in yeasts, where it is possible to mutate a given histone gene in vitro
and introduce it into the yeast genome in place of the normal gene. As predicted,
many mutations are found to be lethal; some that are not lethal cause changes
in the normal pattern of gene expression (discussed in Chapter 9). The H1 his-
tones are larger (containing about 220 amino acids) and have been less conserved
during evolution than the nucleosomal histones.

Histones Associate with DNA to Form Nucleosomes,
the Unit Particles of Chromatin 7

If it were stretched out, the DNA double helix in each human chromosome would
span the cell nucleus thousands of times. Histones play a crucial part in pack-
ing this very long DNA molecule in an orderly way into a nucleus only a few
micrometers in diameter. Their role in DNA folding is also important for a sec-
ond reason. As we shall see, not all the DNA is folded in exactly the same way,
and the manner in which a region of the genome is packaged into chromatin in
a particular cell seems to influence the activity of the genes the region contains.

A major advance in our understanding of chromatin structure came in 1974
with the discovery of the fundamental packing unit known as the nucleosome,
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Figure 8-8 The amino acid sequence
of histone H4. The amino acids are
designated by their single-letter
abbreviations, with the positively
charged amino acids colored for
emphasis. As in the three other
nucleosomal histones, an elongated
amino-terminal “tail” is reversibly
modified in the cell by the acetylation
of selected lysines, which removes the
lysine's positive charge. The sequence
from a cow is shown; the sequence is
the same in peas except that one
valine is changed to an isoleucine and
one lysine is changed to an arginine.
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which gives chromatin a “beads-on-a-string” appearance in electron micrographs
taken after treatments that unfold higher-order packing (Figure 8-9). The long
DNA “string” can be broken into nucleosome “beads” by digestion with enzymes
that degrade DNA, such as the bacterial enzyme micrococcal nuclease. (Enzymes
that degrade both DNA and RNA are called nucleases; enzymes that degrade only
DNA are deoxyribonucleases, or DNases.) After digestion for a short period with
micrococcal nuclease, only the DNA between the nucleosome beads is degraded.
The rest is protected from digestion and remains as double-helical DNA frag-
ments 146 nucleotide pairs long bound to a specific complex of eight nucleoso-
mal histones (the histone octamer). The nucleosome beads obtained in this way
have been crystallized and analyzed by x-ray diffraction. Each is a disc-shaped
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Chromosomal DNA and Its Packaging

Figure 8-9 Nucleosomes as seen in -
the electron microscope. These
electron micrographs show chromatin
strands before and after treatments
that unpack, or “decondense,” the
native structure to produce the
“beads-on-a-string” form. The native
structure, known as the 30-nm fiber
(discussed later), is shown in (A). The
decondensed, “beads-on-a-string”
form of chromatin is shown at the
same magnification in (B). For a
schematic drawing of the relation
between these two chromatin forms,
see Figure 8-30. These electron
micrographs were taken by
modifications of the procedure
outlined in Figure 8-45. (A, courtesy
of Barbara Hamkalo; B, courtesy of
Victoria Foe.)

Figure 8-10 The nature of the
nucleosome. (A) depicts two views of
the three-dimensional structure of the
histone octamer; the general path of
the DNA wrapped around it is
indicated by a coiled tube (top) and a
series of parallel lines (bottom). Two
H2A-H2B dimers (blue) flank an H3-
H4 tetramer. The histone octamer is
thus composed of two each of
histones H2A, H2B, H3, and H4, with
a total mass of about 100,000 daltons.
(B) The nucleosome consists of two
full turns of DNA (83 nucleotide pairs
per turn) wound around an octameric
histone core, plus the adjacent “linker
DNA."” The part of the nucleosome
referred to here as the “nucleosome
bead” is released from chromatin by
digestion of the DNA with
micrococcal nuclease. In each
nucleosome bead 146 nucleotide
pairs of DNA double helix (about 1.8
turns) remain wound around the
octameric histone core. (A, courtesy
of Evangelos Moudrianakis.)
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particle with a diameter of about 11 nm containing two copies of each of the four
nucleosomal histones—H2A, H2B, H3, and H4. This histone octamer forms a
protein core around which the double-stranded DNA helix is wound twice (Figure
8-10).

In undigested chromatin the DNA extends as a continuous double-helical
thread from nucleosome to nucleosome. Each nucleosome is separated from the
next by a region of linker DNA, which can vary in length from 0 to 80 nucleotide
pairs. On average, nucleosomes repeat at intervals of about 200 nucleotide pairs
(see Figure 8-10). Thus, a typical eucaryotic gene of 10,000 nucleotide pairs will
be associated with 50 nucleosomes, and each human cell with 6 x 10° DNA nucle-
otide pairs contains 3 x 107 nucleosomes.

The Positioning of Nucleosomes on DNA Is Determined by
the Propensity of the DNA to Form Tight Loops and
by the Presence of Other DNA-bound Proteins ®

Experiments performed in vitro with isolated chromatin suggest that the histone
octamers generally remain fixed in one position under physiological conditions,
inasmuch as their tight binding to DNA prevents them from sliding back and
forth along the helix. There are two main influences that determine where nu-
cleosomes form in the DNA. One is the difficulty of bending the DNA double helix
into two tight turns around the outside of the histone octamer, a process that
requires substantial compression of the minor groove of the helix. Because A-T-
rich sequences in the minor groove are easier to compress than G-C-rich se-
quences, each histone octamer tends to position itself on the DNA so as to maxi-
mize A-T-rich minor grooves on the inside of the DNA coil (Figure 8-11). Thus
a segment of DNA that contains short A-T-rich sequences spaced by integral
numbers of DNA turns will be much easier to bend around the nucleosome than
a segment of DNA lacking this feature. This probably explains some striking cases
of very precise positioning of nucleosomes, such as those that bind to the tiny
55 rRNA genes, each of which has a single nucleosome bound to it in a unique
location. If the DNA containing the 55 rRNA genes is added in vitro to a mixture
of the four purified nucleosomal histones, nucleosomes will re-form at the ex-
act position where they are located in vivo. For most of the DNA sequences found
in chromosomes, however, there is no strongly preferred nucleosome binding
site; instead, a nucleosome can occupy any one of a number of positions rela-
tive to the DNA sequence.

The second important influence on nucleosome positioning is the presence
of other tightly bound proteins on the DNA that prevent nucleosomes from form-
ing. For this reason some regions of DNA appear to lack a nucleosome even
though they are hundreds of nucleotide pairs long. They can be detected by treat-
ing cell nuclei with trace amounts of a deoxyribonuclease (DNase I) that at low
concentrations will digest long stretches of nucleosome-free DNA but not the
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Figure 8-11 The bending of DNA in a
nucleosome. The DNA helix makes
two tight turns around the histone
octamer. This diagram is drawn
approximately to scale to illustrate
how the minor groove is compressed
on the inside of the turn. Due to
certain structural features of the DNA
molecule, A-T base pairs are
preferentially accommodated in a
narrow minor groove.
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Figure 8-12 The location of
nuclease-hypersensitive sites in the
regulatory regions of active genes.
The genes shown encode histones
(H1, H2A, H2B, H3, and H4) in
Drosophila. The horizontal arrows
denoting each gene point in the
direction of DNA transcription, which
always proceeds from the 5’ to the 3’
end of the transcript. Although the
nuclease-hypersensitive sites (vertical
red arrows) are often present on the 5’
side of a gene, as illustrated here, they
can also be located elsewhere (see
Figure 9-34).
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short stretches of linker DNA between nucleosomes. Such nuclease-hypersen-
sitive sites often lie in the regulatory regions of genes (Figure 8-12). The first
evidence for this idea came from studies of the monkey virus SV40, whose cir-
cular DNA chromosome binds to histones produced by its host cells. The SV40
chromosome often contains a single nucleosome-free region about 300 nucle-
otide pairs long very near the sequences at which viral DNA synthesis and RNA
synthesis begin. Although several sequence-specific DNA-binding proteins are
bound to this region, they do not protect long stretches of DNA against nuclease
attack as do the nucleosomes, which is why the site is DNase-I sensitive.

The default state of the DNA in eucaryotic cells is to be fully covered with
nucleosomes, and most nucleosome-free regions are specifically created by gene
regulatory proteins as part of the process of activating DNA transcription (dis-
cussed in Chapter 9). Wherever nucleosomes are specifically positioned by the
DNA sequence itself, there may have been evolutionary pressure to keep the
adjacent linker DNA free of a nucleosome so as to facilitate its recognition by
sequence-specific DNA-binding proteins.

Nucleosomes Are Usually Packed Together by Histone H1
to Form Regular Higher-Order Structures ?

The linker DNA that connects adjacent nucleosomes can vary in length since
nucleosomes position themselves according to the local flexibility of the DNA
helix and the distribution of other proteins bound to specific DNA sequences.
Although long strings of nucleosomes form on most chromosomal DNA, in the
living cell chromatin probably rarely adopts the extended “beads-on-a-string”
form. Instead, the nucleosomes are packed upon one another to generate regular
arrays in which the DNA is even more highly condensed. Thus, when nuclei are
very gently lysed onto an electron microscope grid, most of the chromatin is seen
to be in the form of a fiber with a diameter of about 30 nm, which is consider-
ably wider than chromatin in the “beads-on-a-string” form. One of several mod-
els proposed to explain how nucleosomes are packed in the 30-nm chromatin
fiber is illustrated in Figure 8-13. Such models represent an idealized structure,
since both the range of linker lengths that result from preferred nucleosome
positioning and the presence of occasional nucleosome-free sequences will punc-
tuate the 30-nm fiber with irregular features (Figure 8-14).

The histone H1 molecules, of which there are about six closely related sub-
types in a mammalian cell, are thought to be responsible for pulling nucleosomes
together to form the 30-nm fiber. The H1 molecule has an evolutionarily con-

Figure 8-13 The 30-nm chromatin
fiber. A model to explain how the
“beads-on-a-string” form of
nucleosomes is packed to form the
30-nm fiber seen in electron
micrographs (see Figure 8-9A) in top
(A) and side view (B). This type of
packing requires one molecule of
histone H1 per nucleosome (not
shown). Although the position where
the H1 attaches to the nucleosome
has been defined (see Figure 8-15),
the location of the H1 molecules in
this fiber is unknown. (See also Figure
8-14.)

Figure 8-14 Nucleosome-free
regions in 30-nm fibers. A schematic
section of chromatin illustrating the
interruption of its regular
nucleosomal structure by short
regions where the chromosomal DNA
is unusually vulnerable to digestion
by DNase I. At each of these nuclease-
hypersensitive sites, a nucleosome
appears to have been excluded from
the DNA by one or more sequence-
specific DNA-binding proteins. How
these proteins bind DNA tightly is
discussed in Chapter 9.

sequence-specific

DNA-binding
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served globular central region linked to less conserved extended amino-termi-
nal and carboxyl-terminal “arms.” Each H1 molecule binds through its globular
portion to a unique site on a nucleosome, and its arms extend to contact other
sites on the histone cores of adjacent nucleosomes, so that the nucleosomes are
pulled together into a regular repeating array (Figure 8-15).

Summary

A gene is defined as a nucleotide sequence in a DNA molecule that acts as a functional
unit for the production of an RNA molecule. A chromosome is formed from a single,
enormously long DNA molecule that contains a series of many genes. A chromosomal
DNA molecule also contains three other types of functionally important nucleotide
sequences: replication origins and telomeres allow the DNA molecule to be replicated,
while a centromere is needed to attach the DNA molecule to the mitotic spindle, en-
suring its accurate segregation to daughter cells. The human haploid genome con-
tains 3 x 10° DNA nucleotide pairs, divided among 22 different autosomes and 2 sex
chromosomes. Only a small percentage of this DNA is thought to code for proteins.

The DNA in eucaryotes is tightly bound to an equal mass of histones, which form
a repeating array of DNA-protein particles called nucleosomes. The nucleosome is
made up of an octameric core of histone proteins around which the DNA is wrapped
twice. The ease with which a segment of DNA can undergo the severe bending re-
quired for this wrapping varies with its nucleotide sequence. Despite irregularities
such as this, nucleosomes are usually packed together, with the aid of histone HI
molecules, into regular arrays to form a 30-nm fiber.

The Global Structure of Chromosomes

Having discussed the DNA and protein molecules from which chromosomes are
made, we now turn to the organization of the chromosome on a more global
scale. As a 30-nm fiber, the typical human chromosome would be 0.1 cm in
length and could span the nucleus more than 100 times. Clearly, there must be
a still higher level of folding. The DNA is not only packaged with histones into
regularly repeating nucleosomes that are packed into 30-nm fibers; it is also
elaborately folded and organized by other proteins into a series of subdomains
of distinct character. This higher-order packaging is one of the most fascinating
but also most poorly understood aspects of chromatin. Although its molecular
basis is still a mystery, this packaging almost certainly plays a crucial part in the
regulation of gene transcription. In this section we discuss what is known about
higher-order chromatin structure and examine evidence that shows it is function-
ally important.

Lampbrush Chromosomes Contain Loops
of Decondensed Chromatin '°

Although packaged into chromatin, most chromosomes in interphase cells (cells
not in mitosis) are too fine and too tangled to be visualized clearly. In a few
exceptional cases, however, interphase chromosomes can be seen to have a
precisely defined higher-order structure. The meiotically paired chromosomes
in growing amphibian oocytes (immature eggs), for example, are highly active
in RNA synthesis, and they form unusually stiff and extended chromatin loops
that are covered with newly transcribed RNA packed into dense RNA-protein
complexes. Because of this coating on the DNA, these so-called lampbrush chro-
mosomes are clearly visible even in the light microscope, where they are seen
to be organized into a series of large chromatin loops emanating from a linear
chromosomal axis (Figure 8-16).
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Figure 8-15 The way histone H1 is
thought to help pack adjacent
nucleosomes together. The globular
core of H1 binds to each nucleosome
near the site where the DNA helix
enters and leaves the histone
octamer. When H1 is present on the
nucleosomes, 166 nucleotide pairs of
DNA are protected from micrococcal
nuclease digestion, compared with
146 nucleotide pairs for nucleosomes
lacking H1 (see Figure 8-10).
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The organization of the lampbrush chromosome is illustrated schematically
in Figure 8-17. Nucleic acid hybridization experiments show that a given loop
always contains the same DNA sequence and that it remains extended in the
same manner as the oocyte grows. Other experiments demonstrate that most of
the looped DNA is being actively transcribed into RNA. The majority of the chro-
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Figure 8-16 Light micrograph of
lampbrush chromosomes in an
amphibian oocyte. Early in oocyte
differentiation each chromosome
replicates to begin meiosis, and the
homologous replicated chromosomes
pair to form this highly extended
structure containing a total of four
replicated DNA molecules, or
chromatids. The lampbrush
chromosome stage persists for
months or years as the oocyte builds
up a supply of mRNA and other
materials required for its ultimate
development into a new individual.
(Courtesy of Joseph G. Gall.)

Figure 8-17 Lampbrush
chromosome structure. The set of
lampbrush chromosomes in many
amphibians contains a total of about
10,000 chromatin loops, although
most of the DNA in each chromosome
remains highly condensed in the
chromomeres. Each loop corresponds
to a particular DNA sequence. Four
copies of each loop are present in
each cell, since each of the two
chromosomes shown at the top
consists of two closely apposed sister
chromatids. This four-stranded
structure is characteristic of this stage
of development of the oocyte (the
diplotene stage of meiosis, see Figure
20-9).
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matin, however, is not in loops but remains highly condensed in the chro-
momeres, which are generally not transcribed. A general chromosome model
based on these studies has been proposed in which loops of 30-nm fibers extend
at an angle from the main axis of the chromosome (Figure 8-18).

Lampbrush chromosomes illustrate the recurrent themes of this section—
when chromatin is actively transcribed, it has an extended structure; when the
chromatin is condensed, it is inactive; and the structural units of regulation are
large, precisely defined domains.

Orderly Domains of Interphase Chromatin Also Can Be
Seen in Insect Polytene Chromosomes '

Because of a specialization (which is different from that of the lampbrush chro-
mosome), chromatin structure is also unusually visible in certain insect cells.
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Figure 8-18 A model of chromosome
structure. A section of a chromosome
is shown folded into a series of looped
domains, each containing perhaps
20,000 to 100,000 nucleotide pairs of
double-helical DNA condensed in a
30-nm chromatin fiber.

Figure 8-19 A detailed sketch of the
entire set of polytene chromosomeés
in one Drosophila salivary cell. These
chromosomes have been spread out
for viewing by squashing them
against a microscope slide.
Drosophila has four chromosomes,
and there are four different
chromosome pairs present. But each
chromosome is tightly paired with its
homologue (so that each pair appears
as a single structure), which is not the
case in most nuclei (except in
meiosis). The four polytene
chromosomes are normally linked
together by regions near their
centromeres that aggregate to create a
single large “chromocenter” (colored
region); in this preparation, however,
the chromocenter has been split into
two halves by the squashing
procedure used. (Modified from T.S.
Painter, /. Hered. 25:465-476, 1934.)
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Many of the cells of the larvae of flies grow to an enormous size through multiple
cycles of DNA synthesis without cell division. The resulting giant cells contain as
much as several thousand times the normal DNA complement. Cells with more
than the normal DNA complement are said to be polyploid when, as is usually
the case, they contain increased numbers of standard chromosomes. In several
types of secretory cells of fly larvae, however, all the homologous chromosome
copies remain side by side, creating a single giant polytene chromosome. The fact
that some large insect cells can undergo a direct polytene-to-polyploid conver-
sion demonstrates that these two chromosomal states are closely related and that
the basic structure of a polytene chromosome must be similar to that of a nor-
mal chromosome.

Polytene chromosomes are easy to see in the light microscope because they
are so large and because the precisely aligned side-to-side adherence of indi-
vidual chromatin strands greatly elongates the chromosome axis and prevents
tangling. Like lampbrush chromosomes, these chromosomes are active in RNA
synthesis. Polyteny has been most studied in the salivary gland cells of Drosophila
larvae, in which the DNA in each of the four Drosophila chromosomes has been
replicated through 10 cycles without separation of the daughter chromosomes,
so that 1024 (= 2'%) identical strands of chromatin are lined up side by side (Figure
8-19).

When polytene chromosomes are viewed in the light microscope, distinct
alternating dark bands and light interbands are visible (Figure 8-20). Each band
and interband represents a set of 1024 identical DNA sequences arranged in reg-
ister. About 85% of the DNA in polytene chromosomes is in bands, and 15% is
in interbands. The chromatin in each band stains darkly because it is much more
condensed than the chromatin in the interbands (Figure 8-21). Depending on
their size, individual bands are estimated to contain 3000 to 300,000 nucleotide
pairs per chromatin strand. Since the bands can be recognized by their different
thicknesses and spacings, each one has been given a number to generate a poly-
tene chromosome “map.” There are approximately 5000 bands and 5000
interbands in the total Drosophila genome.

Individual Chromatin Domains Can Unfold and
Refold as a Unit '?

Long before anything was known at the molecular level about chromatin struc-
ture, studies of polytene chromosomes suggested that a major change in DNA
packing accompanies gene transcription, since individual chromosome bands
often expand when the genes they contain become active and recondense when
these genes become quiescent.

The Global Structure of Chromosomes
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Figure 8-20 Light micrograph of a
portion of a polytene chromosome
from Drosophila salivary glands. The
distinct patterns recognizable in
different chromosome bands are
readily seen. The bands are regions of
increased chromatin concentration.
They occur in interphase
chromosomes and are a special
property of the giant polytene
chromosomes. (Courtesy of Joseph

G. Gall.)

Figure 8-21 Electron micrograph of
a small section of a Drosophila
polytene chromosome seen in thin
section. Bands (B) of very different
thickness can be readily
distinguished, separated by
interbands (I), which contain less
condensed chromatin. (Courtesy of
Viekko Sorsa.)

349
Sarepta Exhibit 1056, page 63




The regions on a polytene chromosome being transcribed at any instant can
be identified by labeling the cells briefly with the radioactive RNA precursor *H-
uridine and locating the growing RNA transcripts by autoradiography (Figure 8-
22). This analysis (see below) reveals that the most active chromosomal regions
are decondensed, forming distinctive chromosome puffs.

One of the main factors controlling the activity of genes in polytene chromo-
somes of Drosophila is the insect steroid hormone ecdysone, the levels of which
rise and fall periodically during larval development, inducing the transcription
of various genes coding for proteins that the larva requires for each molt and for
pupation. As the organism progresses from one developmental stage to another,
new puffs arise and old puffs recede, as transcription units are activated and
deactivated and different mRNAs and proteins are made (Figure 8-23). From
inspection of each puff when it is relatively small and the banding pattern of the
chromosome is still discernible, it seems that most puffs arise from the uncoil-
ing of a single chromosome band (Figure 8-24). Electron microscopy of thin sec-
tions of such puffs shows that the DNA in the chromatin is much less condensed
than it would be in the 30-nm chromatin fiber. These observations suggest that
the chromatin in a band can decondense as a unit during transcription.

Both Bands and Interbands in Polytene Chromosomes
Are Likely to Contain Genes '3

The fixed pattern of bands and interbands in a Drosophila polytene chromosome
suggested to early cytogeneticists that each band might correspond to a single
gene. Mutational analyses that allowed geneticists to estimate that Drosophila
contains only about 5000 essential genes, a number roughly equal to the num-
ber of chromosome bands, supported this view. Moreover, when an intensive
effort was made to isolate as many mutants as possible in a small chromosomal
region, about 50 essential genes were genetically identified in a region that con-
tains about 50 visible bands. Although it is not possible with these techniques to
determine whether a particular gene lies in a band or an interband region, these
observations suggested that an average band might contain the DNA coding se-
quences for only one essential protein.

350 Chapter 8 : The Cell Nucleus
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Figure 8-22 Synthesis of RNA along a
giant polytene chromosome. In this
autoradiograph of a chromosome
(from the salivary gland of the insect
Chironomus tentans) labeled with
3H-uridine, sites of RNA synthesis are
covered with dark silver grains in
proportion to their activity. (From

C. Pelling, Chromosoma 15:71-122,
1964.)

Figure 8-23 Chromosome puffs. A
temporal series of photographs
illustrating how puffs arise and recede
in the polytene chromosomes of
Drosophila melanogaster during larval
development. A region of the left arm
of chromosome 3 is shown. It exhibits
five very large puffs in salivary gland
cells, each active for only a short
developmental period. The series of
changes shown occur over a period of
22 hours, appearing in a reproducible
pattern as the organism develops.
(Courtesy of Michael Ashburner.)
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Genes that are not essential for survival in the laboratory (where predators
are absent and both food and mates are provided), however, would have been
missed in these genetic analyses, and more recent data have made the simple
“one-band, one-gene” hypothesis seem unlikely. A continuous 315,000-nucle-
otide-pair region of the Drosophila genome has been cloned, for example, and
fragments have been used as DNA probes to catalogue the mRNAs produced
from the region: three times as many separate mRNAs as bands were identified,
indicating that each band probably contains several genes. In addition, it has now
been shown directly that mRNAs are produced from both interbands and bands
in polytene chromosomes.

Although still controversial, it has been proposed that the DNA in polytene
chromosome bands is arranged in loops in a manner analogous to that of the
lampbrush chromosomes. According to this model, puff formation would corre-
spond to the decondensation of one or more looped domains. Whether or not
this model is correct, the above findings show that at least some interphase chro-
mosomes are arranged in a complex, precisely ordered sequence of structural
domains, each typically containing a small number of genes whose transcription
is regulated in a coordinated way. It may be that all interphase chromosomes are
packaged into ordered structures according to these same principles.

Transcriptionally Active Chromatin Is Less Condensed '

The studies of puffs on insect polytene chromosomes suggest that the chroma-
tin structure of transcribed genes is selectively decondensed. Experiments of a
completely different type support this suggestion. When nuclei isolated from
vertebrate cells are exposed to the enzyme DNase I, about 10% of the genome is
preferentially degraded. Although a small subset of these degraded sequences
corresponds to the hypersensitive sites described earlier, most of them represent
genes that are being transcribed: different DNA sequences, for example, are di-
gested by the nuclease in different cells of the same organism, depending on the
genes that are being transcribed in the different cell types. Remarkably, even
genes that are transcribed only a few times in every cell generation are sensitive

gene that will

be transcribed

a few hours |- i RS Ny

we gene that is actively
being transcribed
into RNA

TREATMENT WITH
normally PANCREATIC DNase |

condensed regions
of chromatin

M-’-’-;: X
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The Global Structure of Chromosomes

Figure 8-24 Autoradiogram of a
single puff in a polytene
chromosome. The portion of the
chromosome indicated is undergoing
RNA synthesis and has therefore
become labeled with *H-uridine.
(Courtesy of Jose Bonner.)

Figure 8-25 Digestion of chromatin
with DNase L. The enzyme first cuts at
nuclease-hypersensitive sites (not
shown, but see Figure 8-12) and then
selectively degrades the entire DNA
sequence both of genes that are
actively being transcribed and of
genes that have been activated but
are not yet being transcribed.
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to DNase I, indicating that a special state of the chromatin, rather than the pro-
cess of DNA transcription itself, makes these regions unusually accessible to di-
gestion (Figure 8-25). Chromatin in this accessible state is often termed active
chromatin, and its structure appears to be altered in a way that makes the pack-

What distinguishes active from inactive chromatin? The answer to this question
will probably require purification and characterization of the chromosomal pro-
teins that are unique to each chromatin conformation. Some progress has been
made toward this goal by the development of biochemical methods designed to
isolate active chromatin by taking advantage of its relatively decondensed state.
The analysis of the chromosomal proteins in the active chromatin fraction has
suggested the following: (1) Histone H1 seems to be less tightly bound to at least
some active chromatin, and particular subtypes of this histone may be specific
for active chromatin. (2) Although the four nucleosomal histones are present in
normal amounts in active chromatin, they appear to be unusually highly acety-
lated when compared with the same histones in inactive chromatin. (3) The
nucleosomal histone H2B in active chromatin appears to be less phosphorylated
than it is in inactive chromatin. (4) Active chromatin is highly enriched in a minor
variant form of histone H2A that is found in many species, including Drosophila
and humans. (5) The nucleosomes in active chromatin selectively bind two
closely related small chromosomal proteins, called HMG 14 and HMG 17. Con-
sistent with their presence only in active chromatin, these “high-mobility-group”
(HMG) proteins occur in roughly the quantities required to bind to 1 in every 10
nucleosomes in total chromatin; moreover, their amino acid sequences have
been highly conserved during evolution, implying that they have important func-
tions.

Any or all of these changes might play an important part in uncoiling the
! chromatin of active genes, helping to make the DNA available as a template for
| RNA synthesis, but more direct experiments are needed to test this idea. In Chap-
| ter 9 we discuss mechanisms by which the transition between inactive and ac-

tive chromatin may be controlled.

ing of the nucleosomes less condensed.
h Active Chromatin Is Biochemically Distinct '

Figure 8-26 Heterochromatin is
transcriptionally inactive. An
autoradiograph is shown of a thin
section of a nucleus from a cell that
has been pulse-labeled with *H-
uridine in order to label sites of RNA
synthesis (seen as black silver grains).
The white areas are regions of
heterochromatin, which tend to pack
along the inside of the nuclear
envelope. Normally, heterochromatin
stains unusually darkly in electron
micrographs (for example, see Figure
8-71), but because of the particular
method used for sample preparation
here, areas containing
heterochromatin have been bleached.
As can be seen, most of the RNA
synthesis occurs in the euchromatin
that borders these heterochromatic
areas, (Courtesy of Stan Fakan.)

nuclear
envelope

peripheral
heterochromatin

silver
grains
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Heterochromatin Is Highly Condensed and
Transcriptionally Inactive '¢

Light microscopic studies in the 1930s distinguished two types of chromatin in
interphase nuclei of higher eucaryotic cells: a highly condensed form called het-
erochromatin and all the rest, which is less condensed, called euchromatin.
Heterochromatin was originally identified because it remains unusually compact
during interphase; it was later found to be transcriptionally inactive (Figure 8-
26). In a typical cell in interphase, approximately 10% of the genome is packed
into heterochromatin. It is now clear, as described above, that the euchromatin
exists in at least two forms: about 10% is in the form of active chromatin, which
is the least condensed, while the rest is inactive euchromatin, which is more
condensed than active chromatin but less condensed than heterochromatin.
Heterochromatin is therefore thought to be a special variety of transcriptionally
inactive chromatin with distinctive functions. In mammals, for example, and in
many other higher eucaryotes, the DNA surrounding each centromere is com-
posed of relatively simple repeating nucleotide sequences. These so-called sat-
ellite DNAs constitute a major portion of the heterochromatin in these organisms.

Mitotic Chromosomes Are Formed from Chromatin
in Its Most Condensed State '7

With the exception of a few specialized cases, such as the lampbrush and poly-
tene chromosomes discussed above, most interphase chromosomes are too ex-
tended, thin, and entangled to be readily detectable. In contrast, chromosomes
from nearly all cells are visible during mitosis, when they coil up to form much
more condensed structures. This coiling, which reduces a 5-cm length of DNA
to about 5 pm, makes it possible for the mitotic spindle to segregate the chromo-
somes to separate daughter cells without breaking them. The condensation is ac-
companied by the phosphorylation of all of the histone H1 in the cell at five of
its serine residues. Because histone H1 helps to pack nucleosomes together (see
Figure 8-15), its phosphorylation during mitosis is suspected to play a role in
chromosome condensation.

Figure 8-27 depicts a typical mitotic chromosome at the metaphase stage
of mitosis. The two daughter DNA molecules produced by DNA replication during
the S phase of the cell-division cycle are separately folded to produce two sister
chromosomes (called sister chromatids) held together at their centromeres. These
chromosomes are normally covered with a variety of molecules, including large
amounts of ribonucleoproteins. Once this covering is stripped away, each chro-
matid can be seen in electron micrographs to be organized into loops of chro-
matin emanating from a central axis (Figures 8-28 and 8-29). Several types of
experiments demonstrate that the order of visible features along a mitotic chro-
mosome at least roughly reflects the order of the genes along the DNA molecule.
To illustrate how such an organized folding of the long DNA helix might be
achieved, we have drawn each chromatid as a closely packed series of looped
domains wound in a tight helix in Figure 8-30, which also presents a schematic
view of all the different folding processes that would contribute to this structure.

The condensed form of chromatin found in mitotic chromosomes is thought
to resemble heterochromatin in its high degree of packing. Not surprisingly,
mitotic chromosomes are found to be transcriptionally inactive: all RNA synthesis
ceases as the chromosomes condense. Presumably, the condensation prevents
RNA polymerase from gaining access to the DNA, although other control factors
may also be involved.

The Global Structure of Chromosomes

chromosome
==

centromere

L=
chromatid

Figure 8-27 Drawing of a typical
metaphase chromosome. Each sister
chromatid contains one of two
identical daughter DNA molecules
generated earlier in the cell cycle by
DNA replication.

0.1 um

Figure 8-28 Scanning electron
micrograph of a region near one end
of a typical mitotic chromosome.
Each knoblike projection is believed
to represent the tip of a separate
looped domain. Note that the two
identical paired chromatids
diagrammed in Figure 8-27 can be
clearly distinguished. (From M.P.
Marsden and U.K. Laemmli, Cell
17:849-858, 1979. © Cell Press.)
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“beads-on-a-string”
form of chromatin

30-nm chromatin
fiber of
packed nucleosomes

section of
chromosome in an
extended form

condensed section
of metaphase
chromosome

entire
metaphase
chromosome

Figure 8-29 Electron micrograph of
a single chromatid of a mitotic
chromosome. The chromosome
(from an insect) was treated to reveal
loops of chromatin fibers that
emanate from a central axis of the
chromatid. Such micrographs support
the idea that the chromatin in all
chromosomes is folded into a series of
looped domains (see Figure 8-18).
(Courtesy of Victoria Foe.)

Figure 8-30 Model of chromatin
packing. This schematic drawing
shows some of the many orders of
chromatin packing postulated to give
rise to the highly condensed mitotic
chromosome.
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Each Mitotic Chromosome Contains a Characteristic
Pattern of Very Large Domains '®

The display of the 46 human chromosomes at mitosis is called the human karyo-
type. Staining methods developed over the last 25 years permit unambiguous
identification of each individual chromosome. Some of these methods involve
staining mitotic chromosomes with dyes that fluoresce only when they bind to
certain types of DNA sequences. Although these dyes have very low specificity
and appear mainly to distinguish DNA that is rich in A-T nucleotide pairs (G
bands) from DNA that is rich in G-C nucleotide pairs (R bands), they produce a
striking and reproducible banding pattern along each mitotic chromosome (Fig-
ure 8-31). In this way each chromosome can be identified and numbered, as il-
lustrated in Figure 8-32. Both the G bands and the R bands are known to con-
tain genes. These bands are unrelated to those described earlier for the insect
polytene chromosomes, which are thought to correspond to regions of con-
densed chromatin; in the human mitotic chromosomes, all of the chromatin is
condensed and the bands are formed by the selective binding of specific dyes.
Whereas a band in a polytene chromosome contains only a few genes, a typical
band in a human karyotype contains several hundred.

By examining human chromosomes very early in mitosis, when they are less
condensed than at metaphase, it has been possible to estimate that the total
haploid genome contains about 2000 distinguishable A-T-rich bands. These pro-
gressively coalesce as condensation proceeds during mitosis to produce fewer
and thicker bands.

Chromosome bands are detected in mitotic chromosomes from species as
diverse as humans and flies. Moreover, the exact pattern of bands in a chromo-
some has remained unchanged over long periods of evolutionary time. Every
human chromosome, for example, has a clearly recognizable counterpart with
a nearly identical banding pattern in the chromosomes of the chimpanzee, go-
rilla, and orangutan (although there has been a single chromosome fusion that
gives humans 46 chromosomes instead of the apes’ 48). This conservation sug-
gests that the long-range spatial organization of chromosomes may be important
for chromosomal function. But why such bands exist at all is a mystery. Even the
thinnest of the bands diagrammed in Figure 8-32 probably contain more than
a million nucleotide pairs, which is nearly the size of a bacterial genome, and the
average nucleotide-pair composition would be expected to be random over such
long stretches of DNA sequence.

Summary

Chromosomes are generally decondensed during interphase, so that their structure
is difficult to discern. Notable exceptions are the specialized lampbrush chromosomes
of vertebrate oocytes and the polytene chromosomes of insect giant secretory cells.
Studies of these two types of interphase chromosomes suggest that each long DNA

The Global Structure of Chromosomes

Figure 8-31 Fluorescence
micrographs showing the banding
patterns in three pairs of human
mitotic chromosomes. In (A) the
chromosomes were stained with the
A-T-base-pair-specific dye Hoechst
33258, which stains the G bands, and
in (B) with the G-C-base-pair-specific
dye olivomycin, which stains the R
bands. The bars indicate the position
of the centromere. Note that these
banding patterns are the reverse of
each other: the bands that are bright
in (A) are dark in (B), and vice versa.
The G bands also stain with Giemsa
stain—hence their name—while the R
bands were so named because they
formed the “reverse” of the G-band
pattern. (From K.F. Jorgenson, J.H.
van de Sande, and C.C. Lin,
Chromosoma 68:287-302, 1978.)
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Figure 8-32 A standard map of the
banding pattern of each
chromosome in the human
karyotype. This map was determined
at the prometaphase stage of mitosis.
Chromosomes 1 through 22 are
labeled in the approximate order of
their size; a diploid cell contains two
of each of these autosomes plus two
sex chromosomes—two X
chromosomes (female) oran X and a
Y chromosome (male). The 850 bands
shown here are G bands, which stain
with reagents that appear to be
specific for A-T-rich DNA sequences.
The red knobs on chromosomes 13,
14, 15, 21, and 22 indicate the
positions of the genes that encode the
large ribosomal RNAs; the red lines
mark the centromere on each
chromosome. (Adapted from U.
Franke, Cytogenet. Cell Genet. 31:24—
32, 1981.)

50 million DNA
nucleotide pairs

molecule in a chromosome is divided into a large number of discrete domains that
are folded differently. In both lampbrush and polytene chromosomes the regions that
are actively synthesizing RNA are least condensed. Likewise, as judged by nuclease
sensitivity, about 10% of the DNA in interphase vertebrate cells is in a relatively
uncondensed conformation that correlates with DNA transcription in these regions.
Such “active chromatin” is biochemically distinct from the more condensed inactive
regions of chromatin.

All chromosomes adopt a highly condensed conformation during mitosis. When
they are specially stained, these mitotic chromosomes have a banded structure that
allows each individual chromosome to be recognized unambiguously; these bands
contain millions of DNA nucleotide pairs, and they reflect a coarse heterogeneity of
chromosome structure that is not understood.

Chromosome Replication

Before a cell can divide, it must produce a new copy of each of its chromosomes,
and it does this during a specific part of interphase called the DNA-synthesis
phase, or S phase, of the cell-division cycle; the part of interphase preceding S
phase is called Gap 1, or G, and the part following S phase is called Gap 2, or G,
(see Figure 17-3). In a typical higher eucaryotic cell the S phase lasts for about
8 hours. By its end each chromosome has been replicated to produce two com-
plete copies, which remain joined together at their centromeres until the M phase
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that soon follows (see Figure 8-27), Chromosome duplication requires both the
replication of the long DNA molecule in each chromosome and the assembly of
a new set of chromosomal proteins onto the DNA to form chromatin. In Chap-
ter 6 we discussed the enzymology of DNA replication and described the struc-
ture of the DNA replication fork, where DNA synthesis occurs by a semi-
conservative process (see Figures 6-48 and 6-49). In Chapter 17 we consider how
entry into the S phase is regulated as part of a more general discussion of how
the cell-division cycle is controlled. In this section we describe the timing and
pattern of eucaryotic chromosome replication and its relation to chromosome
structure.

Specific DNA Sequences Serve as Replication Origins '

We saw in Chapter 6 that replication origins have been precisely defined in bac-
teria as specific DNA sequences that allow the DNA replication machinery to
assemble on the DNA double helix and move in opposite directions to produce
replication forks. By analogy, one would expect the replication origins in eucary-
- otic chromosomes to be specific DNA sequences too. As mentioned earlier, the

search for replication origins in the chromosomes of eucaryotic cells has been
’ most successful in the yeast Saccharomyces cerevisiae. The powerful selection
methods that have been devised to find them make use of mutant yeast cells that
are defective for an essential gene: they will survive in a selective medium only
if they are provided with a plasmid carrying a functional copy of the missing gene.
If a bacterial plasmid that carries the essential yeast gene is introduced into the
mutant yeast cells, it will not be able to replicate free of the host chromosome
because the bacterial replication origin in the plasmid DNA cannot function in
a yeast cell. If random pieces of yeast DNA are inserted into the plasmid, how-
ever, a small proportion of the plasmid DNA molecules will contain a yeast rep-
lication origin and therefore will be able to replicate in the yeast cells. The yeast
cells that carry such plasmids will be able to proliferate since they will have been
! provided with the essential gene (Figure 8-33). A DNA sequence identified by

its presence in a plasmid isolated from these cells is called an auronomously
| replicating sequence (ARS). A number of ARSs recently have been shown to be au-

thentic chromosomal origins of replication, thereby justifying the strategy used
‘ to obtain them.

randomly selected segment of yeast DNA Figure 8-33 The strategy used to
Yoast Df sepmant genksiaing ARG identify replication origins in yeast
\. SR ARS /;‘” (:e‘lls. A DNA ﬁe‘qfience identified in
_- containing ™~ this way was initially called an
~  HIS gene = ‘/& autonomously replicating sequence
S (ARS) since it enables a plasmid that
contains it to replicate freely in the
l | host cell without having to be
incorporated into its chromosomes.

introduction of plasmid DNA into yeast cells that lack the HIS
gene and therefore cannot grow in the absence of histidine

I selective medium |
without histidine

rare transformants obtained: high frequency of transformants
these contain plasmid DNA obtained: these contain plasmid
that has integrated into a DNA circles replicating free of
yeast chromosome the host chromosome
Chromosome Replication 357
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An 11-nucleotide “core consensus sequence” has been shown to be essen- SV40 origin of replication
tial for yeast replication-origin function, and all known origins contain multiple
near matches of this sequence, spaced throughout a region of about 100 nucle-

||/

otides. These DNA sequences are recognized by a large protein complex thatis ~ PNA
thought to function in the initiation process. Although some replication-origin l T-antigen
'| sequences in higher eucaryotic cells have been tentatively identified, the proteins

that bind to them are not known.

A Mammalian Cell-free System Replicates the
‘ Chromosome of a Monkey Virus ¢

In bacteria a multienzyme complex that includes DNA polymerase, DNA primase, ¢
and DNA helicase moves the replication fork (see Figures 6-48 and 6-49); this

CHANGE IN

CONFORMATIONAL
T-ANTIGEN

complex assembles at a replication origin in a reaction involving an initiator pro- ATP
tein that binds specifically to the origin DNA (see Figure 6-52).
Many attempts have been made to reconstitute mammalian DNA replication

in a test tube. To do so would make it possible to identify all the enzymes required

and to define their actions at a replication fork. The most successful in vitro sys- m

tem developed thus far replicates the small circular chromosome of the monkey ]

virus SV40. This virus parasitizes its mammalian host cell for all but one of the

proteins that the virus needs to replicate; the one exception is the SV40 T-anti-

gen, a large multifunc?ional protein that allows the virus to bypass normal con- genome. The initiation protein (T-

trols and thereby replicate faster than the host cell. Two hexamers of the T-an- | ,0en) is encoded by the virus, and

tigen bind specifically to the SV40 replication origin, recognizing the outside of / i specifically recognizes the viral

the DNA double helix. Then, in a process that is not well understood, the bound  origin of replication. After opening

T-antigen undergoes a conformational change that pulls apart the DNA strands  the DNA double helix at the origin,

of the origin. This remarkable protein has a third function: utilizing the energy = the T-antigen acts as a DNA helicase,

of ATP hydrolysis, it acts as a DNA helicase, moving along the DNA and open-  traveling away from the origin and

ing the DNA double helix as it moves, forming a replication bubble (Figure 8-34). ~ opening the double helix as it moves.

The cellular components of the replication machinery can now assemble in the ~ Subsequent to the steps depicted,

bubble to form two replication forks, which then move away from the origin in host cell components of the

opposite directions. ﬁeph(_:am_m machmt?.ry assemble in the

T jo replication bubble" to form two

A}though the replication forks are similar to those of procaryotes, the SV40 replication forks (see Figure 8-35).

experiments have revealed that at least two distinct types of DNA polymerase are

needed in eucaryotes: DNA polymerase o (alpha) on the lagging strand and DNA

polymerase 6 (delta) on the leading strand (Figure 8-35). In procaryotes, by con-

trast, a single type of DNA polymerase functions on both strands of the replica-

tion fork (see Figure 6-48).

Figure 8-34 Initiation of DNA
replication on the SV40 viral

Figure 8-35 A mammalian
’ replication fork. The fork is drawn to
\-\,’“’ leading-strand template emphasize its similarity to the
’“, bacterial replication fork described in
! ’“’ Chapter 6. Although both forks utilize
’%’ DNA polymerase & the same basic components, the
| newly synthesized

’“, (on leading-strand template) mammalian fork differs in two
strand ’“;\’

important respects. First, it makes use
of two DNA polymerases, one for the
leading strand and one for the lagging
strand. It seems likely that the
leading-strand polymerase is
designed to keep a tight hold on the
DNA, whereas that on the lagging

lagging-strand template
DNA helicase

PRIA it Lzﬁqnéiggﬂ;,?' Pt strand must be able to release the
Okazoki frogment / template and then rebind each time
P single-strand DNA-binding that a new Okazaki fragment (see
protein p. 256) is synthesized. Second, the

&C;;' S DNA primass mammalia.n DNA primase is a subunit
SOV of the lagging-strand DNA
DNA polymerase o polymerase, while that of bacteria is
(on lagging-strand template) associated with the DNA helicase.
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The protein that normally initiates DNA replication of mammalian chromo-
somes has not yet been discovered. It is therefore not known whether it resembles
the T-antigen in functioning as a DNA helicase at the fork or whether, as in
procaryotes, a separate initiator protein and DNA helicase are involved.

Replication Origins Are Activated in Clusters on Higher
Eucaryotic Chromosomes ?!

In Chapter 6 we describe how in bacteria two replication forks begin at each
origin and proceed in opposite directions, moving away from the origin at a rate
of about 500 nucleotides per second until all of the DNA in the single circular
bacterial chromosome is replicated. The bacterial genome is so small that these
two replication forks can duplicate it in less than 40 minutes. Because of the
much larger size of most eucaryotic chromosomes, it seemed unlikely that their
replication would begin from a single origin.

A method for determining the general pattern of eucaryotic chromosome
replication was developed in the early 1960s. Human cells growing in culture are
labeled for a short time with *H-thymidine so that the DNA synthesized during
this period becomes highly radioactive. The cells are then gently lysed, and the
DNA is streaked onto the surface of a glass slide, which is coated with a photo-
graphic emulsion, so that the pattern of labeled DNA can be determined by au-
toradiography. Since the time allotted for radioactive labeling is chosen to allow
each replication fork to move several micrometers along the DNA, the replicated
DNA can be detected in the light microscope as lines of silver grains, even though
the DNA molecule itself is too thin to be visible. In this way both the rate and the
direction of replication-fork movement can be determined (Figure 8-36). From
the rate at which tracks of replicated DNA increase in length with increasing la-
beling time, the replication forks are estimated to travel at a speed of about 50
nucleotides per second. This is one-tenth the rate at which bacterial replication
forks move, possibly reflecting the increased difficulty of replicating DNA that is
packaged tightly in chromatin.

As discussed previously, an average human chromosome is composed of a
single DNA molecule containing about 150 million nucleotide pairs. To replicate
such a DNA molecule from end to end with a single replication fork moving at
a rate of 50 nucleotides per second would require 0.02 x 150 x 10° = 3.0 x 108
seconds (about 800 hours). As expected, therefore, the autoradiographic experi-
ments just described reveal that many forks are moving simultaneously on each
eucaryotic chromosome. Moreover, many forks are often found close together in
the same DNA region, while other regions of the same chromosome have none.
Further experiments of this type have shown the following: (1) Replication ori-
gins tend to be activated in clusters (called replication units) of perhaps 20 to 80
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Figure 8-36 The experiments that
demonstrated the pattern in which
replication forks move during the S
phase. The new DNA made in human
cells in culture was briefly labeled
with a pulse of highly radioactive
thymidine (*H-thymidine). In the
experiment illustrated in (A), the cells
were lysed and the DNA was stretched
out on a glass slide that was
subsequently covered with a
photographic emulsion. After several
months the emulsion was developed,
revealing a line of silver grains over
the radioactive DNA. The experiment
in (B) was the same except that a
further incubation in unlabeled
medium allowed additional DNA,
with a lower level of radioactivity, to
be replicated. The pairs of dark tracks
in (B) were found to have silver grains
tapering off in opposite directions,
demonstrating bidirectional fork
movement from a central replication
origin (see Figure 6-51). The red DNA
in this figure is shown only to help
with the interpretation of the
autoradiograph; the unlabeled DNA is
invisible in such experiments. A
replication fork is thought to stop
only when it encounters a replication
fork moving in the opposite direction
or when it reaches the end of the
chromosome; in this way all the DNA
is eventually replicated.
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origins. (2) New replication units seem to be activated throughout the S phase
until all of the DNA is réplicated. (3) Within a replication unit, individual origins
are spaced at intervals of 30,000 to 300,000 nucleotide pairs from one another.
(4) As in bacteria, replication forks are formed in pairs and create a replication
bubble as they move in opposite directions away from a common point of ori-
gin, stopping only when they collide head-on with a replication fork moving in
the opposite direction (or reach a chromosome end). In this way many replica-
tion forks can operate independently on each chromosome and yet form two
complete daughter DNA helices (see Figure 8-36).

Different Regions on the Same Chromosome Replicate
at Distinct Times **

The replication of DNA in the region between one replication origin and the next
should normally require only about an hour to complete, given the rate at which
a replication fork moves and the largest distances measured between the repli-
cation origins in a replication unit. Yet the S phase usually lasts for about eight
hours in a mammalian cell. This implies that the replication origins are not all
activated simultaneously and that the DNA in each replication unit (which con-
tains a cluster of perhaps 20 to 80 replication origins) is replicating for only a
small part of the total S-phase interval.

Are different replication units activated at random, or is there a specified
order in which different regions of the genome are replicated? One way to answer
this question is to use the thymidine analogue bromodeoxyuridine (BrdU) to label
the newly synthesized DNA in synchronized cell populations for different short
periods throughout the S phase. Later, in M phase, those regions of the mitotic
chromosomes that have incorporated BrdU into their DNA can be recognized by
their altered staining properties or by means of anti-BrdU antibodies. The results
show that different regions of each chromosome are replicated in a reproducible
order during S phase (Figure 8-37). Moreover, as one would expect from the clus-
ters of replication forks seen in DNA autoradiographs, the timing of replication
is coordinated over large regions of the chromosome.

Highly Condensed Chromatin Replicates Late, While Genes
in Active Chromatin Replicate Early **

It seems that the order in which replication origins are activated, at least in part,
depends on the chromatin structure in which the origins reside. We have seen,
for example, that heterochromatin remains in a highly condensed conformation
(similar to that at mitosis) during interphase, while active chromatin has an es-
pecially decondensed conformation, which is apparently required to allow RNA
synthesis. Heterochromatin is replicated very late in the S phase, suggesting that
the timing of replication is related to the packing of the DNA in chromatin. This
suggestion is supported by the timing of replication of the two X chromosomes
in a female mammalian cell. While these two chromosomes contain essentially
the same DNA sequences, one is active for DNA transcription and the other is not
(discussed in Chapter 9). Nearly all of the inactive X chromosome is condensed
into heterochromatin and its DNA replicates late in the S phase, whereas its active
homologue is less condensed and replicates throughout the S phase. These find-
ings support the hypothesis that those regions of the genome whose chromatin
is least condensed during interphase, and therefore most accessible to the rep-
lication machinery, are replicated first. Autoradiography shows that replication
forks move at comparable rates throughout the S phase, so that the extent of
chromosome condensation appears to influence the initiation of replication forks
but not their speed once formed.

The suggested relationship between chromatin structure and the time of
DNA replication is also supported by studies in which the replication times of
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Figure 8-37 Different regions of a
chromosome are replicated at
different times in S phase. These
light micrographs show stained
mitotic chromosomes in which the
replicating DNA has been
differentially labeled during different
defined intervals of the preceding S
phase. In these experiments cells
were first grown in the presence of
BrdU (a thymidine analogue) and in
the absence of thymidine to label the
DNA uniformly. The cells were then
briefly pulsed with thymidine in the
absence of BrdU during early, middle,
or late S phase. Because the DNA
made during the thymidine pulse is a
double helix with thymidine on one
strand and BrdU on the other, it
stains more darkly than the remaining
DNA (which has BrdU on both
strands) and shows up as a bright
band (arrows) on these negatives.
Dashed lines connect corresponding
positions on the three copies of the
chromosome shown. (Courtesy of
Elton Stubblefield.)
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Figure 8-38 Large numbers of replication origins operate in rapidly
dividing embryonic nuclei. This electron micrograph of spread chromatin
from an early Drosophila embryo shows that replication bubbles (arrows)
are extremely closely spaced. Only about 10 minutes elapse between some
of the successive nuclear divisions in this embryo. Since the replication
origins used here are so closely spaced (separated by a few thousand
nucleotide pairs), it should require only about a minute to replicate all the
DNA between them. (Courtesy of Victoria Foe.)

specific genes are measured. The results show that so-called “housekeeping”
genes, which are those active in all cells, replicate very early in S phase in all cells
tested. Genes that are active in only a few cell types, in contrast, generally rep-
licate early in the cells in which the genes are active and later in other types of
cells.

The Late-replicating Replication Units Coincide with
the A-T-rich Bands on Metaphase Chromosomes %

Many of the replication units seem to correspond to distinct chromosome bands
made visible by the various fixation and staining procedures used for karyotyping.
As discussed previously, as many as 2000 dark-staining A-T-rich bands (G bands)
can be detected early in mitosis in the haploid set of mammalian chromosomes,
and these are separated by an equal number of light-staining G-C-rich bands (R
bands). It is intriguing that the A-T-rich DNA and the G-C-rich DNA differ in the
time of their replication during S phase. Experiments like the one shown in Figure
8-37 suggest that most G-C-rich bands replicate during the first half of S phase,
while most A-T-rich bands replicate during the second half of S phase. It has
therefore been suggested that housekeeping genes are located mostly in G-C-rich
bands, while many cell-type-specific genes—the vast majority of which will be
inactive in most cells—are located in A-T-rich bands. As stated earlier, it is a
complete mystery why the mammalian genome should be segregated into such
large alternating blocks of chromatin—many nearly equal in size to an entire
bacterial genome. Tt is also not known how the many replication origins present
in each replication unit are activated all at once. Perhaps the chromatin in a late-
replicating unit remains condensed even after the end of M phase and
decondenses only in mid S phase, making all the replication origins in the unit
simultaneously accessible. If this is the case, the all-or-none coordinated repli-
cation of the DNA in a single replication unit could reflect the stepwise
decondensation of large chromatin domains.

The Controlled Timing of DNA Replication
May Contribute to Cell Memory ?°

The S phase is completed extremely rapidly in the cleaving eggs of many species,
where large stores of chromatin components (such as histones) are present, as
required for the rapid manufacture of new nuclei. As illustrated in Figure 8-38,
a short S phase also requires the use of an exceptionally large number of repli-
cation origins spaced at intervals of only a few thousand nucleotide pairs (rather
than the tens or hundreds of thousands of nucleotide pairs found between the
replication origins later in development). Since any foreign DNA injected into a
fertilized frog egg is replicated, a specific DNA sequence may not be required to
form a replication origin in this cell.

Thus, DNA replication can be viewed as a potentially very rapid process that
in most cells is subject to a complex system of regulation that restrains the ini-
tiation of replication forks in a way that causes different portions of the genome
to replicate at very different times. It has been suggested, for example, that the
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chromatin that replicates early is assembled in part from a special store of chro-
mosomal proteins produced during the G, phase and that once a chromosomal
region becomes decondensed into active chromatin, its early replication causes
the region to pick up proteins that help it to maintain a decondensed state from
one cell generation to the next. In this view, the timing of DNA replication con-
tributes to a cellular memory process that facilitates the continued transcription
of expressed genes.

Chromatin-bound Factors Ensure That Each Region
of the DNA Is Replicated Only Once ¢

In a normal S phase the whole genome must be replicated exactly once and no
more, As we have just seen, DNA replication in most eucaryotic cells is an asyn-
chronous process that takes a relatively long time to complete. Because the rep-
lication origins are used at different times in different chromosomal regions, in
the middle of S phase some parts of a chromosome will not yet have begun rep-
lication, while other parts will have replicated completely. An enormous “book-
keeping” problem consequently arises during the middle and late stages of the
S phase. Those replication origins already used have been duplicated and, at least
with respect to their DNA sequences, are presumably identical to other replica-
tion origins not yet used. But each replication origin must be used only once in
each S phase. How is this accomplished?

Cell-fusion experiments have provided an important clue. When an S-phase
cell is fused with a G,-phase cell (which has not yet begun S phase), DNA syn-
thesis is induced in the G,-phase nucleus, suggesting that the transition from G,
to S phase is mediated by a diffusible activator of DNA synthesis. In contrast,
when the S-phase cell is fused with a G,-phase cell (that is, a cell that has just
completed S phase), the G, nucleus is not stimulated to synthesize DNA. Since
DNA synthesis continues undisturbed in the S-phase nucleus, this implies that
h the G; nucleus is prevented from entering further rounds of replication because
l every part of its DNA is somehow blocked. Some nondiffusible inhibitor of rep-
l
|

lication, for example, may have become tightly bound to its DNA. Such an inhibi-
tor, if applied locally during S phase in the wake of each replication fork, would
neatly solve the bookkeeping problem: by modifying the chromatin of freshly
replicated DNA, it would ensure that once replicated DNA is not replicated again
in the same S period (Figure 8-39A). An equally plausible alternative is that tightly
bound initiator proteins, or “licensing factors,” required for replication are de-

1A) INHIBITOR-ADDITION MODEL

Figure 8-39 Two possible
mechanisms to explain the “re-
replication block.” This block, which
protects replicated DNA from further
replication in the same cell cycle, is
crucial to replication bookkeeping,
but its molecular nature is not known.
Normally, the block is removed at
mitosis, but in a few specialized types
of cells (the salivary gland cells of
Drosophila larvae, for example), it is
removed without mitosis, leading to
the formation of giant polytene
chromosomes. (A) A model based on
the addition of an inhibitor to all
newly replicated chromatin; (B) a
model based on tightly bound
initiator proteins, or “licensing
factors,” that act only once and that
can be added to the DNA only during
mitosis.

(B) INITIATOR-REMOVAL MODEL
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stroyed or inactivated by the passage of a replication fork (Figure 8-39B). What-
ever its nature, the DNA re-replication block must be removed at or near the time
of mitosis, since after cell division the DNA in the G, nuclei that emerges in the
daughter cells is no longer protected.

The fragments of bacterial DNA that replicate when injected into a fertilized
frog egg can be shown to be affected by the re-replication block. Therefore, the
‘mechanism responsible for the block cannot require a highly specific replication
origin. The block does not affect the SV40 virus, presumably because the T-an-
tigen made by the virus supplies both initiator and DNA helicase functions for
replication, substituting for analogous host cell components and thereby evading
the controls to which they are subject.

New Histones Are Assembled into Chromatin
as DNA Replicates ?7

A large amount of new histone, approximately equal in mass to the newly syn-
thesized DNA, is required to make new chromatin in each cell cycle. For this
reason most organisms possess multiple copies of the gene for each histone.
Vertebrate cells, for example, have about 20 repeated sets, each set containing
all five histone genes.

Unlike most proteins, which are made continuously throughout interphase,
the histones are synthesized mainly in the S phase, when the level of histone
mRNA increases about 50-fold as a result of both increased transcription and
decreased mRNA degradation. By a mechanism that depends on special prop-
erties of their 3’ ends (discussed in Chapter 9), the major histone mRNAs become
highly unstable and are degraded within minutes when DNA synthesis stops at
the end of S phase (or when inhibitors are added to stop DNA synthesis prema-
turely). In contrast, the histone proteins themselves are remarkably stable and
may survive for the entire life of a cell. The tight linkage between DNA synthe-
sis and histone synthesis may be due, at least in part, to a feedback mechanism
that monitors the level of free histone to ensure that the amount of histone made
is appropriate for the amount of new DNA synthesized.

nucleosome core
(histone octamer)

double-
stranded
DNA

replication fork

new DNA strands

both halves of nucleosome core are
attached to one daughter DNA molecule

replication
fork

/ .. a new histone octamer will

soon add to this daughter
DNA molecule to form a
new nucleosome

Chromosome Replication

Figure 8-40 Speculative model

showing how a nucleosome might
open up to permit DNA replication.
After the replication fork passes, the
nucleosome reassembles. In this way
the histones of the nucleosome core

remain permanently bound to the

DNA. Although in this diagram the old
nucleosome has been inherited intact
by the DNA helix made on the leading

strand, there is evidence that an

intact nucleosome can be inherited

by either daughter DNA molecule.

Moreover, this is only one of many

possible models.
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Once they are assembled in nucleosomes, histone molecules rarely, if ever,
leave the DNA to which they are bound. As a replication fork advances, therefore,
it must somehow pass through the parental nucleosomes, which seem to have
been designed to allow both transcription and replication to proceed past them.
According to one hypothesis, each nucleosome transiently unfolds into two half-
nucleosomes during DNA replication, thereby allowing the DNA polymerase to
copy the uncoiled nucleosomal DNA (Figure 8-40).

The newly synthesized DNA behind a replication fork inherits some old his-
tones, but since the amount of DNA has doubled, it also needs to bind an equal
amount of new histones to complete its packaging into chromatin (see Figure 8—
40). There is some evidence to suggest that a special nucleosome assembler may
travel with the replication fork, packaging the newly synthesized DNA as soon as
it emerges from the replication machinery. This newly formed chromatin, how-
ever, requires as much as an hour to become fully mature; until then, for example,
the new histones are more susceptible than usual to histone-modifying enzymes.
The chemical differences between mature and immature chromatin are un-
known, although it is thought that maturation involves both covalent modifica-
tions of histones and changes in the binding of other proteins to the chromatin.

Telomeres Consist of Short G-rich Repeats That Are Added
to Chromosome Ends by Telomerase 8

As discussed earlier, it is not possible for DNA polymerase to replicate the end
of a linear DNA molecule completely in the ordinary way, and this has led to the
evolution of special DNA sequences, called telomeres, at the ends of eucaryotic
chromosomes. These sequences, which are similar in organisms as diverse as
protozoa, fungi, plants, and mammals, consist of many tandem repeats of a short
sequence that contains a block of neighboring G nucleotides. In humans this
sequence is GGGTTA.

The problem of replicating the ends of chromosomes is solved in an inge-
nious way by an enzyme called telomerase. This enzyme recognizes the G-rich
strand of an existing telomere repeat sequence and elongates it in the 5’-to0-3’
direction. In the absence of a complementary DNA strand, the telomerase syn-
thesizes a new copy of the repeat using an RNA template that is a component of
the enzyme itself. The enzyme thus contains the information used to maintain
the characteristic telomere sequences. After several rounds of extension by
telomerase, replication of the chromosome end can be completed using these
extensions as a template for synthesis of the complementary strand by DNA
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Figure 8-41 Telomere replication.
The figure outlines the reactions
involved in the formation of the
repeating G-rich sequences that form
the ends of chromosomes (telomeres)
of diverse eucaryotic organisms, as
suggested by experiments in the
ciliate Tetrahymena. The incomplete,
newly synthesized strand is the strand
made on the lagging side of a
replication fork (see Figure 6-41). As
indicated, the telomerase is a protein-
RNA complex that carries an RNA
template for synthesizing a repeating,
G-rich telomere DNA sequence. These
repeats are GGGTTG in Tetrahymena
but are GGGTTA in humans and Gy.3A
in the yeast Saccharomyces cerevisiae.
The lagging strand is presumed to be
completed by DNA polymerase o,
which carries primase as one of its
subunits (see Figure 8-35).
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polymerase (Figure 8-41). Because the processes that shorten and restore the
telomere sequence are only approximately balanced, each chromosome end
contains a variable number of the tandem repeats, which generally extend for
hundreds of nucleotide pairs.

Summary

In vitro studies using the monkey virus SV40 as a model system suggest that, in eu-
caryotes as in procaryotes, DNA replication begins with the loading of a DNA helicase
onto the DNA by an initiator protein bound to a replication origin. A replication
bubble forms at such an origin as two replication forks move away from each other.
During S phase in higher eucaryotes, neighboring replication origins appear to be
activated in clusters known as replication units, with the origins spaced an average
of about 100,000 nucleotide pairs apart. Since the replication fork moves at about
50 nucleotides per second, only about an hour should be required to complete the
DNA synthesis in a replication unit. Throughout a typical 8-hour S phase different
replication units are activated in a sequence determined in part by the structure of
the chromatin, the most condensed regions of chromatin being replicated last. The
correspondence between replication units and the bands containing millions of
nucleotide pairs seen on mitotic eucaryotic chromosomes suggests that replication
units may correspond to structurally distinct domains in interphase chromatin.

After the replication fork passes, chromatin structure is re-formed by the addi-
tion of new histones and other chromosomal proteins to the old histones inherited
on the daughter DNA molecules. A DNA re-replication block of unknown nature acts
locally to prevent a second round of replication from occurring until a chromosome
has passed through mitosis; this block is needed to ensure that each region of the DNA
is replicated only once in each S phase.

The problem of replicating the ends of chromosomes is solved by a specialized
end structure (the telomere) and an enzyme (telomerase) that extends this structure
using an RNA template that is part of the telomerase.

RNA Synthesis and RNA Processing

We have thus far considered how chromosomes are organized as very large DNA-
protein complexes and how they are duplicated before a cell divides. But the
main function of a chromosome is to act as a template for the synthesis of RNA
molecules, since only in this way does the genetic information stored in chromo-
somes become directly useful to the cell. There is a great deal of RNA synthesis
in a cell: the total rate at which nucleotides are incorporated into RNA during
interphase is about 20 times the rate at which nucleotides are incorporated into
DNA during S phase.

RNA synthesis, which is also called DNA transcription, is a highly selective
process. In most mammalian cells, for example, only about 1% of the DNA nucle-
otide sequence is copied into functional RNA sequences (mature messenger RNA
or structural RNA). The selectivity occurs at two levels, which we discuss in turn
in this section: (1) only part of the DNA sequence is transcribed to produce
nuclear RNAs, and (2) only a minor proportion of the nucleotide sequences in
nuclear RNAs survives the RNA processing steps that precede the export of RNA
molecules to the cytoplasm. We begin by describing RNA polymerases, the en-
zymes that catalyze all DNA transcription.

RNA Polymerase Exchanges Subunits as It Begins
Each RNA Chain #

As described in outline in Chapter 6, transcription begins when an RNA poly-
merase molecule binds to a promoter sequence on the DNA double helix. Next,

RNA Synthesis and RNA Processing
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in a step that is not well understood, the two strands of the DNA are separated
locally to form an open complex. At this stage the template strand is exposed, and
synthesis of the complementary RNA chain can begin. The polymerase then
moves along the template strand, extending its growing RNA chain in the 5'-to-
3’ direction by the stepwise addition of ribonucleoside triphosphates until it
reaches a stop (termination) signal, at which point the newly synthesized RNA
chain and the polymerase are released from the DNA. Each RNA molecule thus
represents a single-strand copy of the nucleotide sequence of one DNA strand
in a relatively short region of the genome (see Figure 6-2). This transcribed seg-
ment of DNA is called a transcription unit.

RNA polymerases are generally formed from multiple polypeptide chains
and have masses of 500,000 daltons or more. The enzymes in bacteria and eu-
caryotes are evolutionarily related (Figure 8-42). Since the bacterial enzyme has
been far easier to study, its properties provide a basis for understanding its eu-
caryotic relatives. The E. coli enzyme contains four different subunits, a, B, p’, and
g, there being two copies of o and one each of the others. The complete amino
acid sequence of each subunit has been determined from the nucleotide
sequence of its gene.

The sigma (o) subunit of the E. coli polymerase has a specific role in the
initiation of transcription: it enables the enzyme to find promoter sequences
to which it binds. After about eight nucleotides of an RNA molecule have been
synthesized (step 4 in Figure 8-43), the o subunit dissociates and a number of
elongation factors—important for chain elongation and termination—become as-
sociated with the enzyme instead. The elongation factors include several proteins
that function in ways that are incompletely understood. The initiation of tran-
scription is an important control point where the cell can regulate the expression
of a gene; for this reason it is discussed in more detail in Chapter 9.

Three Kinds of RNA Polymerase Make RNA in Eucaryotes 3°

Although the mechanism of DNA transcription is similar in eucaryotes and
procaryotes such as E. coli, the machinery is considerably more complex in eu-

Figure 8-43 Schematic diagram of the steps in the initiation of RNA
synthesis (DNA transcription) catalyzed by RNA polymerase. The steps
indicated have been revealed by studies of the E. coli enzyme. A DNA
molecule containing a promoter sequence for the E. coli polymerase is
shown (see Figure 6-2). The enzyme first forms a closed complex in which
the two DNA strands remain fully base-paired. In the next step the enzyme
catalyzes the opening of a little more than one turn of the DNA helix to
form an open complex, in which the template DNA strand is exposed for
the initiation of an RNA chain. The polymerase containing the bound

o subunit, however, behaves as though it is tethered to the promoter site:
it seems unable to proceed with the elongation of the RNA chain and on
its own frequently synthesizes and releases short RNA chains. As indicated,
the conversion to an actively elongating polymerase requires the release
of initiation factors (the o subunit in the case of the E. coli enzyme) and
generally involves the binding of other proteins that serve as elongation
factors.
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Figure 8-42 The common origin of
bacterial and eucaryotic RNA
polymerases. Amino acid sequence
similarities between the B’ subunit of
E. coli RNA polymerase and the
largest subunit of eucaryotic RNA
polymerase II are among the
comparisons that reveal a common
evolutionary origin for the bacterial
and eucaryotic enzymes. The §’
subunit is thought to bind to DNA.
The regions of the sequence shown as
green bars are more than 70%
identical between yeast and
Drosophila and more than 40%
identical between Drosophila and E.
coli. A uniquely eucaryotic sequence
(of seven amino acid residues) is
repeated 26 times at the carboxyl
terminus of the yeast subunit and
more than 40 times in the Drosophila
subunit (indicated here by green
circles); these repeats are
phosphorylated as part of the process
that starts an RNA chain in eucaryotes
(see Figure 9-30). (After A.L. Greenleaf
et al., in RNA Polymerase and the
Regulation of Transcription [W.S.
Reznikoff et al., eds.], pp. 459-464.
New York: Elsevier, 1987.)
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caryotes. In eucaryotes as diverse as yeasts and humans, for example, there are
three types of RNA polymerases, each responsible for transcribing different sets
of genes. These enzymes—denoted as RNA polymerases I, II, and Ill—are struc-
turally similar to one another and have some common subunits, although other
subunits are unique. Each is more complex than E. coli RNA polymerase and is
thought to contain 10 or more polypeptide chains. Another important distine-
tion between the bacterial and eucaryotic enzymes is that, whereas the purified
bacterial enzyme can bind to promoters and initiate transcription on its own, the
eucaryotic enzymes require the presence of additional initiation proteins that
must bind to the promoter before the enzyme can bind. For this reason it was
not until 1979 that systems with all the needed components became available so
that eucaryotic initiation mechanisms could be analyzed in vitro. Because these
initiation proteins and their interactions with the polymerases are intimately
involved with the control of transcription initiation, we shall defer discussion of
them until Chapter 9.

The three eucaryotic RNA polymerases were initially distinguished by their
chemical differences during purification and by their sensitivity to a-amanitin,
a poison isolated from the deadly toadstool Amanita phalloides. RNA polymerase
1 is unaffected by o-amanitin; RNA polymerase 1 is very sensitive to this poison;
and RNA polymerase 111 is moderately sensitive to it. The sensitivity of RNA syn-
thesis to a-amanitin is still used to determine which polymerase transcribes a
gene. Such studies indicate that RNA polymerase II transcribes the genes whose
RNAs will be translated into proteins. The other two polymerases synthesize RNAs
that have structural or catalytic roles, chiefly as part of the protein synthetic
machinery: polymerase I makes the large ribosomal RNAs, and polymerase I11
makes a variety of very small, stable RNAs—including the small 5S ribosomal RNA
and the transfer RNAs. However, most of the small RNAs that form snRNPs,
which we discuss later when we consider RNA processing, are made by poly-
merase II.

Mammalian cells typically contain 20,000 to 40,000 molecules of each of the
RNA polymerases, and studies with cultured cells indicate that the concentrations
of these enzymes are regulated individually according to the rate of cell growth.

RNA Polymerase Il Transcribes Some DNA Sequences
Much More Often Than Others '

Because RNA polymerase 11 makes all of the mRNA precursors and thus deter-
mines which proteins a cell will make, we shall focus most of our discussion on
its activities and on the fate of its products. Although experiments with purified
polymerases in vitro are essential for establishing the mechanism of transcrip-
tion, much can also be learned about how the process occurs in a cell by using
the electron microscope to examine genes in action, with their bound RNA poly-
merases caught in the act of transcription.

Ordinary thin-section electron micrographs of interphase nuclei show granu-
lar clumps of chromatin (see Figure 8-71) but reveal very little about how genes
are transcribed. A much more detailed picture emerges if the nucleus is ruptured
and its contents spilled out onto an electron microscope grid (Figures 8-44 and
8-45). At the farthest point from the center of the lysed nucleus, the chromatin
is dilutedrsufﬁciently to make individual chromatin strands visible in the ex-
panded, beads-on-a-string form shown previously in Figure 8-9B.

RNA polymerase molecules actively engaged in transcription appear as
globular particles with a single RNA molecule trailing behind. Particles represent-
ing active RNA polymerase 11 molecules are usually seen as single units, without
nearby neighbors. This observation indicates that most genes are transcribed into
mRNA precursors only infrequently, so that one polymerase finishes transcrip-
tion before another one begins. Occasionally, however, many polymerase mol-
ecules (and their associated RNA transcripts) are seen clustered together. These
clusters occur on the relatively few genes that are transcribed at high frequency

RNA Synthesis and RNA Processing

10 pm

Figure 8-44 A typical cell nucleus
visualized by electron microscopy
using the procedure shown in Figure
8-45. An enormous tangle of
chromatin can be seen spilling out of
the lysed nucleus; only the chromatin
at the outermost edge of this tangle
will be sufficiently dilute for
meaningful examination at higher
power. (Courtesy of Victoria Foe.)

367
Sarepta Exhibit 1056, page 81




(Figure 8-46). The length of the attached RNA molecules in such a cluster in-
creases in the direction of transcription, producing a characteristic pattern. This
pattern defines the RNA polymerase Il start site and direction of transcription for
a specific transcription unit (Figure 8-47).

Biochemical studies have confirmed and extended the results obtained by
electron microscopy, leading to three major conclusions:

1. Eucaryotic RNA polymerase molecules, like those in procaryotes, begin at
specific sites on the chromosome.

2. The average length of the complete RNA molecule produced by RNA poly-
merase Il from a single transcription unit is about 7000 nucleotides, and
RNA molecules 10,000 to 20,000 nucleotides long are common. These
lengths, which are much longer than the 1200 nucleotides of RNA needed
to code for an average protein of 400 amino acid residues, reflect the com-
plex structure of eucaryotic genes and, in particular, the presence of long
intron sequences, which, as we discuss later, are later removed from the
RNA.

3. Although chain elongation rates of about 30 nucleotides per second are
observed for all RNAs, different RNA polymerase II start sites have differ-
ent initiation frequencies, so that some genes are transcribed at much
higher rates than others. As indicated in Table 8-2, the majority of the genes
that are transcribed give rise to very few mRNA molecules.

The Precursors of Messenger RNA Are Covalently
Modified at Both Ends %

In eucaryotes mature mRNA is produced in several steps. The RNA molecules
freshly synthesized by RNA polymerase II in the nucleus are known as primary
transcripts; the collection of such transcripts was originally called heterogeneous
nuclear RNA (hnRNA) because of the large variation in RNA size, contrasting with
the more uniform and smaller size of the RNA sequences actually needed to
encode proteins. We shall see shortly that much of this variation is due to the
presence of long intron sequences in the primary transcripts. As they are being
synthesized, these transcripts are covalently modified at both their 5" end and
their 3’ end in ways that clearly distinguish them from transcripts made by other
RNA polymerases. These modifications will be used later in the cytoplasm as sig-
nals that these transcripts are to be translated into protein.

The 5" end of the RNA molecule (which is the end synthesized first during
transcription) is first capped by the addition of a methylated G nucleotide. Cap-
ping occurs almost immediately, after about 30 nucleotides of RNA have been
synthesized, and it involves condensation of the triphosphate group of a molecule
of GTP with a diphosphate left at the 5’ end of the initial transcript (Figure 8-48).
This 5” cap will later play an important part in the initiation of protein synthe-
sis; it also seems to protect the growing RNA transcript from degradation.

Tum
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Figure 8-45 A method for examining
chromatin in the electron micro-
scope. The nuclei are first lysed, and
then the chromatin is freed from
cellular debris and spread outon a
grid.

Figure 8-46 Electron micrograph of
a region of chromatin containing a
gene being transcribed at unusually
high frequency. Many RNA
polymerase 11 molecules with their
growing RNA transcripts are visible.
The direction of transcription is from
left to right (see Figure 8-47). (From
V.E. Foe, L.E. Wilkinson, and C.D.
Laird, Cell 9:131-146, 1976. © 1976
Cell Press.)
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Table 8-2 The Population of mRNA Molecules in a Typical Mammalian Cell RNA
transcript
Total Number iracion ot nat S
Copies per Cell  Number of Different of mRNA ot s atid i, el oroweh \
of Each mRNA mRNA Sequences Molecules in ]
Sequence in Each Class Each Class » ‘
Abundant class 12,000 3 4 = 48,000 5 ' ’
Intermediate class 300 X 500 = 150,000 RNA polyiciss
Scarce class 15 X 11,000 = 165,000
This division of mRNAs into just three discrete classes is somewhat arbitrary, and in many cells

a more continuous spread in abundances is seen. However, a total of 10,000 to 20,000 different
mRNA species is normally observed in each cell, most species being present at a low level (5 to
15 molecules per cell). Most of the total cytoplasmic RNA is rRNA, and only 3% to 5% is mRNA,
a ratio consistent with the presence of about 10 ribosomes per mRNA molecule. This particu-
lar cell type contains a total of about 360,000 mRNA molecules in its cytoplasm.

DNA double helix

A " Figure 8-47 An idealized
The 3’ end of most polymerase I transcripts is defined not by the termina-  ¢ranseription unit. The drawing

tion of transcription but by a second modification in which the growing transcript  jjustrates how the electron
is cleaved at a specific site and a poly-A tail is added by a separate polymerase microscope appearance (see Figure
to the cut 3" end. The signal for the cleavage is the appearance in the RNA chain ~ 8-46) demonstrates the direction of
of the sequence AAUAAA located 10 to 30 nucleotides upstream from the site  transcription, as well as the start site
of cleavage, plus a less well-defined downstream sequence. Immediately after ~ of the unit.
cleavage, a poly-A polymerase enzyme adds 100 to 200 residues of adenylic acid
(as poly A) to the 3’ end of the RNA chain to complete the primary RNA tran-
script. Meanwhile, the polymerase fruitlessly continues transcribing for hundreds
or thousands of nucleotides until termination occurs at one of several later sites;
the extra piece of functionless RNA transcript thus generated presumably lacks
a 5’ cap and is rapidly degraded (Figure 8-49).
The poly-A tail appears to have several functions: (1) as described later, it aids
in the export of mature mRNA from the nucleus; (2) it is thought to affect the
stability of at least some mRNAs in the cytoplasm; and (3) it seems to serve as a
recognition signal for the ribosome that is required for efficient translation of
mRNA. The latter feature—in combination with the 5" cap—would enable a ri-
bosome to determine whether the mRNA was intact before expending energy and
precursors to begin its translation.
Even though polymerase II transcripts comprise more than half of the RNA

being synthesized by DNA transcription, we shall see below that most of the RNA 5' end of RNA transcript

in these transcripts is unstable and therefore short-lived. Consequently, the 5' 3

hnRNA in the cell nucleus and the cytoplasmic mRNA derived from it constitute PEPNDN | e————

only a minor fraction of the total RNA in a cell (Table 8-3). Despite their relative

scarcity, these RNA molectules can be readily purified because of their poly-A tails. e . |

When the total cellular RNA is passed through a column containing poly dT
linked to a solid support, the complementary base-pairing between T and A resi-
dues selectively binds the molecules with poly-A tails to the column; the bound

PPNPNp ——

molecules can then be released for further analysis. This procedure is widely used s
to separate the hnRNA and mRNA molecules from the ribosomal and transfer N PP,

RNA molecules that predominate in cells.

GpppNPpND s—
-

Figure 8-48 The reactions that cap the 5" end of each RNA molecule add methyl
synthesized by RNA polymerase II. The final cap contains a novel 5’-to-5 group to base
linkage between the positively charged 7-methyl G residue and the 5" end of ®

the RNA transcript (see Figure 6-26). At least some of the enzymes required
for this process are thought to be bound to polymerase II, since polymerase
I and 111 transcripts are not capped and the indicated reaction occurs ackd mathyl
almost immediately following initiation of each RNA chain. The letter N is GEORp IR TtioRe
used here to represent any one of the four ribonucleotides, although the : ®

CH3— Gpppll\}pr e

CH; — GpppNPNp s———

nucleotide that starts an RNA chain is usually a purine (an A or a G). (After
A.]. Shatkin, Bioessays 7:275-277, 1987. © ICSU Press.) CHa
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Table 8-3 Selected Data on Amounts of RNA in a Typical Mammalian Cell

Steady-State Amount  Percent of Total RNA

(percent of total cell RNA) Synthesis

Nuclear rRNA precursors 4 39

d
Cytoplasmic rRNA 71 e
Nuclear hnRNA 7 58

d
Cytoplasmic mRNA 3 —
Small stable RNAs (mostly tRNAs) 15 S

The figures shown here were derived from the analysis of a mouse fibroblast cell line (L cells)
in culture. Each cell contained 26 pg of RNA (5 x 10" nucleotides of RNA), of which about 14%
was located in the cell nucleus. (The cell nucleus thus contains about twice as much DNA as
RNA.] An average of about 200 x 10° nucleotides is polymerized into RNA every minute during
interphase. This is about 20 times the average rate at which DNA is synthesized during S phase.
Note that although most of the RNA synthesized is hnRNA, most of this RNA is rapidly degraded
in the nucleus. As a result, the mRNA produced from the hnRNA is only a minor fraction of the
total RNA in the cell. (Modified from B.P. Brandhorst and E.H. McConkey, /. Mol. Biol. 85:451-
563, 1974.)
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Figure 8-49 Synthesis of a primary
RNA transcript (an mRNA precursor)
by RNA polymerase II. This diagram
starts with a polymerase that has just
begun synthesizing an RNA chain
(step 4 of Figure 8-43). Recognition of
a poly-A addition signal in the
growing RNA transcript causes the
chain to be cleaved and then
polyadenylated as shown. In yeasts
the polymerase terminates its RNA
synthesis almost immediately
thereafter, but in higher eucaryotes it
often continues transcription for
thousands of nucleotides. It seems
likely that the polymerase changes its
properties once one RNA chain
cleavage has occurred. Thus it cannot
trigger poly-A addition to its
downstream RNA transcript, and it
seems to have a greater probability of
responding to the sequences that
cause chain termination and
polymerase release. The simplest
hypothesis, represented here, is that
an elongation factor (or factors) is
released from the polymerase after
cleavage of the transcript.
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Only RNA polymerase II transcripts have 5" caps and 3" poly-A tails. This
seems to be because the capping and cleavage plus poly-A addition reactions are
mediated by enzymes that bind selectively to polymerase II. Thus, if a gene that
is normally transcribed by polymerase II is separated from its promoter by re-
combinant DNA methods and fused to a promoter recognized by polymerase I
or by polymerase 11, the RNA transcripts produced from it by these polymerases
are neither capped nor polyadenylated. The requirement for a specific capping
and polyadenylation of mRNA precursors may explain why these RNAs are syn-
thesized by a separate type of RNA polymerase molecule in eucaryotes.

RNA Processing Removes Long Nucleotide Sequences
from the Middle of RNA Molecules *

The discovery of interrupted genes in 1977 was entirely unexpected. Previous
studies in bacteria had shown that their genes are composed of a continuous
string of the nucleotides needed to encode the amino acids of a protein, and there
seemed to be no obvious reason why a gene should be organized in any other
way. The first indication that eucaryotic genes are not continuous like bacterial
genes came when new methods allowing an accurate comparison of mRNA and
DNA sequences were applied to mRNAs produced by a human adenovirus (a
large DNA virus). The region of the viral DNA producing these RNAs turned out
to contain sequences that are not present in the mature RNAs. The possibility that
this situation was unique to viruses was quickly eliminated by the finding of simi-
lar interruptions in the ovalbumin and p-globin genes of vertebrates. As discussed
earlier, the sequences present in the DNA but omitted from the mRNA are called
intron sequences, while those present in the mRNA are called exon sequences
(Figures 8-50 and 8-51).

Before the discovery of introns, the significance of hnRNA and its relation-
ship to mRNA had seemed very mysterious. It had long been known that most
of the RNA synthesized by RNA polymerase 11 is rapidly degraded in the nucleus.
The hnRNA molecules of cultured cells can be radiolabeled by brief exposure to
3H-uridine and followed over a long period. This sort of experiment showed that
the average length of the hnRNA molecules in the labeled population decreases
rapidly, starting from about 7000 nucleotides, to reach the size of cytoplasmic
mRNA molecules (an average of about 1500 nucleotides) after only about 30
minutes; at about the same time, radioactively labeled RNA molecules begin to
leave the nucleus as mRNA molecules. Only about 5% of the mass of the labeled
hnRNA ever reaches the cytoplasm, however; the remainder is degraded into
small fragments in the nucleus over a period of about an hour. This seemed
strangely wasteful. And the puzzle was deepened by the finding that even though
the hnRNA molecules became progressively shorter, they retained their 5 caps
and their 3’ poly-A tails.

With the discovery of introns, the explanation became clear: the primary RNA
transcript is a faithful copy of the gene, containing both exon and intron se-
quences, and the latter sequences are cut out of the middle of the RNA transcript
to produce an mRNA molecule that codes directly for a protein (see Figure 3-15).
Because the coding RNA sequences on either side of an intron sequence are
joined to each other after the intron sequence has been cut out, this reaction is
known as RNA splicing. RNA splicing occurs in the cell nucleus, out of reach of
the ribosomes, and RNA is exported to the cytoplasm only when processing is
complete.

Because most mammalian genes contain much more intron than exon se-
quence (see Table 8-1, p. 340), RNA splicing can account for the conversion of
the very long nuclear hnRNA molecules to the much shorter cytoplasmic mRNA
molecules.

Before discussing the distribution of introns in eucaryotic genes and some
of their consequences for cell function, it is necessary to explain how intron se-
quences are recognized and removed by the splicing machinery.

RNA Synthesis and RNA Processing

intron loop

]
poly-A tail

Figure 8-50 Early evidence for the
existence of introns in eucaryotic
genes. The evidence was provided by
the “R-loop technique,” in which a
base-paired complex between mRNA
and DNA molecules is visualized in
the electron microscope. An
unusually abundant mRNA molecule,
such as B-globin mRNA or ovalbumin
mRNA, is readily purified from the
specialized cells that produce it.
When this single-stranded mRNA
preparation is annealed in a suitable
solvent to a cloned double-stranded
DNA molecule containing the gene
that encodes the mRNA, the RNA can
displace a DNA strand wherever the
two sequences match and form
regions of RNA-DNA helix. Regions of
DNA where no match to the mRNA
sequence is possible are clearly visible
as large loops of double-stranded
DNA. Each of these loops (numbered
1 to 6) represents an intron in the
gene sequence.
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Figure 8-51 The transcribed portion of the human f-globin gene. The
sequence of the DNA strand corresponding to the mRNA sequence is given,
with the primary RNA transcript surrounded by a green line and the nucleo-
tides in the three exons shaded yellow. Note that exon 1 includes a 5~leader
sequence and that exon 3 includes a 3~untranslated sequence; although
these sequences are included in the mRNA, they do not code for amino
acids. The highly conserved GT and AG nucleotides at the ends of each
intron are boxed (see Figure 8-53), along with the cleavage and poly-
adenylation signal near the 3" end of the gene (AATAAA, see Figure 8-49).

hnRNA Transcripts Are Immediately Coated
with Proteins and snRNPs 34

Newly made RNA in eucaryotic cells, unlike that in bacteria, appears to become
immediately condensed into a string of closely spaced protein-containing par-
ticles. Each particle consists of about 500 nucleotides of RNA wrapped around
a protein complex that serves to condense and package each growing RNA tran-
script in a manner reminiscent of the DNA-protein complexes of nucleosomes.
The resulting hnRNP particles (heterogeneous nuclear ribonucleoprotein
particles) can be purified after nuclei have been treated with ribonucleases at
levels just sufficient to destroy the linker RNA between them. Each particle has
a diameter of about 20 nm, which is twice that of a nucleosome, and the protein
core is more complex and less well characterized, being composed of a set of at
least eight different proteins. Except for histones, the proteins in this core are the
most abundant proteins in the cell nucleus. Several of them contain a conserved
domain of about 80 amino acids, which is often repeated and shared by many
other RNA-binding proteins.

The hnRNP particles are generally distorted by the standard spreading tech-
niques used to view gene transcription in the electron microscope (see Figure 8-
45). These micrographs, however, reveal especially stable particles of a less com-
mon type, whose position on the RNA strongly implicates them in RNA splicing.
These particles form very quickly at specific RNA sequences—at or near the junc-
tions between intron and exon sequences—and, as the RNA transcript elongates,
they coalesce in pairs to form a larger assembly that is thought to be the
spliceosome that catalyzes RNA splicing (Figure 8-52).

Biochemical analysis has revealed that the cell nucleus contains many com-
plexes of proteins with small RNAs (generally RNAs of 250 nucleotides or less),
which have arbitrarily been designated U1, U2, . .., U12 RNAs. These complexes,
called small nuclear ribonucleoproteins (snRNPs—pronounced “snurps”), re-
semble ribosomes in that each contains a set of proteins complexed to a stable
RNA molecule. They are much smaller than ribosomes, however—only 250,000
daltons compared with 4.5 million daltons for a ribosome. Some proteins are
present in several types of snRNPs, whereas others are unique to one type. This
was first demonstrated using serum from patients with the autoimmune disease
systemic lupus erythematosus, who make antibodies directed against one or more
of their own snRNP proteins: a single antibody was found that binds the U1, U2,
U5, and U4/U6 snRNPs, for example, and we now know that they all contain
common proteins. .

Individual snRNPs are believed to recognize specific nucleic acid sequences
through RNA-RNA base-pairing. Some mediate RNA splicing, one is known to be
involved in the cleavage reaction that generates the 3’ ends of newly formed hi-
stone RNAs, while the function of others is unknown. The evidence for the role
of snRNPs in RNA splicing comes from experiments on RNA splicing in vitro, as
well as from analyses of yeast cells that are mutant in one of the snRNP compo-
nents.
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CCCTGTGGAGCCACACCCTAGGGTTGGCCA
ATCTACTCCCAGGAGCAGGGAGGGCAGGAG
CCAGGGCTGGGCATAAAAGTCAGGGCAGAG

TGA
ACTAAAAAGGGAATGTGGGAGGTCAGTGCA
TTTAARACATARAGAAATGATGAGCTGTTC
ARACCTTGGGAAAATACACTATATCTTARA
CTCCATGAARGAAGGTGAGGCTGCAACCAG
CTAATGCACATTGGCAACAGCCCCTGATGC
CTATGCCTTATTCATCCCTCAGAAAAGGAT
TCTTGTAGAGGCTTGATTTGCAGGTTARAG
TTTTGCTATGCTGTATTTTACATTACTTAT
TGTTTTAGCTGTCCTCATGAATGTCTTTTC
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Intron Sequences Are Removed as Lariat-shaped
RNA Molecules 3°

Introns range in size from about 80 nucleotides to 10,000 nucleotides or more.
Unlike the sequence of an exon, the exact nucleotide sequence of an intron seems
to be unimportant. Thus introns have accumulated mutations rapidly during
evolution, and it is often possible to alter most of an intron’s nucleotide sequence
without greatly affecting gene function. This has led to the suggestion that intron
sequences have no function at all and are largely genetic “junk,” a proposition
we shall examine at the end of the chapter. The only highly conserved sequences
in introns are those required for intron removal, which are found at or near the
ends of an intron and are very similar in all known intron sequences; they gen-
erally cannot be altered without affecting the splicing process that normally re-
moves the intron sequence from the primary RNA transcript. These conserved
boundary sequences at the 5’ splice site (donor site) and the 3’ splice site
(acceptor site) of introns from higher eucaryotes are shown in Figure 8-53. The
RNA breaking and rejoining reactions must be carried out precisely because an
error of even one nucleotide would shift the reading frame in the resulting mRNA
molecule and make nonsense of its message.

The pathway by which the intron sequences are removed from primary RNA
transcripts has been elucidated by in vitro studies in which a pure RNA species
containing a single intron is prepared by incubating an appropriately designed
DNA fragment with an RNA polymerase (see Figure 7-36). When these RNA mol-
ecules are added to a cell extract, they become spliced in a two-step enzymatic
reaction that requires prolonged incubation with ATP, the U1, U2, U5, and U4/
U6 snRNPs, and a number of additional proteins; these components assemble
into a large multicomponent ribonucleoprotein complex; or spliceosome. Char-
acterization of the RNA species that appear as intermediates during the reaction,
as well as the snRNPs required to produce them, led to the discovery that the
intron is excised in the form of a lariat, according to the splicing pathway shown
in Figures 8-54 and 8-55.

Individual roles have been defined for several of the snRNPs. The U1 snRNP,
for example, binds to the 5" splice site, guided by a nucleotide sequence in the
U1 RNA that forms base pairs complementary to the nine-nucleotide splice site
consensus sequence (see Figure 8-53). Since RNA is capable of acting like an
enzyme, either the RNA or the protein components of the spliceosome could be
responsible for catalyzing the breakage and formation of covalent bonds required
for RNA splicing,

5' exon intron 3" exon
sequence sequence sequence
=3 1r 14 i
c A vUuvuuvuuvuuvuuvuuu C G
§'—~or AG GUoOorAG U —~——- A ————-ororororororororororor N or AG or —-3'
A G CECCCCLCCCC u A
consensus sequence for branch- consensus sequence for 3' splice site
5' splice site (“donor site”) point A (“acceptor site”)
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Figure 8-52 Spliceosomes. (A)
Electron micrograph of a chromatin
spread showing large
ribonucleoprotein particles
assembling at the 5 and 3’ splice site
regions to form a spliceosome. The
RNA transcripts are being produced
from a gene encoding a Drosophila
chorion protein, and the positions of
the splice sites on the primary RNA
transcript are known. As indicated in
the drawing (B), most of the RNA
transcripts have either one or two
large RNP particles near their 5 ends;
a schematic representation of the
gene is shown below the drawing,
When there are two particles on a
transcript [open circles in (B)], they
average 25 nm in diameter and occur
at or very near the positions of the 5’
and 3 splice sites for the single small
intron sequence (228 nucleotides
long) near the 5" end of the
transcripts. The more mature, longer
transcripts frequently display a single
larger particle [green circles in (B)] in
the region of the intron, which
probably results from the stable
association of the two smaller
particles and represents the
assembled spliceosome. Since in
some cases (including the example
shown in this figure) splicing occurs
while the 3" end of the RNA chain is
still being transcribed, the poly A at
the 3’ end of hnRNA molecules
cannot be required for splicing. The
hnRNP proteins have been removed
from these transcripts by the
spreading conditions used. (Adapted
from Y.N. Osheim, O.L. Miller, and
A.L. Beyer, Cell 43:143-151, 1985.

© Cell Press.)

Figure 8-53 Consensus sequences
for RNA splicing in higher
eucaryotes. The sequence given is
that for the RNA chain; the nearly
invariant GU and AG dinucleotides at
either end of the intron sequence are
highlighted in yellow (see also Figure
8-51).
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Multiple Intron Sequences Are Usually Removed
from Each RNA Transcript 3¢

Because the spliceosome seems mainly to work by recognizing the consensus
sequences that mark the two boundaries of an intron sequence (and for all in-
tron sequences these consensus sequences are alike), the 5 splice site (donor site)
at the end of any one intron sequence can in principle be spliced to the 3’ splice
site (acceptor site) of any other intron sequence. Indeed, when an RNA molecule
is created artificially, with donor and acceptor splice sites from different intron
sequences inserted into it, the intervening RNA is often recognized by the
spliceosome and removed.

In view of this result, it is surprising that vertebrate genes can contain as
many as 50 introns (see Table 8-1, p. 340). If any two 5’ and 3’ splice sites were
mispaired for splicing, some functional mRNA sequences would be lost, with
disastrous consequences. Somehow such mistakes are avoided: the RNA process-
ing machinery normally guarantees that each 5 splice site pairs only with the 3’
splice site that is closest to it in the downstream (5’-to-3") direction of the linear
RNA sequence (Figure 8-56). How this sequential pairing of splice sites is accom-
plished is not known, although the assembly of the spliceosome while the RNA
transcript is still growing (see Figure 8-52) is presumed to play a major part in
ensuring an orderly pairing of the appropriate splice sites. There is also evidence

Figure 8-55 Structure of the branched RNA chain that forms during
nuclear RNA splicing. The nucleotide shown in yellow is the A nucleotide
highlighted in Figure 8-54. The branch is formed in step 1 of the splicing
reaction illustrated there, when the 5’ end of the intron sequence couples
covalently to the 2’-OH ribose group of the A nucleotide, which is located
about 30 nucleotides from the 3’ end of the intron sequence. The branched
chain remains in the final excised intron sequence and is responsible for its
lariat form (see Figure 8-54).
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Figure 8-54 The RNA splicing
mechanism. RNA splicing is catalyzed
by a spliceosome formed from the
assembly of U1, U2, U5, and U4/U6
snRNPs (shown as green circles) plus
other components (not shown). After
assembly of the spliceosome, the
reaction occurs in two steps: in step 1
the branch-point A nucleotide in the
intron sequence, which is located
close to the 3’ splice site, attacks the
5’ splice site and cleaves it; the cut 5
end of the intron sequence thereby
becomes covalently linked to this A
nucleotide, forming the branched
nucleotide shown in Figure 8-55. In
step 2 the 3-OH end of the first exon
sequence, which was created in the
first step, adds to the beginning of the
second exon sequence, cleaving the
RNA molecule at the 3’ splice site; the
two exon sequences are thereby
joined to each other and the intron
sequence is released as a lariat. The
spliceosome complex sediments at
608, indicating that it is nearly as
large as a ribosome. These splicing
reactions occur in the nucleus and
generate mRNA molecules from
primary RNA transcripts (mRNA
precursor molecules).
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that the exact three-dimensional conformations adopted by the intron and exon
sequences in the RNA transcript are important. We shall see in Chapter 9, how-
ever, that this simple 5’-to-3’ splicing can be altered by specialized control
mechanisms that allow a single gene to produce several different mRNAs and
hence several different proteins.

Studies of Thalassemia Reveal How RNA Splicing
Can Allow New Proteins to Evolve %7

Recombinant DNA techniques have made humans with inherited diseases an
increasingly important source of material for genetic studies of cellular mecha-
nisms. In a group of human genetic diseases called the thalassemia syndromes,
for example, patients have an abnormally low level of hemoglobin—the oxygen-
carrying protein in red blood cells. The change in the DNA sequence has been
determined for more than 50 such mutants, and a large proportion of them have
been found to have alterations in the pattern of splicing of globin RNA transcripts.
Thus single nucleotide changes have been detected that inactivate a splice site.
Surprisingly, analysis of the mRNAs produced in these mutant individuals reveals
that the loss of a splice site does not prevent splicing but instead causes its nor-
mal partner site to seek out and become joined to a new “cryptic” site nearby;
often a number of alternative splices are made in these mutants, causing the
mutant gene to produce a set of altered proteins rather than just one (Figure 8-
57). Other single nucleotide changes create new splice sites by changing a se-
quence in an intron or an exon into a consensus splice site. These results dem-
onstrate that RNA splicing is a flexible process in higher eucaryotic cells, and they
suggest that changes in the splicing pattern caused by random mutations could
be andmportant pathway in the evolution of genes and organisms.

Spliceosome-catalyzed RNA Splicing Probably
Evolved from Self-splicing Mechanisms 38

When the lariat intermediate in nuclear RNA splicing was first discovered, it
puzzled molecular biologists. Why was this bizarre pathway used rather than the
apparently simpler alternative of bringing the 5’ and 3’ splice sites together in an
initial step, followed by their direct cleavage and rejoining? The answer seems to
lie in the way the spliceosome evolved.

RNA Synthesis and RNA Processing

Figure 8-56 Splicing the primary
RNA transcript from the chicken

ovalbumin gene. The drawing shows

the organized removal of seven
introns required to obtain a
functional mRNA molecule. The 5

splice sites (donor sites) are denoted

by D, and 3’ splice sites (acceptor
sites) are denoted by A.
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between exon 2 and exon 3
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multiple mRNAs with both
shortened and extended exon 1
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DESTROYS NORMAL POLYADENYLATION SIGNAL

AAAA

mRNA with abnormally long 3' untranslated region

mRNA with extended exon 3

As explained in Chapter 1, it is thought that early cells may have used RNA
molecules rather than proteins as their major catalysts and stored their genetic
information in RNA rather than DNA sequences. RNA-catalyzed splicing reactions
presumably played important roles in these early cells, and some self-splicing
RNA introns remain today—for example, in the nuclear rRNA genes of the cili-
ate Tetrahymena, in bacteriophage T4, and in some mitochondrial and chloro-
plast genes. A self-splicing intron sequence can be identified in a test tube by
incubating a pure RNA molecule that contains the intron sequence and observing
the splicing reaction; it can also be identified from the RNA sequence, inasmuch
as large parts of the intron sequence need to be conserved in order to fold to
create a catalytic surface in the RNA molecule. Two major classes of self-splic-
ing intron sequences can be readily distinguished in this way. Group I intron
sequences begin the splicing reaction by binding a G nucleotide to the intron
sequence; the G is thereby activated to form the attacking group that will break
the first of the phosphodiester bonds cleaved during splicing (the bond at the
5’ splice site). In group II intron sequences a specially reactive A residue in the
intron sequence is the attacking group, and a lariat intermediate is generated.
Otherwise the reaction pathways for the two types of sequences are the same.
Both are presumed to represent vestiges of very ancient mechanisms (Figure
8-58).

In the evolution of nuclear RNA splicing, the reaction pathway used by the
group II self-splicing intron sequences seems to have been retained, with the
catalytic role of the intron sequences being replaced by separate spliceosome
components. Thus the small RNAs U1 and U2, for example, may well be remnants
of catalytic RNA sequences that were originally present in intron sequences. Shift-
ing the catalysis from intron sequence to spliceosome presumably lifted most of
the constraints on the evolution of introns, allowing many new intron sequences
to evolve.

The Transport of mRNAs to the Cytoplasm Is Delayed
Until Splicing Is Complete 3

Finished mRNA molecules are thought to be recognized by receptor proteins in
the nuclear pore complex and to be transported actively to the cytoplasm (dis-
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Figure 8-57 Abnormal processing of
the [}-globin primary RNA transcript
in humans with (§ thalassemia. The
site of each mutation is denoted by a
black arrowhead. The dark blue boxes
represent the three normal exon
sequences illustrated previously in
Figure 8-51, and the red lines join the
5" and 3’ splice sites utilized in
splicing the primary RNA transcript
produced by the gene. The light blue
boxes depic( new nucleotide
sequences included in the final mRNA
molecule as a result of a mutation.
Note that when a mutation leaves a
normal splice site without a partner,
one or more abnormal “cryptic”
splice sites nearby are used as the
partner site, as in (C), (After S.H.
Orkin, in The Molecular Basis of
Blood Diseases |G. Stamatoyanno-
poulos et al., eds.], pp. 106-126.
Philadelphia: Saunders, 1987.)
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cussed in Chapter 12). The major proteins of the hnRNP particles and various
processing molecules bound to the RNA, by contrast, are largely confined to the
nucleus, although some of them pass into the cytoplasm with the transported
mRNA before being rapidly stripped from the RNA and returned to the nucleus
(Figure 8-59).

Studies of mutant yeasts suggest that for RNAs that have splice sites trans-
port out of the nucleus can occur only after the splicing reaction has been com-
pleted. When a mutation creates a defect in the splicing machinery so that splic-
ing cannot occur, unspliced mRNA precursors remain in the nucleus, while those
mRNAs that do not require splicing (which includes most of the mRNAs in this
single-cell eucaryote) are transported normally to the cytosol. This observation
suggests that RNAs may be retained in the nucleus by their bound spliceosome
components, which seem to form numerous large aggregates throughout the
nucleus of higher eucaryotes. These aggregates could serve as “splicing islands”
(Figure 8-60); although it is not known how they form or function, they may be

cytoplasmic
RNA-binding
proteins

nuclear pore ]
-~/ protein exchange

(A) (B) 200 nm

RNA Synthesis and RNA Processing

Figure 8-58 The two known classes
of self-splicing intron sequences. The
group I intron sequences bind a free
G nucleotide to a specific site to
initiate splicing (see Figure 3-21),
while the group II intron sequences
use a specially reactive A nucleotide
in the intron sequence itself for the
same purpose. The two mechanisms
have been drawn in a way that
emphasizes their similarities. Both are
normally aided by proteins that speed
up the reaction, but the catalysis is
nevertheless mediated by the RNA in
the intron sequence. The mechanism
used by group Il intron sequences
forms a lariat and resembles the
pathway catalyzed by the spliceosome
(compare to Figure 8-54). (After T.R.
Cech, Cell 44:207-210, 1986. © Cell
Press.)

Figure 8-59 The transport of mRNA
molecules through nuclear pores. (A)
Schematic illustration of the change
in the proteins bound to the RNA
molecule as it moves out of the
nucleus. (B) Electron micrograph of a
large mRNA molecule produced in an
insect salivary gland cell; this
molecule (arrow) has apparently been
caught in the process of moving to
the cytosol. (B, from B.]. Stevens and
H. Swift, J. Cell Biol. 31:55-77, 1966,
by copyright permission of the
Rockefeller University Press.)
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analogous to the nucleolus, a much larger and more prominent structure in the
nucleus, whose organization and function are better understood.

The nucleolus is the site where ribosomal RNA (rRNA) molecules are pro-
cessed from a larger precursor RNA and assembled into ribosomes by the binding
of ribosomal proteins. Before discussing nucleolar structure, however, we need
to consider how the precursor rRNA molecules are synthesized from rRNA genes.

Ribosomal RNAs (rRNAs) Are Transcribed from Tandemly
Arranged Sets of Identical Genes *°

Many of the most abundant proteins of a differentiated cell, such as hemoglo-

bin in the red blood cell and myoglobin in a muscle cell, are synthesized from

genes that are present in only a single copy per haploid genome. These proteins

are abundant because each of the many mRNA molecules transcribed from the '—wnm——'

gene can be translated into as many as 10 protein molecules per minute. This will

normally produce more than 10,000 protein molecules per mRNA molecule in  Figure 8-60 Possible splicing !

each cell generation. Such an amplification step is not available for the synthe-  islands. This immunofluorescence

sis of the intrinsic RNA components of the ribosome, however, since they are the ~ micrograph shows the staining of a

final gene products. Yet a growing higher eucaryotic cell must synthesize 10 ~ human fibroblast nucleus with a

million copies of each type of ribosomal RNA molecule in each cell generation monoclonal antibody that detects the

in order to construct its 10 million ribosomes. Adequate quantities of ribosomal snll'{l\.l P particlesinvolved in nuclear

RNAs, in fact, can be produced only because the cell contains multiple copies of fg;g;ﬁ:; ?:?;Eﬁ;g:zzdes aii

the rRNA genes that code for ribosomal RNAs. present in.large aggregates, which
Even E. coli needs seven copies of its rRNA genes to keep up with the cell's  ;.1d function as “splicing islands.”

need for ribosomes. Human cells contain about 200 rRNA gene copies per hap-  The antibody detects specific proteins

loid genome, spread out in small clusters on five different chromosomes, while that are present in several of the

cells of the frog Xenopus contain about 600 rRNA gene copies per haploid genome  snRNPs that function in the '

in a single cluster on one chromosome. In eucaryotes the multiple copies of the  spliceosome. (Courtesy of N.

highly conserved rRNA genes on a given chromosome are located in a tandemly ~ Ringertz.)

arranged series in which each gene (8000 to 13,000 nucleotide pairs long, depend-

ing on the organism) is separated from the next by a nontranscribed region

known as spacer DNA, which can vary greatly in length and sequence. We shall

see later that such multiple copies of tandemly arranged genes tend to co-evolve.

Figure 8-61 Transcription from

tandemly arranged rRNA genes,

as visualized in the electron )
microscope. The pattern of

alternating transcribed gene and |
nontranscribed spacer is readily seen

in the lower-magnification view in the

upper panel. The large particles at the

5’ end of each rRNA transcript (lower i
panel) are believed to reflect the

beginning of ribosome assembly; RNA .
polymerase molecules are also clearly

visible as a series of dots along the

DNA. (Upper panel, from V.E. Foe,

Cold Spring Harbor Symp. Quant.

Biol. 42:723-740, 1978; lower panel,

courtesy of Ulrich Scheer.)
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Because of their repeating arrangement, and because they are transcribed at
a very high rate, the tandem arrays of rRNA genes can easily be seen in spread
chromatin preparations. The RNA polymerase molecules and their associated
transcripts are so densely packed (typically about 100 per gene) that the tran-
scripts stick out perpendicularly from the DNA to give each transcription unit a
“Christmas tree” appearance (Figure 8-61). As noted earlier (see Figure 8-47), the
tip of each of these “trees” represents the point on the DNA at which transcrip-
tion begins and where the transcripts are thus shortest, while the other end of
the rRNA transcription unit is sharply demarcated by the sudden disappearance
of RNA polymerase molecules and their transcripts.

The rRNA genes are transcribed by RNA polymerase I, and each gene pro-
duces the same primary RNA transcript. In humans this RNA transcript, known
as 455 rRNA, is about 13,000 nucleotides long. Before it leaves the nucleus in
assembled ribosomal particles, the 455 rRNA is cleaved to give one copy each of
the 28S rRNA (about 5000 nucleotides), the 18S rRNA (about 2000 nucleotides),
and the 5.8S rRNA (about 160 nucleotides) of the final ribosome. The derivation
of these three rRNAs from the same primary transcript ensures that they will be
made in equal quantities. The remaining part of each primary transcript (about
6000 nucleotides) is degraded in the nucleus (Figure 8-62). Some of these extra
RNA sequences are thought to play a transient part in ribosome assembly, which
begins immediately as specific proteins bind to the growing 455 rRNA transcripts
in the nucleus.

Another set of tandemly arranged genes with nontranscribed spacers codes
for the 5S rRNA of the large ribosomal subunit (the only rRNA that is transcribed
separately). The 55 rRNA genes are only about 120 nucleotide pairs in length, and
like a number of other genes encoding small stable RNAs (most notably the trans-
fer RNA [tRNA] genes), they are transcribed by RNA polymerase IIIl. Humans have
about 2000 55 rRNA genes tandemly arranged in a single cluster far from all the
other rRNA genes. It is not known why this one type of rRNA is transcribed sepa-
rately.

The Nucleolus Is a Ribosome-producing Machine *°

The continuous transcription of multiple gene copies ensures an adequate supply
of the rRNAs, which are immediately packaged with ribosomal proteins to form
ribosomes. The packaging occurs in the nucleus, in a large, distinct structure
called the nucleolus. The nucleolus contains large loops of DNA emanating from
several chromosomes, each of which contains a cluster of rRNA genes. Each such
gene cluster is known as a nucleolar organizer region. Here the rRNA genes are
transcribed at a rapid rate by RNA polymerase I. The beginning of the rRNA pack-
aging process can be seen in electron micrographs of these genes: the 5’ tail of
each transcript is encased by a protein-rich granule (see Figure 8-61). These gran-

RNA Synthesis and RNA Processing

Figure 8-62 The processing of a 455
rRNA precursor molecule into three
separate ribosomal RNAs. Nearly half
of the nucleotide sequences in the
primary RNA transcript are degraded
in the nucleus.
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ules, which do not appear on other types of RNA transcripts, presumably reflect
the first of the protein-RNA interactions that take place in the nucleolus.

The biosynthetic functions of the nucleolus can be traced by briefly labeling
newly made RNA with *H-uridine. After varying intervals of further incubation
without *H-uridine, a cell fractionation procedure can be used to break the rRNA
genes free of their chromosomes, thereby allowing the radioactive nucleoli to be
isolated in relatively pure form (Figure 8-63). Such experiments show that the
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Figure 8-63 The nucleolus. This
highly schematic view of a nucleolus
in a human cell shows the
contributions of loops of chromatin
containing rRNA genes from 10
separate chromosomes. Purified
nucleoli are very useful for
biochemical studies of nucleolar
function; to obtain such nucleoli, the
loops of chromatin are mechanically
sheared from their chromosomes, as
shown.

Figure 8-64 The function of the
nucleolus in ribosome synthesis. The
458 rRNA transcript is packaged in a
large ribonucleoprotein particle
containing many ribosomal proteins
imported from the cytoplasm. While
this particle remains in the nucleolus,
selected pieces are discarded as it is
processed into immature large and
small ribosomal subunits. These two
subunits are thought to attain their
final functional form only as each is
individually transported through the
nuclear pores into the cytoplasm.
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intact 458 transcript is first packaged into a large complex containing many dif-
ferent proteins imported from the cytoplasm, where all proteins are synthesized.
Most of the 80 different polypeptide chains that will make up the ribosome, as
well as the 55 rRNAs, are incorporated at this stage. Other molecules are needed
to process the 455 rRNA and to guide the assembly process. Thus the nucleolus
also contains other RNA-binding proteins and certain small ribonucleoprotein
particles (including U3 snRNP) that are believed to help catalyze the construc-
tion of ribosomes. These components remain in the nucleolus when the ribo-
somal subunits are exported to the cytoplasm in finished form. An especially
notable component is nucleolin, an abundant, well-characterized RNA-binding
protein that seems to coat only ribosomal transcripts; this protein stains with
silver in the characteristic manner of the nucleolus itself.

As the 455 rRNA molecule is processed, it gradually loses some of its RNA and
protein and then splits to form separate precursors of the large and small ribo-
somal subunits (Figure 8-64). Within 30 minutes of radioactive pulse labeling, the

i first mature small ribosomal subunits, containing their 18S rRNA, emerge from
the nucleolus and appear in the cytoplasm. Assembly of the mature large ribo-
somal subunit, with its 28S, 5.8S, and 55 rRNAs, takes about an hour to complete.
The nucleolus therefore contains many more incomplete large ribosomal sub-
units than small ones.

The last steps in ribosome maturation occur only as these subunits are trans-
ferred to the cytoplasm. This delay prevents functional ribosomes from gaining
access to the incompletely processed hnRNA molecules in the nucleus.

The Nucleolus Is a Highly Organized Subcompartment

of the Nucleus #!

4 : ) : 4 Figure 8-65 Electron micrograph of
As seen in the light microscope, the large spheroidal nucleolus is the most ob- a thin section of & socleals 1

vious structure in the nucleus of a nonmitotic cell. Consequently, it was so closely human fibroblast, showing its three
scrutinized by early cytologists that an 1898 review could list some 700 references. distinct zones. (A) View of entire

' By the 1940s cytologists had demonstrated that the nucleolus contains high con- nucleus. (B) High-power view of the
' centrations of RNA and proteins, but its major function in ribosomal RNA syn- nucleolus. (Courtesy of E.G. Jordan
thesis and ribosome assembly was not discovered until the 1960s. and J. McGovern.)
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Some of the details of nucleolar organization can be seen in the electron
microscope. Unlike the cytoplasmic organelles, the nucleolus is not bounded by
a membrane; instead, it seems to be constructed by the specific binding of un-
finished ribosome precursors to one another to form a large network. In a typi-
cal electron micrograph three partially segregated regions can be distinguished
(Figure 8-65): (1) a pale-staining fibrillar center, which contains DNA that is not
being actively transcribed; (2) a dense fibrillar component, which contains RNA
molecules in the process of being synthesized; and (3) a granular component,
which contains maturing ribosomal precursor particles.

The size of the nucleolus reflects its activity. Its size therefore varies greatly
in different cells and can change in a single cell. It is very small in some dormant
plant cells, for example, but can occupy up to 25% of the total nuclear volume
in cells that are making unusually large amounts of protein. The differences in
size are due largely to differences in the amount of the granular component,
which is probably controlled at the level of ribosomal gene transcription: elec-
tron microscopy of spread chromatin shows that both the fraction of activated
ribosomal genes and the rate at which each gene is transcribed can vary accord-
ing to circumstances.

The Nucleolus Is Reassembled on Specific Chromosomes
After Each Mitosis **

The appearance of the nucleolus changes dramatically during the cell-division
cycle. As the cell approaches mitosis, the nucleolus first decreases in size and then
disappears as the chromosomes condense and all RNA synthesis stops, so that
generally there is no nucleolus in a metaphase cell. When ribosomal RNA syn-
thesis restarts at the end of mitosis (in telophase), tiny nucleoli reappear at the
chromosomal locations of the ribosomal RNA genes (Figure 8-66).

In humans the ribosomal RNA genes are located near the tips of each of
5 different chromosomes, as shown previously in Figure 8-32 (that is, on 10 of
the 46 chromosomes in a diploid cell). Correspondingly, 10 small nucleoli form
after mitosis in a human cell, although they are rarely seen as separate entities
because they quickly grow and fuse to form the single large nucleolus typical of
many interphase cells (Figure 8-67).

What happens to the RNA and protein components of the disassembled
nucleolus during mitosis? It seems that at least some of them become distributed
over the surface of all of the metaphase chromosomes and are carried as cargo
to each of the two daughter cell nuclei. As the chromosomes decondense at
telophase, these “old" nucleolar components help reestablish the newly emerging
nucleoli.
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Figure 8-66 Changes in the
appearance of the nucleolus in a
human cell during the cell cycle.
Only the cell nucleus is represented in
this diagram. In most eucaryotic cells
the nuclear membrane breaks down
during mitosis, as indicated by the
dashed circles.

Figure 8-67 Nuclear fusion.
These light micrographs of human
fibroblasts grown in culture show
various stages of nucleolar fusion.
(Courtesy of E.G. Jordan and

J. McGovern.)
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Figure 8-68 The polarized orientation of chromosomes in interphase
cells of the early Drosophila embryo. (A) Diagrams of the Rabl orientation,
with all centromeres facing one nuclear pole and all telomeres pointing
toward the opposite pole. In the embryo each nucleus is elongated as
shown. (B) Low-magnification light micrograph of a Drosophila embryo at
the cellular blastoderm stage. The chromosomes in each interphase
nucleus have been stained with a fluorescent dye. Note that the most
brightly staining region (the chromocenter), which is known to contain the
centromeric regions of each of the four chromosomes (see Figure 8-19), is
oriented toward the outer surface of the embryo and thus faces the apical
plasma membrane of every cell. (Courtesy of John Sedat.)

Individual Chromosomes Occupy Discrete Territories in
the Nucleus During Interphase **

As we have just seen, specific genes from separate interphase chromosomes are
brought together at a single site in the nucleus when the nucleolus forms. Are
other parts of chromosomes also nonrandomly ordered in the nucleus? First
raised by biologists in the late nineteenth century, this fundamental question still
has not been answered satisfactorily.

A certain degree of chromosomal order results from the configuration that
the chromosomes always have at the end of mitosis. Just before a cell divides, the
condensed chromosomes are pulled to each spindle pole by microtubules at-
tached to the centromeres; thus, as the chromosomes move, the centromeres lead
the way and the distal arms (terminating in telomeres) lag behind. The chromo-
somes in many nuclei tend to retain this so-called Rabl orientation throughout
interphase, with their centromeres facing one pole of the nucleus and their te-
lomeres pointing toward the opposite pole (Figure 8-68A). In some cases the
nucleus is specifically oriented in the cell: in the early Drosophila embryo, for
example, all the centromeres face apically (Figure 8-68B). Such fixed nuclear
orientations might have important effects on cell polarity, but it is difficult to
design experiments to test this possibility.

In most cells the various chromosomes are indistinguishable from one an-
other during interphase. Consequently, it is difficult to assess their arrangement
in more detail than just described. The giant interphase chromosomes of the
polytene cells of Drosophila larvae, however, are an exception. Here the indi-
vidual chromosome bands can be resolved clearly enough to determine the pre-
cise positions of specific genes in intact nuclei by microscopic optical-section-
ing and reconstruction techniques. The results of such analyses suggest that the
interphase chromosome set is not highly ordered: although the Rabl orientation
tends to be maintained, two apparently identical cells often have different chro-
mosomes as nearest neighbors.

RNA Synthesis and RNA Processing

SIDE VIEW
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VIEW FROM
CENTROMERE END
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Figure 8-69 A stereo pair that
displays the three-dimensional
arrangement of the polytene
chromosomes in a single nucleus of a
Drosophila larval gland cell. The
large ball is the nucleolus, and the
course of each chromosome arm is
represented by a line running along
the chromosome axis. The telomeres
tend to be on the surface of the
nuclear envelope opposite the surface
that is nearest the nucleolus, where
all the centromeres are located. The
chromosomes in such nuclei are
never entangled, but their detailed
foldings and neighbors are different
in otherwise identical nuclei. (For
viewing with crossed eyes; courtesy of
Mark Hochstrasser and John Sedat.)
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These analyses of polytene chromosomes have also indicated that each chro-
mosome occupies its own territory in the interphase nucleus—that is, the indi-
vidual chromosomes are not extensively intertwined (Figure 8-69). Other experi-
ments have shown that nonpolytene chromosomes also tend to occupy discrete
domains in interphase nuclei. In situ hybridization experiments with an appro-
priate DNA probe, for example, can outline a single chromosome in hybrid mam-
malian cells grown in culture (Figure 8-70). Most of the DNA of such a chromo-
some is seen to occupy only a small portion of the interphase nucleus, suggesting
that each individual chromosome remains compact and organized while allowing
selected portions of its DNA to be active in RNA synthesis.

How Well Ordered Is the Nucleus? 4

The interior of the nucleus is not a random jumble of its many RNA, DNA, and
protein components. We have seen that the nucleolus is organized as an efficient
ribosome-construction machine, and clusters of spliceosome components are
organized, possibly as discrete RNA-splicing islands (see Figure 8-60). Order is
also seen in the electron microscope when one focuses on the regions around
nuclear pores: the chromatin that lines the inner nuclear membrane (which is
unusually condensed chromatin and therefore clearly visible in electron micro-
graphs) is excluded from a considerable region beneath and around each nuclear
pore, clearing a path between the cytoplasm and the nucleoplasm (Figure 8-71).
In some special cases, moreover, the nuclear pores are found to be highly orga-
nized in the nuclear envelope (Figure 8-72), presumably reflecting a correspond-
ing organization of the nuclear lamina to which the pores are attached.

nuclear
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pore
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nucleus 1pm
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Figure 8-70 Selective labeling of a
single chromosome in a cultured
mammalian cell nucleus during
interphase. In {(A) and (B), an
interphase nucleus freed from its
cytoplasm is shown at the right, with
scattered mitotic chromosomes
released from a second cell on the
left. (A) The results of in situ
hybridization (using a fluorescent
probe) to outline the single human
chromosome in a human-hamster
hybrid cell line. The same preparation
is shown with all of the DNA labeled
with a second fluorescent dye in (B).
(C) Schematic drawing of the human
chromosome detected in the
interphase nucleus in (A), shown at a
somewhat larger scale. (A and B,
courtesy of Joyce A. Kobori and David
R. Cox.)

Figure 8-71 Electron micrograph of
a mammalian cell nucleus. Note that
the condensed chromatin underlying
the nuclear envelope is excluded from
regions around the nuclear pores.
(Courtesy of Larry Gerace.)
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Is there an intranuclear framework, analogous to the cytoskeleton, on which
nuclear components are organized? Many cell biologists believe there is. The
nuclear matrix, or scaffold, has been defined as the insoluble material left in the
nucleus after a series of biochemical extraction steps. Some of the proteins that
constitute it can be shown to bind specific DNA sequences called SARs or MARs
(for scaffold- or matrix-associated regions). Such DNA sequences have been pos-
tulated to form the base of chromosomal loops (see Figure 8-18). By means of
such chromosomal attachment sites, the matrix might help organize chromo-
somes, localize genes, and regulate DNA transcription and replication within the
nucleus. Because the structural components of the matrix have not yet been iden-
tified, however, it remains uncertain whether the matrix isolated by cell biolo-
gists represents a structure that is present in intact cells.

Summary

RNA polymerase, the enzyme that catalyzes DNA transcription, is a complex molecule
containing many polypeptide chains. In eucaryotic cells there are three RNA poly-
merases, designated polymerases I, Il, and I1I; they are evolutionarily related to one
another and to bacterial RNA polymerase, and they have some subunits in common.
After initiating transcription, each enzyme is thought to release one or more subunits
and to bind other subunits that are required for RNA chain elongation and termi-
nation.

Most of the cell’s mRNA is produced by a complex process beginning with the syn-
thesis of heterogeneous nuclear RNA (hnRNA). The primary hnRNA transcript is made
by RNA polymerase I1. It is then capped by the addition of a special nucleotide to its
5"end and is cleaved and then polyadenylated at its 3" end. The modified RNA mol-
ecules are usually then subjected to one or more RNA splicing events, in which intron
sequences are removed from the middle of the RNA molecule by a reaction catalyzed
by a large ribonucleoprotein complex known as a spliceosome. In this process most
of the mass of the primary RNA transcript is removed and degraded in the nucleus.
As a result, although the rate of production of hnRNA typically accounts for about
half of a cell’s RNA synthesis, the mRNA produced represents only about 3% of the
steady-state quantity of RNA in a cell.

Unlike genes that code for proteins, which are transcribed by polymerase II, the
genes that code for most structural RNAs are transcribed by polymerase I and I11.
These genes are usually repeated many times in the genome and are often clustered
in tandem arrays. RNA polymerase III makes a variety of small stable RNAs, including
the tRNAs and the small 55 rRNA of the ribosome. RNA polymerase I makes the large
rRNA precursor molecule (455 rRNA) containing the major rRNAs. Except for the ri-
bosomes in mitochondria and chloroplasts, all the cell's ribosomes are assembled in
the nucleolus—a distinct intranuclear organelle that is formed around the tandemly
arranged rRNA genes, which are brought together from several chromosomes.

The Organization and Evolution
of the Nuclear Genome

Much of evolutionary history is recorded in the genomes of present-day organ-
isms and can be deciphered from a careful analysis of their DNA sequences. Tens
of millions of DNA nucleotides have been sequenced thus far, and we can now
see in outline how the genes coding for certain proteins have evolved over hun-
dreds of millions of years. Studies of the occasional changes that occur in present-
day chromosomes provide additional clues to the mechanisms that have brought
about evolutionary change in the past. In this section we consider some of the
general principles that have emerged from such molecular genetic studies, with
emphasis on the organization and evolution of the nuclear genome in higher
eucaryotes.

The Organization and Evolution of the Nuclear Genome
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Figure 8-72 Freeze-fracture electron
micrograph of the elongated nuclear
envelope of a fern spore. Note the
ordered arrangement of the nuclear
pore complexes in parallel rows. In
other cells either concentrated
clusters of nuclear pores or unusual
areas free of nuclear pores have been
detected in the nuclear envelope, and
these are specifically oriented with
respect to other structures in the cell.
(Courtesy of Don H. Northcote; from
K. Roberts and D.H. Northcote,
Microsc. Acta 71:102-120, 1971.)
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Genomes Are Fine-tuned by Point Mutation and Radically
Remodeled or Enlarged by Genetic Recombination %3

DNA nucleotide sequences must be accurately replicated and conserved. In
Chapter 6 we discussed the elaborate DNA-replication and DNA-repair mecha-
nisms that enable DNA sequences to be inherited with extraordinary fidelity: only
about one nucleotide pair in a thousand is randomly changed every 200,000
years. Even so, in a population of 10,000 individuals, every possible nucleotide
substitution will have been “tried out” on about 50 occasions in the course of a
million years, which is a short span of time in relation to the evolution of spe-
cies. Much of the variation created in this way will be disadvantageous to the
organism and will be selected against in the population. When a rare variant
sequence is advantageous, however, it will be rapidly propagated by natural se-
lection. Consequently, it can be expected that in any given species the functions
of most genes will have been optimized by random point mutation and selection.
While point mutation is an efficient mechanism for fine-tuning the genome,
evolutionary progress in the long term must depend on more radical types of
genetic change. Genetic recombination causes major rearrangements of the ge-
nome with surprising frequency: the genome can expand or contract by dupli-
cation or deletion, and its parts can be transposed from one region to another
to create new combinations. Component parts of genes—their individual exons
and regulatory elements—can be shuffled as separate modules to create proteins i
that have entirely new roles. In addition, duplicated copies of genes tend to di-
verge by further mutation and become specialized and individually optimized for
subtly different functions. By these means the genome as a whole can evolve to
become increasingly complex and sophisticated. In a mammal, for example, |
multiple variant forms of almost every gene exist—different actin genes for the
different types of contractile cells, different opsin genes for the perception of '
lights of different colors, different collagen genes for the different types of con-
nective tissues, and so on. The expression of each gene is regulated according to
its own precise and specific rules. Moreover, DNA sequencing studies reveal that
many genes share related modular segments but are otherwise very different:
common sequence motifs are frequently found in otherwise unrelated proteins.
Genetic recombination, whereby one chromosome exchanges genetic ma- g
terial with another, is fundamental to the creation of such families of genes and \
gene segments. In Chapter 6 we discussed the molecular mechanisms of both
general recombination and site-specific recombination. Here we consider some '
of their effects on the genome.

Tandemly Repeated DNA Sequences Tend
to Remain the Same %6

Gene duplications are usually attributed to rare accidents catalyzed by some of
the enzymes that mediate normal recombination processes. Higher eucaryotes,
however, contain an efficient enzymatic system that joins the two ends of a bro-
ken DNA molecule together, so that duplications (as well as inversions, deletions,
and translocations of DNA segments) can also arise as a consequence of the er-
ratic rejoining of fragments of chromosomes that have somehow become bro-
ken in more than one place. When duplicated DNA sequences are joined head
to tail, they are said to be tandemly repeated. Once a single tandem repeat ap-
pears, it can be extended readily into a long series of tandem repeats by unequal
crossover events between two sister chromosomes, inasmuch as the large amount |
of matching sequence provides an ideal substrate for general recombination

(Figure 8-73). DNA duplication followed by sequential unequal crossing-over I
underlies DNA amplification, a process that often contributes to the formation

of cancer by increasing the number of copies of genes (proto-oncogenes) that |
promote cancer (see Figure 24-27).
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Tandemly repeated genes both increase and decrease in number due to
unequal crossing-over (see Figure 8-73). They therefore would be expected to be
maintained by natural selection in large numbers only if the extra copies were
beneficial to the organism. We have already discussed the hundreds of tandemly
repeated genes that code for the vertebrate large ribosomal RNA precursor; these
are needed to keep up with a growing cell’s demand for new ribosomes. Similarly,
vertebrates have clusters of tandemly repeated genes that encode other structural
RNAs, including 5S rRNA and the Ul and U2 snRNAs, as well as clusters of re-
peated histone genes, which produce the large amounts of histones required
during each S phase.

One might expect that in the course of evolution the sequences of the genes
in a tandem array—and of the nontranscribed spacer DNA between them—would
drift apart. With many copies of the same gene there should be little selection
against random mutations that alter one or a few of the copies, and most nucle-
otide changes in the long nontranscribed spacer regions would have no func
tional consequence. In fact, however, the sequences of the tandemly repeatec
genes and their spacer DNAs are generally almost identical. Two mechanisms are
thought to account for this. First, recurring unequal crossing-over events will
cause the continued expansion and contraction of tandem arrays, and computer
simulations show that this will tend to keep the sequences the same (Figure 8-
74A). Second, related DNA sequences can become homogenized through gene
conversion—the process whereby a portion of the DNA sequence is changed by
copying a closely similar sequence present at a different site in the genome, as
described in Chapter 6 (Figure 8-74B). Although gene conversion does not require
that the genes be tandemly repeated, in higher eucaryotes it seems to occur
mainly between genes that are close to each other.

The movement of one gene copy in a tandem array to a new chromosomal
location will protect it from both of the above homogenizing influences. Thus,
in higher eucaryotes accidental gene translocation is an important step in the
evolution of new genes: it allows the translocated DNA sequence to begin to
evolve independently, so that it can acquire new functions that might benefit the
organism.

The Evolution of the Globin Gene Family Shows
How Random DNA Duplications Contribute
to the Evolution of Organisms **

In addition to generating a number of sets of tandemly repeated genes, DNA
duplications have played a more important general role in the evolution of new
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Figure 8-73 A family of tandemly
repeated genes frequently loses and
gains gene copies due to unequal
crossing-over between sister
chromosomes containing the genes.
This type of event is frequent because
the long regions of homologous DNA
sequence are good substrates for the
general genetic recombination
process (discussed in Chapter 6).

Figure 8-74 Two types of events that
help to keep all DNA sequences in a
tandem array very similar to one
another. (A) The continual expansion
and contraction of the number of
gene copies in a tandem array caused
by unequal crossing-over (see Figure
8-73) tends to homogenize all of the
gene sequences in the array. (B) In
gene conversion one gene copy acts
as a template that passes all or part of
its DNA sequence to another gene
copy. In higher eucaryotes this
process seems to be confined largely
to genes that are next to each other
on the chromosome; in lower
eucaryotes such as fungi, where gene
conversion is most readily studied, it
is not confined to neighboring genes.
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proteins. The globin gene family provides a good example because its evolution-
ary history has been worked out particularly well. The unmistakable homologies
in amino acid sequence and structure among the present-day globin genes in-
dicate that they all must derive from a common ancestral gene, even though
some now occupy widely separated locations in the mammalian genome.

We can reconstruct some of the past events that produced the various types
of oxygen-carrying hemoglobin molecules by considering the different forms of
the protein in organisms at different levels on the phylogenetic scale. A molecule
like hemoglobin was necessary to allow multicellular animals to grow to a large
size, since large animals could no longer rely on the simple diffusion of oxygen
through the body surface to oxygenate their tissues adequately. Consequently,
hemoglobinlike molecules are found in all vertebrates and in many invertebrates.
The most primitive oxygen-carrying molecule in animals is a globin polypeptide
chain of about 150 amino acids, which is found in many marine worms, insects,
and primitive fish. The hemoglobin molecule in higher vertebrates, however, is
composed of two kinds of globin chains. It appears that about 500 million years
ago, during the evolution of higher fish, a series of gene mutations and duplica-
tions occurred. These events established two slightly different globin genes, cod-
ing for the o- and B-globin chains in the genome of each individual. In modern
higher vertebrates each hemoglobin molecule is a complex of two o chains and
two B chains (Figure 8-75). The four oxygen binding sites in the o,f; molecule
interact, allowing a cooperative allosteric change in the molecule as it binds and
releases oxygen, which enables hemoglobin to take up and to release oxygen
more efficiently than the single-chain version.

Still later, during the evolution of mammals, the B-chain gene apparently
underwent mutation and duplication to give rise to a second B-like chain that is
synthesized specifically in the fetus. The resulting hemoglobin molecule has a
higher affinity for oxygen than adult hemoglobin and thus helps in the transfer
of oxygen from the mother to the fetus. The gene for the new -like chain sub-
sequently mutated and duplicated again to produce two new genes, € and v, the
e chain being produced earlier in development (to form o.¢;) than the fetal y
chain, which forms o,y (see Figure 9-52). A duplication of the adult B-chain gene
occurred still later, during primate evolution, to give rise to a §-globin gene and
thus to a minor form of hemoglobin (028,) found only in adult primates (Figure
8-76). Each of these duplicated genes has been modified by point mutations that
affect the properties of the final hemoglobin molecule, as well as by changes in
regulatory regions that determine the timing and level of expression of the gene.

The end result of the gene duplication processes that have given rise to the
diversity of globin chains is seen clearly in the genes that arose from the origi-
nal B gene, which are arranged as a series of homologous DNA sequences located
within 50,000 nucleotide pairs of one another. A similar cluster of o-globin genes
is located on a separate human chromosome. Because the o- and -globin gene
clusters are on separate chromosomes in birds and mammals but are together
in the frog Xenopus, it is believed that a translocation event separated the two
genes about 300 million years ago (see Figure 8-76). As previously discussed, such
translocations probably help stabilize duplicated genes with distinct functions
by protecting them from the homogenizing processes that act on closely linked
genes of similar DNA sequence (see Figure 8-74).

There are several duplicated globin DNA sequences in the o- and B-globin
gene clusters that are not functional genes. They are examples of pseudogenes.
These have a close homology to the functional genes but have been disabled by
mutations that prevent their expression. The existence of such pseudogenes
should not be surprising since not every DNA duplication would be expected to
lead to a new functional gene. Moreover, nonfunctional DNA sequences are not
rapidly discarded, as indicated by the large excess of noncoding DNA in mam-
malian genomes, discussed previously.
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single-chain globin binds
one oxygen molecule
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EVOLUTION OF A
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CHAIN BY
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four-chain globin binds four
oxygen molecules in a
cooperative way

Figure 8-75 A comparison of the
structure of one-chain and four-
chain globins. The four-chain globin
shown is hemoglobin, which is a
complex of two «- and two B-globin
chains. The one-chain globin in some
primitive vertebrates forms a dimer
that dissociates when it binds oxygen,
representing an intermediate in the
evolution of the four-chain globin.
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A great deal of our evolutionary history will be discernible in our chromo-
somes once the DNA sequences of many gene families have been compared in
different animals (see also Figure 7-4).

Genes Encoding New Proteins Can Be Created by the
Recombination of Exons *°

The role of DNA duplication in evolution is not confined to the generation of gene
families. It can also be important in generating new single genes. The proteins
encoded by genes generated in this way can be recognized by the presence of
repeating, similar protein domains, which are covalently linked to one another
in series. The immunoglobulins (Figure 8-77) and albumins, for example, as well
as most fibrous proteins (such as the collagens) are encoded by genes that have
evolved by repeated duplications of a primordial DNA sequence.

In genes that have evolved in this way, as well as in many other genes, each
separate exon often encodes an individual protein folding unit, or domain. It
is believed that the organization of DNA coding sequences as a series of such
exons separated by long introns has greatly facilitated the evolution of new pro-
teins. The duplications necessary to form a single gene coding for a protein with
repeating domains, for example, can occur by breaking and rejoining the DNA
anywhere in the long introns on either side of an exon encoding a useful protein
domain; without introns there would be only a few sites in the original gene
at which a recombinational exchange between sister DNA molecules could
duplicate the domain. By enabling the duplication to occur at many potential
recombination sites rather than at just a few, introns increase the probability of
a favorable duplication event.

For the same reason, the presence of introns greatly increases the probability
that a chance recombination event will generate a functional hybrid gene by
joining two initially separated DNA sequences that code for different protein
domains in such a way that both domains are preserved in the new protein that
the hybrid gene encodes (see Figure 8-81, for example). The presumed results of
such recombinations are seen in many present-day proteins (see Figure 3-43).
Thus the large separation between the exons encoding individual domains in
higher eucaryotes is thought to accelerate the process by which random genetic-
recombination events generate useful new proteins. This could help to explain
the successful evolution of these very complex organisms.

Most Proteins Probably Originated
from Highly Split Genes **

The discovery in 1977 of genes split up by introns was unexpected. Previously all
genes analyzed in detail were bacterial genes, which lack introns. Bacteria also
lack nuclei and internal membranes and have smaller genomes than eucaryotic
cells, and traditionally they were considered to resemble the simpler cells from
which eucaryotic cells must have been derived. Not surprisingly, most biologists
initially assumed that introns were a bizarre and late evolutionary addition to the
eucaryotic line. It now seems likely, however, that split genes are the ancient
condition and that bacteria lost their introns only after most of their proteins had
evolved.

“ The idea that introns are very old is consistent with current concepts of pro-
tein evolution by the trial-and-error recombination of separate exons that encode
distinct protein domains. Moreover, evidence for the ancient origin of introns has
been obtained by examination of the gene that encodes the ubiquitous enzyme
triosephosphate isomerase. Triosephosphate isomerase has an essential role in the
metabolism of all cells, catalyzing the interconversion of glyceraldehyde-3 phos-
phate and dihydroxyacetone phosphate—a central step in glycolysis and gluco-
neogenesis (see Figure 2-21). By comparing the amino acid sequence of this en-
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Figure 8-76 An evolutionary scheme
for the globin chains that carry
oxygen in the blood of animals. The
scheme emphasizes the p-like globin
gene family. A relatively recent gene
duplication of the y-chain gene
produced y© and yA, which are fetal
B-like chains of identical function.
The location of the globin genes in
the human genome is shown at the
top of the figure.
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Figure 8-77 Schematic view of an
antibody (immunoglobulin)
molecule. This molecule is a complex
of two identical heavy chains and two
identical light chains. Each heavy
chain contains four similar, covalently
linked domains, while each light
chain contains two such domains.
Each domain is encoded by a separate
exon, and all of the exons are thought
to have evolved by the serial
duplication of a single ancestral exon.
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zyme in various organisms, it is possible to deduce that the enzyme evolved
before the divergence of procaryotes and eucaryotes from a common ancestor;
the human and bacterial amino acid sequences are 46% identical. The gene
encoding the enzyme contains six introns in vertebrates (chickens and humans),
and five of these are in precisely the same positions in maize. This implies that
these five introns were present in the gene before plants and animals diverged
in the eucaryotic lineage, an estimated 10° years ago (Figure 8-78).

In general, small unicellular organisms are under a strong selection pressure
to reproduce by cell division at the maximum rate permitted by the levels of
nutrients in the environment. To do this, they must minimize the amount of
unnecessary DNA that they have to synthesize in each cell-division cycle. For
larger organisms that live by predation, where size is an advantage, and for
multicellular organisms in general, where rates of cell division are constrained
by other requirements, there will not be such strong selection pressure to elimi-
nate superfluous DNA from the genome. This argument may help to explain why
bacteria should have lost their introns while eucaryotes have retained them. It
also helps to explain why the multicellular fungus Aspergillus has five introns in
its triosephosphate isomerase gene, whereas its unicellular relative, the yeast
Saccharomyces, has none.

What is the mechanism by which introns are lost? Precise loss of introns
would occur only rarely by piecemeal random deletions of short segments of
DNA, yet precise and selective loss of introns seems not uncommon in eucary-
otic cells (and perhaps was also frequent in the ancestors of bacteria). Whereas
most vertebrates contain only a single insulin gene with two intron sequences,
rats, for example, contain a second, neighboring insulin gene with only one in-
tron. The second gene apparently arose by gene duplication relatively recently
and subsequently lost one of its introns. Because intron loss requires the exact
rejoining of DNA coding sequences, the most likely source of the information
needed for such an event is an mRNA transcript of the original gene, from which
the intron sequences will have been precisely removed. We know that messen-
ger RNAs may be copied back into DNA through the activity of reverse tran-
scriptases (see p. 282), and it is thought that recombination enzymes on occasion
allow these DNA copies to become paired with the original sequence, which is
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Figure 8-78 The ancient origin of
split genes. (A) A comparison of the
exon structure of the triosephosphate
isomerase gene in plants and animals.
The intron positions that are identical
in maize (corn) and vertebrates are
marked with green arrowheads, while
the intron positions that differ are
marked with blue arrowheads. Since
plants and animals are thought to
have diverged from a common
ancestor about a billion years ago, the
introns that they share must be of
very ancient origin. (B) An outline of
how a particular gene may have
evolved. The exon sequences are
shown in red and the intron
sequences in gray. The gene
illustrated here codes for a
hypothetical protein that is required
in all cells. Like triosephosphate
isomerase, this protein is assumed to
have evolved to its final three-
dimensional structure before the
eubacterial, archaebacterial, and
eucaryotic lineages split off from a
common ancestor cell—designated
here as a “progenote.” The dotted
green line marks the approximate
time of the endosymbiotic events
that gave rise to mitochondria and
chloroplasts (see pp. 20-21). (A, after
W. Gilbert, M. Marchionni, and

G. McKnight, Cell 46:151-154, 1987.
© Cell Press.)
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then “corrected” to an intronless form by a gene-conversion type of event. This
pathway of intron loss has been demonstrated in the laboratory using the pow-
erful genetic tools available in the yeast S. cerevisiae.

Reverse transcriptases are not needed for the central genetic pathways, but
they are produced in cells by specific transposable elements (see Table 8-4) as
well as by all retroviruses. The generation of DNA copies of segments of the ge-
nome by reverse transcription has contributed in several ways to the evolution
of the genomes of higher organisms, as we discuss later.

A Major Fraction of the DNA of Higher Eucaryotes Consists
of Repeated, Noncoding Nucleotide Sequences *°

Eucaryotic genomes contain not only introns but also large numbers of copies
of other seemingly nonessential DNA sequences that do not code for protein. The
presence of such repeated DNA sequences in higher eucaryotes was first revealed
by a hybridization technique that measures the number of gene copies. In this
procedure the genome is broken mechanically into short fragments of DNA
double helix about 1000 nucleotide pairs long, and the fragments are then de-
natured to produce DNA single strands. The speed with which the single-
stranded fragments in the mixfture reanneal under conditions in which the
double-helical conformation is stable depends on how long it takes each frag-
ment to find a complementary fragment to pair with, which in turn depends on
the concentration of suitable fragments in the mixture. For the most part, the
reaction is very slow. The haploid genome of a mammalian cell, for example, is
represented by about 6 million different 1000-nucleotide-long DNA fragments,
and any fragment whose sequence is present in only one copy must randomly
collide with 6 million noncomplementary strands for every complementary part-
ner strand that it happens to find.

When the DNA from a human cell is analyzed in this way under conditions
that require near perfect matching (high stringency conditions, see Figure 7-17),
about 70% of the DNA strands reanneal as slowly as one would expect for a large
collection of unique (nonrepeated) DNA sequences, requiring days for complete
annealing. But most of the remaining 30% of the DNA strands anneal much more
quickly. These strands contain sequences that are repeated many times in the
genome, and they thus collide with a complementary partner relatively rapidly.
Most of these highly repeated DINA sequences do not encode proteins, and they
are of two types: about one-third are the tandemly repeated satellite DNAs, to be
discussed next; the rest are interspersed repeated DNAs. As we shall see, most of
the latter DNAs derive from a few transposable DNA sequences that have mul-
tiplied to especially high copy numbers in the human genome.

Satellite DNA Sequences Have No Known Function %

The most rapidly annealing DNA strands in an experiment of the type just de-
scribed usually consist of very long tandem series of repetitions of a short
nucleotide sequence (Figure 8-719). The repeat unit in a sequence of this type may
be composed of only one or two nucleotides, but most repeats are longer, and
in mammals they are typically composed of variants of a short sequence
orgamized into a repeat of a few hundred nucleotides. These tandem repeats of
a simple sequence are called satellite DNAs because the first DNAs of this type
to be discovered had an unusual ratio of nucleotides that made it possible to
separate them by density-gradient centrifugation from the bulk of the cell's DNA
as a minor component (or “satellite”). Satellite DNA sequences generally are not
transcribed and are located most often in the heterochromatin associated with
the centromeric regions of chromosomes. In some mammals a single type of
satellite DNA sequence constitutes 10% or more of the DNA and may even
occupy a whole chromosome arm, so that the cell contains millions of copies of
the basic repeated sequence.

The Organization and Evolution of the Nuclear Genome

Sarepta Exhibit 1056, page 105

391

P T L B DHI fle Lo it



DNA

ATAAACTATAAACTATAAACT
5' Ee ,,

TATTTGATATTTGATATTTGA

Satellite DNA sequences seem to have changed unusually rapidly and even
to have shifted their positions on chromosomes in the course of evolution. When
two homologous mitotic chromosomes of any human are compared, for example,
some of the satellite DNA sequences usually are found arranged in a strikingly
different manner on the two chromosomes. Moreover, in contrast to the high
degree of conservation of DNA sequences elsewhere in the genome, generally
there are marked differences in the satellite DNA sequences of two closely related
species. No function has yet been found for satellite DNA sequences: tests de-
signed to demonstrate a role in chromosome pairing or nuclear organization have
failed thus far to reveal any evidence for such a role. It has therefore been sug-
gested that they are an extreme form of “selfish DNA” sequences, whose prop-
erties ensure their own retention in the genome but which do nothing to help the
survival of the cells containing them. Other sequences that are commonly viewed
as selfish are the transposable elements, which we discuss next.

The Evolution of Genomes Has Been Accelerated by
Transposable Elements 5!

Genomes generally contain many varieties of transposable elements. These seg-
ments of DNA were first discovered in maize, where several have been sequenced
and characterized. Eucaryotic transposable elements have been studied most
extensively in Drosophila, where more than 30 varieties are known, varying in
length between 2000 and 10,000 nucleotide pairs; most are present in 5 to 10
copies per diploid cell.

At least three broad classes of transposable elements can be distinguished
by the peculiarities of their sequence organization (Table 8-4). Some elements
move from place to place within chromosomes directly as DNA, while many oth-
ers move via an RNA intermediate, as described in Chapter 6. In either case they

Figure 8-79 Satellite DNA. A simple
satellite DNA sequence from
Drosophila is shown. It consists of
many serially arranged repetitions of
a sequence seven nucleotide pairs
long, and it occurs millions of times in
the Drosophila haploid genome.

Table 8-4 Three Major Families of Transposable Elements

Genes in Complete

Structure Element Mode of Movement

Examples

encodes transposase

short inverted repeats
at each end

moves as DNA, either excising or
following a replicative pathway

P element (Drosophila)
Ac-Ds (maize)

Tn3 and IS1 (E. coli)
Tam3 (snapdragon)

encodes reverse
transcriptase and
resembles retrovirus

= -
directly repeated long terminal
repeats (LTRs) at ends

moves via an RNA intermediate
produced by promoter in LTR

Copia (Drosophila)
Ty (yeast)

THE-1 (human)
Bsl (maize)

encodes reverse
Poly A at 3’ end of RNA el o
transcript; 5" end is often

truncated

moves via an RNA intermediate
that is presumably produced
from a neighboring promotor

F element (Drosophila)
L1 (human)
Cin4 (maize)

These elements range in length from 2000 to about 12,000 nucleotide pairs; each family contains many members, only a few of which are listed

here.
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can multiply and spread from one site in a genome to a multitude of other sites,
sometimes behaving as disruptive parasites.

Transposable elements seem to make up at least 10% of higher eucaryotic
genomes. Although most of these elements move only very rarely, there are so
many elements that their movement has a major effect on the variability of a
species. More than half of the spontaneous mutations examined in Drosophila,
for example, are due to the insertion of a transposable element in or near the
mutant gene.

Mutations can occur either when an element inserts into a gene or when it
exits to move elsewhere. All known transposable elements cause a short “target-
site duplication” because of their mechanism of insertion (see Figure 6-70); when
they exit, they generally leave behind part of this duplication—often with other
local sequence changes as well (Figure 8-80). Thus, as transposable elements
move in and out of chromosomes, they cause a variety of short additions and
deletions of nucleotide sequences.

Transposable elements have also contributed to genome diversity in another
way. When two transposable elements that are recognized by the same site-spe-
cific recombination enzyme (fransposase) integrate into neighboring chromo-
somal sites, the DNA between them can become subject to transposition by the
transposase. Because this provides a particularly effective pathway for the dupli-
cation and movement of exons (exon shuffling), these elements can help to create
new genes (Figure 8-81).

Transposable Elements Often Affect Gene Regulation 52

A DNA sequence rearrangement caused by a transposable element is often ob-
served to alter the timing, level, or spatial pattern of expression of a nearby gene

transposable elements

GENE A containing two similar
transposable elements in introns

terminal
FREE M ANOMALOUS EXCISION OF EXON 2A

BY TRANSPOSASE RECOGNIZING
TERMINAL REPEATS

exon 2A exon 1B exon 2B exon 3B
X \ /
fragment of # normal
GENE A GENE B
INSERTION INTO MIDDLE OF GENE B

exon 1B exon 2B exon 2A exon 3B

GENE B with
extra exon
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Figure 8-80 Some changes in
chromosomal DNA sequences caused
by transposable elements. The
insertion of a transposable element
always produces a short target-site
duplication of the chromosomal
sequence, which is generally 3 to 12
nucleotide pairs in length depending
on the identity of the element. The
site-specific recombination enzymes
associated with the element can also
cause its subsequent excision, which
often fails to restore the original
chromosomal DNA sequence, as in
the four examples shown.

Figure 8-81 An example of the exon
shuffling that can be caused by
transposable elements. When two
elements of the same type (red DNA)
happen to insert near each other in a
chromosome, the transposition
mechanism may occasionally use the
ends of two different elements
(instead of the two ends of the same
element) and thereby move the
chromosomal DNA between them to
a new chromosomal site. Since
introns are very large relative to
exons, the illustrated insertion of a
new exon into a preexisting intron is a
frequent outcome.
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without affecting the sequence of the protein or RNA molecule that the gene
encodes. This can change a subtle aspect of animal or plant development, such
as the shape of an eye or a flower. While most of these changes in gene regula-
tion would be expected to be detrimental to an organism, some of them will bring
benefits and therefore tend to spread through the population by natural selec-
tion.

Effects on gene regulation are common, partly because the movement of a
transposable element will generally bring with it new sequences that act as bind-
ing sites for sequence-specific DNA-binding proteins, including a transposase
and the proteins that regulate the transcription of the transposable element DNA.
These sequences can thereby act as regulatory sequences called enhancers (see
p. 422) to affect the transcription of nearby genes. Similar effects commonly con-
tribute to the evolution of cancer cells, where oncogenes can be created by the
transposition of such regulatory sequences into the neighborhood of a proto-
oncogene, as we discuss in Chapter 24.

The organization of higher eucaryotic genomes, with long noncoding DNA
sequences interspersed with comparatively short coding sequences, provides an
accommodating “playground” for the integration and excision of mobile DNA
sequences. Because gene transcription can be regulated from distances that are
tens of thousands of nucleotide pairs away from a promoter, many of the result-
ing changes in the genome would be expected to affect gene expression; by con-
trast, relatively few would be expected to disrupt the short exons that contain the
coding sequences.

Might the vast excess of noncoding DNA in higher eucaryotes have been
favored by selection during evolution because of the regulatory flexibility that it
has provided to organisms with a large variety of transposable elements? What
is known about the regulatory systems that control higher eucaryotic genes is
consistent with this possibility. Enhancers, like exons, seem to function as sepa-
rate modules, and the activity of a gene depends on a summation of the influ-
ences received at its promoter from a set of enhancers (see Figure 9-44). Trans-
posable elements, by moving such enhancer modules around in a genome, may
allow gene regulation to be optimized for the long-term survival of the organism.

Transposition Bursts Cause Cataclysmic Changes in
Genomes and Increase Biological Diversity %3

Another unique feature that distinguishes transposable elements as mutagens is
their tendency to undergo long quiescent periods, during which they remain fixed
in their chromosomal positions, followed by a period of intense movement. Their
transposition, and therefore their mutagenic action, is activated from time to time
in a few individuals in a population of organisms. Such cataclysmic changes in
genomes, called transposition bursts, can involve near simultaneous transposi-
tions of several types of transposable elements. Transposition bursts were first
observed in developing maize plants that were subjected to repeated chromo-
some breakage. They also are observed in crosses between certain strains of
flies—a phenomenon known as hybrid dysgenesis. When they occur in the germ
line, they induce multiple changes in the genome of an individual progeny fly or
plant.

By simultaneously changing several properties of an organism, transposition
bursts increase the probability that two new traits that are useful together but of
no selective value by themselves will appear in a single individual in a popula-
tion. In several types of plants there is evidence that transposition bursts can be
activated by a severe environmental stress, generating a variety of randomly
modified progeny organisms, some of which may be better suited than the parent
to survive in the new conditions. It seems that, at least in these plants, a mecha-
nism has evolved to activate transposable elements to serve as mutagens that
produce an enhanced range of variant organisms when this variation is most
needed. Thus transposable elements are not necessarily just disruptive parasites;
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rather, they may on occasion act as useful symbionts that aid the long-term sur-
vival of the species whose genomes they inhabit.

About 10% of the Human Genome Consists of Two
Families of Transposable Elements 54

Primate DNA is unusual in at least one respect: it contains a remarkably large
number of copies of two transposable DNA sequences that seem to have over-
run our chromosomes. Both of these sequences move by an RNA-mediated pro-
cess that requires a reverse transcriptase. One is the L1 transposable element,
which resembles the F element in Drosophila and the Cin4 element in maize and
encodes a reverse transcriptase (see Table 8-4, p. 392). Transposable elements
have generally evolved with feedback control systems that severely limit their
numbers in each cell (thereby saving the cell from potential disaster); the L1
element in humans, however, constitutes about 4% of the mass of the genome.

Even more abundant is the Alu sequence, which is very short (about 300
nucleotide pairs) and moves like a transposable element, creating target-site du-
plications when it inserts. It was derived, however, from an internally deleted
host-cell RNA gene (7SL), which encodes the RNA component of the signal-rec-
ognition particle (SRP) that functions in protein synthesis (see Figure 12-39); it
is therefore not clear whether the Alu sequence should be considered a transpos-
able element or an unusually mobile pseudogene. It is present in about 500,000
copies in the haploid genome and constitutes about 5% of human DNA; thus
it is present on average about once every 5000 nucleotide pairs. The Alu DNA
is transcribed from the 7SL RNA promoter, a polymerase-III promoter that is
internal to the transcript, so that it carries the information necessary for its own
transcription wherever it moves. It needs a reverse transcriptase encoded else-
where, however, to transpose.

Comparisons of the sequence and locations of the L1- and Alu-like sequences
in different mammals suggest that these sequences have multiplied to high copy
numbers relatively recently (Figure 8-82). It is hard to imagine that these highly
abundant sequences scattered throughout our genome have not had major ef-
fects on the expression of many nearby genes. How many of our uniquely human
qualities, for example, do we owe to these parasitic elements?

Summary

The functional DNA sequences in the genomes of higher eucaryotes appear to be con-
structed from small genetic modules of at least two kinds. Modules of coding sequence
are combined in many ways to produce proteins, whereas modules of regulatory se-
quences are scattered throughout long streiches of noncoding sequences and regu-
late the expression of genes. Both the coding sequences and the regulatory sequences
are typically present in modules that are less than a few hundred nucleotide pairs
long, which together account for only a small proportion of the total DNA.

A variety of genetic-recombination processes occur in genomes, causing the ran-
dom duplication and translocation of DNA sequences. Some of these changes create
duplicates of entire genes, which can then evolve new functions. Others produce new
proteins by shuffling exons or alter the expression of old genes by exposing them to
new regulatory sequences. This type of DNA sequence shuffling, which is of great im-
portance for the evolution of organisms, is greatly facilitated by the split structure of
higher eucaryotic genes and by the fact that these genes are often controlled by dis-
tant regulatory sequences.

Many types of transposable elements are present in genomes. Collectively, they
constitute more than 10% of the mass of both Drosophila and vertebrate genomes.
Occasionally, transposition bursts occur in germ cells and cause many heritable
changes in gene expression in the same individual. Transposable elements are
thought to have had a special evolutionary role in the generation of organismal di-
versity.

The Organization and Evolution of the Nuclear Genome

human Aly mouse B1
sequences sequences
I ] =
500,000 100,000

copies copies

millions of years ago

Figure 8-82 The proposed pattern of
evolution of the abundant Alu
sequence found in the human
genome. A related transposable
element, B1, is found in the mouse
genome. Both of these transposable
DNA sequences are thought to have
evolved from the essential 7SL RNA
gene. Based on the species
distribution and sequence homology
of these highly repeated elements,
however, the major expansion in copy
numbers seems to have occurred
independently in mice and humans.
(Adapted from P.L. Deininger and
G.R. Daniels, Trends Gen. 2:76-80,
1986.)
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Position-dependent patterns of gene expression in four different transgenic Drosophila
embryos. Each embryo has a single copy of a bacterial B-galactosidase gene inserted into
its genome. Depending on the chromosomal insertion site, nearby Drosophila enhancers
cause the gene to be expressed in a pattern that corresponds either to (A) trachea and
mesectoderm, (B) nervous system, (C) glial cells of the central nervous system plus a
segmentally repeating pattern, or (D) muscle. (Courtesy of Yuh-Nung Jan.)
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