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Recombinant DNA 
Technology 

Unril 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 ceU 10 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 ir, and ro determine rhe se­
quence of irs 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. \'/ith more difficul_ty, the redesigned gene 
can be inserted into the germ line of an animal or plant, so as 10 become o func­
tional and heritable part of the organism's genome. 

These technical breakthroughs have had a dramalic 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 who I~ 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 detennine 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 techrtiques, some new 
and some borrowed from other fields such as microbial genetics (Table 7-1). The 
most important of these techniques are the following: 

I. Cleavage of DNA at specific sites by resrriction nuclerues, 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 llybrfdization, which makes it possible to fmd a specific se­
quence of DNA or RNA with great accuracy and sensitivity on the basis of 
its abWty to bind a complementary nucleic acid sequence. 

7 
• The Fragmentadon, 

Separadon, and Sequencing 
or DNA Molecules 

• Nucleic Acid Hybrtdlzadon 

• DNAQonlng 

• DNAEnglneertng 

2.91 
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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 1 

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 rathe.r 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 propert.ies. Moreover, even if a purification 
scheme could be devised, vast amounts of DNA would be needed to yield enough 
of any particular gene 10 be useful for further experiments. 

The solution to all of these problems began to emerge with the discovery of 
resrriction 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 stricliy 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 lhe Development of Recombinant DNA Technology 

1869 Mlescher isolated DNA for the first time. 
1944 Avery provided evidence that ONA, 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 Wll.klns. 
1957 Kornberg discovered DNA polymerase, the enzyme now used to 

produce labeled DNA probes. 
1961 Marrnur and Doty discovered DNA renaturation, establishing the 

specificity and feasibility of nucleic acid hybridization reactions. 
I 962 Arbcr 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 ofBoyer, 

Cohen, Berg, and their colleagues at Stanford University and the 
University of California at San Francisco. 

1975 Soulhern developed gel-transfer hybrld.lzation for the detection of 
specific DNA sequences. 

1975-1977 Sanger and Barrell and Maxam and Gilbert developed rapid DNA­
sequencing me1hods. 

1981-1982 Palmiter and Drlnster produced transgenic mke; Spradling and Rubin 
produced uansgenlc fruit flies. 

1985 Mullls and co-workers Invented the polymerase chain reaction (PCR). 

292 Chapter 7 : Recombinant DNA Technology 
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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 shon region of helix that 
Is recognized). The enzymes cut the 
two strands of DNA at or near the 
recognition sequence. For some 
enzymes, such as Hpa I, the cleavage 
leaves blunt ends; for others, such as 
Eco RI. Hind Ill, and Pst I, the 
cleavage Is staggered and creates 
cohesive ends. Restriction nucleases 
are obtained from various species of 
bacteria: Hpa I ls from Hemopl1ilw 
parainfluenzae. Eco RI Is from 
Escherichia coli, Hind Ill ls from 
Hemophilw lnjluenzae, and Pst I ls 
from Providencia ,1uar1il 
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be used as a basis for panially purifying the gene from a mixture. Most impor­
tant, th~ DNA fragment usually serves as the starting material for the production 
or the highly purified gene in unlimited amounts by DNA cloning. 

We begin this section by discussing how restriction nucleases are used 10 
produce specific DNA fragments and how these (and other) DNA molecules are 
separated according to th.eir size. We then explain how, after the purification and 
amplification of a DNA fragment by DNA cloning. this DNA can be sequenced 10 
determine the order or 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 ONA. Each such nuclease recognizes a specific 
sequence of four to eight nucleotides in DNA. These sequences, where th.ey occu.r 
in the genome or 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 or restriction nucleases have been purified from various species or 
bacteria; more than 100, most of which recognize different nucleotide sequences, 
are now available commercially. 

Some restriction oucleases produce staggered cuts, which leave shon single­
stranded tails at the two ends of each fragment (Figure 7-11. Ends of this type are 
known as cohesive ends, as each tail can form complementary base pai.rs 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 \-.rith the same restric­
tion nuclease (or with another nuclease that produces the same cohesive ends). 
ONA molecules produced by splicing together two or more DNA fragments in this 
way are called recombi11an1 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 panicular restriction nuclease \-.rill cut any double-helical DNA molecule ex­
tracted from a cell into a series or specific DNA fragments (known os restr/c1io11 
fragments). By comparing the sizes of the DNA fragments produced from a par­
ticula.r genetic region after treatment with a combination or different restriction 
nucleases, a restriction map or that region can be constructed sho\-.ring the lo­
cation or each cutting (restriction) site In relation to neighboring resuictlon sites 
(Figure 7-3). The different shon DNA sequences recognized by different restric­
tion nucleases serve as convenlent markers, and the restriction map reflects their 
arrangement in the region. This allows one to com pa.re the same region or DNA 
in different individuals (by com pa.ring their restriction maps) without having 10 
determine the nucleotide sequences in detail. By comparing the restriction maps 
illustrated In Figure 7--4, 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 mill.ion years since these species 
first diverged. Restriction maps are also used In DNA cloning and DNA engineer­
ing, where they make it possible 10 locate a gene or interest on a panicular re­
s1rlc1Jon fragment and thus facllltale its isolation. 

Gel Electrophoresis Separates DNA Molecules 
of Different Sizes 4 

In the early 1970s It was found that the length and purity or DNA molecules could 
be accurately determined by the same types of gel electrophoresis methods that 

The Fragmentation, Separation, and Sequencing of DNA Molecule, 

r:c:rIIT : : : I 
lTAA 

T AA T 3. 
··••ms• 
ATAT 3' 

+••··ms• 
AAT T J' 
111•ms• 
TTAA 3' 
··••ms• I ■nnu,;ng 

AA TT 3. 
~'.TITilJ I I tms• 

TTAA 

+ 

T AA T J' 
iii,ms• 

ATAT ,,,,mr, 
TTAA 3, 
1111 ms· 

Figure 7-2 Many ldnds or restriction 
nuclease, produce DNA rragments 
with coheslff ends. DNA fragmen,s 
with the =e cohesi\"e ends can 
readily Join by complementary base­
pairing between their cohesive ends 
as Illustrated. The two DNA (r-agments 
that Join In this example were both 
produced by the Eco RI restrictlon 
nuclease, whereas the three other 
fragments were produced by different 
restriction nucleases that genera.e 
different cohesive ends (see Figure 
7-11. 
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10kb DNA molecule 

EXPERIMENT 

( _________ ) I l ___ l 
cuts with restriction cut with restriction cut wilh rHtrtciion 
nucleases A and 8 nuclease A givH two nuclease B gives two 
together give thrH fragments fr.egmentt 
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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 SOS 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-SA). 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. 

a, a2 

CONCLUSION: onzyme A cuu neor °"" 
end of tho molecule. Enzyme 8 must cut 
either near the same end or ne•r tN other 
end. The size of 1/11 frogmonta produced 
by both enzymes acting together rules out 
the first 1rttrnatN• and S.1ds to the 
unambiguous o,der of restriction nudease 
cutting siw shown below 
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2kb 5kb 3kb 
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Figure 7-3 Restriction mapping. A 
simple example illustrating how lhe 
positions of cutting sites for different 
restriction nucleases (known as 
restriction sites) are determined 
relative to one anolher on double­
helical DNA molecules to create a 
restriction map. (kb = k:ilobases, an 
abbreviation designating eilher 1000 
nucleotides or 1000 nucleotide pairs..) 
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Figure 7-4 RestrlcUon maps of human and various primate DNAs In a cluster or genes coding for hemoglobin. The 
two red squares in each map Indicate lhe positions or the DNA corresponding to the two a-globln gel"!es. Each letter 
stands for a site cut by a different restriction nuclease. As In Figure 7-3, lhe location of each cut was determined by • 
comparing lh.e sizes of the DNA fragments generated by treating the DNAs with the various restriction nucleases, 
Individually and in combinations. Note !hat lhe 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 lhree 
DNA lnsenions. (Counesy of Elizabelh Zimmer and Allan Wilson.) 
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Figure 7-5 Gel electrophoresis techniques for separating DNA molecules 
by size. ln the three examples shown, electrophoresis is from top 10 
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 10 500 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 s1an 
site up to a variable stowing point, producing a set of panial replicas of 
differing lengths. (Figure 7~ explains how such sets of panial replicas are 
synthesized.) lane I shows all the partial replicas that terminate in a 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 10 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 10 separate 16 different yeast (S11cc/1aromyces 

cerevisiae) chromosomes that range in size from 220,000 10 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, counesy 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 OxJord 
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 thro.ugh 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 soned and identified on the basis of their 
size (Figure 7-SC). Although a rypical mammalian chromosome of 108 base pairs 
is too large to be soned 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 106 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 
ls to expose it to the dye ethidium bromide, which fluoresces under ultraviolet 
light when it is bound to DNA (see Figure 7-5B and CJ. An even more sensitive 
detection method involves incorporating a radioisotope into the DNA molecules 
before electrophoresis; 32P is often used as it can be incorporated into DNA phos­
phates and emits an energetic p particle that is easily detected by autoradiogra­
phy (Figure 7-SA), 

Purified DNA Molecules Can Be Specifically Labeled 
with Radioisotopes or Chemical Markers in Vitro 5 

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 32P) or 

The Fragmentation, Separation, nnd Sequencing of DNA Molecules 
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chemically tagged (Figure 7-6AJ. 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 32P-labeled phosphate from ATP to the 5' end of each 
DNA chajn (Figure 7--6B}, Because only one 32P atom Is incorporated by the 
kinase into each DNA strand, the DNA molecules labeled ln 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 
footprintlng, as we see next. 

Isolated DNA Fragments Can Be Rapidly Sequenced 6 

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 ii 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 determlned that each contain more than I OS 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 chem(cal mer/rod 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 10 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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Fl1,'llre 7-6 Two procedUttS att used 
routinely for making DNA molttUles 
radioactive, (A) A purified DNA 
polymerase enzyme labels all the 
nucleotides In a DNA molecule and 
can thereby produce highly 
radioactive DNA probes. (BJ 
Polynudeolide kinase labels only the 
5' ends of DNA strands: therefore, 
when labeling Is followed by 
restriction nuclease cleavage, as 
shown, ONA,molecules containing a 
single 5'-end-labeled strand can be 
readily obtained. The method ln W 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 10 an amino acid 

sequence. Although in principle there are sLx 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 srop codons 

(Figure 7-9). A limited amount of amino acid sequence can be determined f(om 
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 or a human 

genome of3 x 109 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 wiU greatly expedite 
future studies of human celJs 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 7 

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 pan 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 irnponam to identify the specific sequences to which it binds. A method used 
for this purpose is called DNA footprlntlng. First, a pure DNA fragment that is 
labeled at one end with 32P 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 pallem 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 result, the labeled fragments 
that terminate In the binding site wiU be missing, leaving a gap in tl1e gel panern 
called a "footprint" (Figure 7-IOA). The footprint of a DNA-binding protein that 
activates the transcription of a eucaryotic gene is shown in Figure 7-10B. 

The Frogmentatlon, Separatlon, and Sequencing or DNA Molecules 

Plgure 7-7 The chemlcnl method for 
sequencing DNA. (A) The procedure 
starts with a set or 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 dissocia1ed and exposed 10 mild 
treatment with a chemical that 
destroys one or 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 or DNA fragments 
of differc:nt lengths, reflecting the 
different sites at which A residues 
occur in the original DNA. These 
fragments are separated on a gel and 
de1ec1ed by autoradiography: only the 
fragments possessing a 5' -terminal 
32P-phospha1e group show up on the 
gel, and their sizes reveal the 
dis1anccs from the labeled end at 
which A residues occur. CB) To 
determine the full sequence, similar 
procedures are carried out 
simuhaneously on four separa1e 
samples of the same 5'-end-labeled 
DNA molecule using chemicals that 
cleave DNA preferentially at T for the 
Eirsi sample, C for the second, G for 
the third, and A for the fourth. The 
resuhing fragments are separa1ed in 
parallel lanes of a gel like that shown 
In Figure 7-SA, giving a panem or 
radioac1ive DNA bands from which 
the DNA sequence is read. The 
nucleo1ide closest to the 5' end or the 
sequence is determined by looking 
across the gel a1 level I (at the bottom 
or the gel) and seeing In which lane a 
band appears rn. TI1e same 
procedure is repeated for level 2, then 
level 3, and so on, 10 obtain the 
sequence. The method has been 
idealized here; the ac1ual chemical 
treatments are less specific 1han 
shown. 

2.97 
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Summary 

Recomblnallt DNA tec/mology has revolut/011/ud tire study of the cell. The develop­
me/It of t/ris tec/1110/ogy was neither planned nor a111/cipa1e,l. J,tjtead, steady ad­
vances 111 the abilityofresearc:hers to manipulate DNA molecules ll'ere made 011 many 
diflerentfro111S 1111til the combi11atio11 oftec/111/ques became powerful e11oug/r to allow 
researchers to pick 011t any gene at 111//1 amt, after an amplificat/011 step, to detenn/11e 
tl1e exact molecular structure of both tire ge11e a11d Its products. Crucial elements In 
this tec/11101-0gy are the ability to fragment chromosomes /1110 DNA molecules 1111111 

specific e11ds and the means to separate am/ seq11e11ce tire resulti11g DNA fragments. 
Thefragmelllat/011 step Is carried out by protel11s tltat are nom1ally produced by 
bacteria ill order to destroy invadl11g DNA molecules. These proteins, called restrlc• 
tlon n11c/eases, are p11rified a11d used to cut Ille DNA double lie/ix at a specific sl1ort 
nucleotide sequence. 11,e res11/ti11g DNAfragme11ts can be separated from 011e anotlter 
accordl11g to their size by using e/ectro11Jwresls to move tl1e mixture of fragments 
11tro11gll the pores of a gel. Under certa/11 co11dltlo11s, eve11 DNA molecules tllat dlf· 
fer 1t1 /eng,l1 by only a single 1111c/eotide can be detected as separate bands. DNA se­
q11e11cl11g takes advantage oft/1/s powerf11l separation met/rod: after electrophoresis, 
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Figure 7-8 The errzymatlc method 
for sequencing DNA. (A) The DNA to 
be sequenced is used as template for 
the in vilro 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 
didemcyribonucleoside 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 in a 
test tube by DNA polymerase wiU stop 
at a randomly 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 
oligonuclcotide primer (orange), or 
into one of the dcoxyribonucleoside 
triphosphates (green) used to extend 
the DNA chain. (Bl To determine the 
full sequence, rour different chain­
terminating nucleoside triphosphates 
[red) are used in separate DNA 
synthesis reactions on the same 
primed single-stranded DNA 
template, When the products or these 
four reaction~ are analyzed by 
electrophoresis in four parallel lanes 
or a polyacrylamide gel. the DNA 
sequence can be derived in the 
manner illustrated for the chemical 
method in Figure 7-78. 
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Figure 7-9 Finding the regions In a 
DNA ""'!Uence that encode a protein. 
CA) Any region of the DNA sequence 
can, In principle, code for six different 
amino acid sequences, because any 
one or three different reading frames 
can be used to interpret the 
nucleotide sequence on each strand. 
Note tha1 a nucleo1ide sequence is 
always read in the 5'-to-3' chain 
direction and encodes a polypeplide 
from the amino (N) 10 the carboxyl 
(0 lerminus. For a random nucleo­
tide sequence, a slop signal for 
pro1ein synthesis will be encoun1ered, 
on average, about once every 21 
amino acids (once every 63 nucleo­
tides). In this sample sequence or 46 
base pairs, each such signal (srop 
codon) Is colored grttn, 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 informa1ion 
is displayed as in (A), wilh each slop 
signal for pro1ein syn1hesis deno1ed 
by a grttn li11e. In addhion, all or the 
regions be1ween possible s1art and 
slop signals for protein synthesis (see 
p. 234) a,e displayed as red bars. Only 
reading frame I ac1ually encodes a 
pro1ei11, which Is 475 amino add 
residues long. 

Figure 7-10 The DNA foolprlnllng 
lrchnlque. (A) This technique 
requires a DNA molecule 1ha1 has 
been radioactively labeled at one end 
(sec Figure 7-68). The protein shown 
binds 1igh1ly to a specific DNA 
sequence 1ha1 is seven nucleotides 
long, thereby pro1ec1lng these seven 
nucleotides from the cleaving agent. II 
1he same reaction were carried out 
without the DNA-binding protein, a 
complete ladder or bands would be 
seen on the gel (not sho,m). (B) An 
actual footprinc used 10 determine 1he 
binding slle for a human protein 1ha1 
s1imula1es the transcription or 
specific eucaryo1ic genes. These 
results locate the binding site about 
60 nucle01ides upstream from the 
start site for RNA synthesis. Tiie 
cleaving agenl was a small, Iron­
containing organic molecule that 
normally cuts at every phosphodiester 
bond with nearly equal frequency. (B, 
courtesy or Michele Sawadogo and 
Robert Roeder.) 
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t/ie sequence of nucleotides In a DNA molecule Is detenninedfrom tire pattern of la­
beled DNA bands obseroed wlren a fi.ud end of one of its DNA strands /,as been la­
beled and tire other end terminates at a randomly selected nucleotide of a single type 

(A, G, C. or 7). 

Nucleic Acid Hybridization 8 

When an aqueous solution of DNA is heated at 100°C or exposed to a very high 
pH (pH.!! 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. 1ltis 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 hybrldlzatlon) if they are kepi 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 
spec.ific nucleotide sequences in both RNA and DNA molecules. 

Nucleic Acid Hybridization Reactions Provide a Sensitive 
Way of Detecting Specific Nucleotide Sequences 9 

The rate of double-helix formation during hybridization reactions Is limited by 
the rate at which two complementary nucleic acid chains happen to coUide. 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, pan 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 ceU 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 
shes 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). 

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 Mc11suremcntofthc 
number or copies or a spttlOc gene 
In a sample or DNA by means or DNA 
hybridization. The single-stranded 
DNA fragment used in such 
e~perlments Is commonly referred 10 

as a DNA probe. The probe must be 
specially marked 10 distinguish ii 
from the vase excess of lhe 
chromosomal DNA. In chis example 
the label Is a radioactive Isotope; 
alcematlvely, chemically labeled 
nucleocldes 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 10 imagine what it would be 
like to study gene structure and expression without them. 

Northern and Southern Blotting Facilitate 
Hybridization with EJectrophoretically Separated 
Nucleic Acid MolecuJes 10 

DNA probes are often used following gel electrophoresis 10 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 cenain that the hybridization was indeed specific. Moreover, the size Infor­
mation obtained can be invaluable In itself. An example 1vill illustrate this point. 

Suppose that one wishes 10 determine the nature of the defect in a mutant 
mouse that produces abnormally low amounts or alb1imi11, a protein that liver 
cells normally secrete into the blood in lar_ge amounts. First, one collects iden• 
tical samples of liver tissue from mutant and normal mice (the la11er serving as 
controls) and disrupts the cells in a suong detergent to Inactivate ceUular nucle­
ases that might other.vise 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 mlscible 111th water; the nucleic acids, which remain 
In the aqueous phase, are then precipitated 1vith alcohol to separate them from 
the small molecules of the cell. Then one separates the DNA from the RNA by 
their different solubilities ln alcohols and degrades any contaminating nucleic 
acid of the unwanted type by treatment 1vith a highly specific enzyme-either an 
RNase or a DNase. 

Nucleic Acid Hybrldlzatlon 

Figure 7-12 The use or nucleic add 
hybrldlzallon lo determine the 
region or a cloned DNA fragment 
that Is present In an mRNA molecule. 
The method shown requires a 
nuclease that cuts the DNA chain only 
where it is not base-paired 10 a 
complementary RNA chain. The 
positions or the lntrons (intervening 
sequences) in eucaryotic genes are 
mapped by the method shown; the 
beginning and the end or an RNA 
molecule can be determined in the 
same way. 
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To analyze the albumin-encoding RNAs with a DNA probe, a technique 
called Northern bloulng is used. First, the intact RNA molecules purified from 
mutant and control liver cells are fractionated according 10 thei.r 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 1he probe and 
detecting the hybridized probe by autoradiography or by chemical means (Fig­
ure 7-13). The size ofthe 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 shoner DNA probes, each corresponding to small pan ions of the gene, 
to reveal which pan of the normal RNA is missing. 

An analogous gel-transfer hybridization method, called Southern bloulng, 
analyzes DNA rather than RNA. Isolated DNA is first cut into readily separable 
fragments with restriction nucleases. The double-stranded fragments are then 

standards as 
1iie m1rke11 
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stac.k of paper towefs 

NUCLEIC ACIDS SEPARATED ACCORDING 
TO SIZE BY ELECTROPHORESIS IN 

SEPARATED NUCLEIC ACIDS BLOTTED ONTO 
NITROCELLULOSE PAPER BY SUCTION OF 
BUFFER THROUGH BOTH GEL ANO PAPER AN AGAROSE GEL 

Figure 7-13 Detection of spectnc RNA or DNA molecules by gel-transfer 
hybridization. A mixture or either slngle-s1randed RNA molecules 
(Nortlitrn blotting) or the double-manded DNA molecules crealed by 
resuic1lon nuclease 1rea1men1 (Southern blotting) Is Crac1iona1ed by 
eleccrophoresis. The many different RNA or DNA molecules presenc are 
then cransferred to nitrocellulose, or nylon, paper by blouing. The paper 
sheet Is exposed 10 a labeled DNA probe for a prolonged period under 
condillons favoring hybridlza1lon. The sheet Is washed thoroughly 
afterward, so lhac only those immobilized RNA or DNA molecules chat 
hybridize to c.he probe become labeled and show up as bands on the paper 
sheeL For Soulhem blonlng, 1he strands or the double-s1randed DNA 
molecules on lhe paper must be separated prior 10 the hybridization 
process; chis is done by exposing lhe DNA 10 alltaline dena1uring condllions 
after the gel has been run (not shown). 
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separated according io 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 11 

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, 
it is 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, linlcage mapping has depended on the identification of mtita­
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 Crngment 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 •~uence 
changes thai produce a restriction 
fragment length polymorphism 
(RFLP). (Al 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. (Bl In other 
examples of the same chromosome, a 
single base-pair change in the shon 
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. (CJ 
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 or RFLP is 
commonly found In regions 
containing runs ofshon 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 panicular locus. 
A repeat of this type Is commonly 
referred to as either a microsatrl/ire or 
a VNTR (variable number of tandem 
repeal) sequence. 
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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 specinc DNA sequence in the regioii'(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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75% of the dl1111ed progeny. If this 11m1 corrtlatlon 11 observed in other famllles that hive been 
H1mintd, tht g1n1 causing di11111 11 mapped to rhla chromosome clo11 to th1 RFLP marker 
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Figure 7-15 Detectlon ofan RFLP by 
Soulhem blotllng. In thls exampl.e, 
the 1echnlque Is being used 10 

distinguish the ma1emally and 
palernally inherited copies or a region 
or chromosome 3 that are presem In a 
single Individual. A variant or this 
me1hod uses the PCR technique (see 
Figure 7-32) 10 amplify lhe 
approprlale DNA region seiectively 
before the restriction nuclease 
treatment. The relevanl restriction 
fragments are then vastly more 
abundant than other DNA fragmenlS 

- in the prepai:ation and can be seen 
simply by slainlng the gel, avoiding 
1he need for blotting and labeled 
probes. 

Figure 7-16 Genetic linkage analysis 
using an RFLP marker. In this 
procedure one studies the 
colnherltance of a specific human 
phenotype (here a genetic disease) 
with an RFLP marker. IC Individuals 
who Inherit the disease nearly always 
Inherit the RFLP mai:ker, 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 
slgnlflcanl, hundreds or individuals 
may need 10 be enmlned. Note that 
the linkage will not be absolute unless 
the RFLP marker Is located in the 
gene itself. Thus, occasionally the 
RFLP marker will be separated from 
the disease gene by meiotic crossing­
over d urlng the formation or the egg 
or sperm: this has happened in the 
case ofthe chromosome pair on the 
far right. 
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co!nhe~ted by each progeny (linked). By screening large family groups for the 
comhentance 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 ldentlfied that 
'.'1"e _u~ambiguously coinherited with the gene (this requires the analysis of many 
mdivtduals, 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, dllowing 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 hlgh-reso­
lulion RFLP rruJP of the human genome, with thousands of RFLP markers spaced 
an average of 105 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 12 

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 thos,: 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 I} 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 ollgonucle­
otldes 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 ollgonucleotldes 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 !}-chain 
gene can be readily recognized because its DNA will hybridize on/ywlth 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 10 be closely linked to the defective gene. 

Nucleic Acid llybrldlzatlon 305 
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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. 

single-stranded B 

DNAprobes ) 

'"-)) ~.':-/ mixtureof 
~ single-stranded 

+ ~DNAmolocules 

~ 
______ l.__ ___ __ 
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lhvbridlution in hybridization in 
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t~) ;~ 
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A, c. and E all form 
stable double helices 

REDUCED-STillNGENCY 
HYBRIDIZATION 

Figure 7-17 Comparison or stringent 
and reduced-stringency 
hybrldlzatJon conditions. In the 
reaction on the left (stringent 
conditions), the solution is lr.ept only a 
few degrees below the temperature at 
which a perfect DNA helix denarures 
(its 111e/1ing temperaturel, so that the 
imperfect helices that can form under 
the conditions of reduced suingency 
are unstable. Only the hybridization 
conditions on the right can be used to 
find genes that are nonidentical but 
related 10 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 hybrldlzatlon. This can now be done both for DNA in chromo­
somes and for RNA in cells. Labeled nucleic acid probes can be hybridized 10 

chromosomes that have been exposed brie0y 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 hybridiz.ed probes are detected with an antibody (or 
other ligand) that specifically recognizes this side chain (Figure 7-19). 

In s/ru 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 ls 
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 berween cells in different positions during development (Figure 7-20). 

Summary 
In nucleic acid /tybrldlzatlon renctions, sl11gle stra11ds of DNA or RNA ra11domly col­
lide 111/th one a11otl1er, rapidly testi11g out billions of possible allg,unems. U11der srrl11-
gent hybridization co11dltlo11s (a combil,at/011 ofsotve11t and temperature where a 
perfect double helix Is barely stable), trvo strands rvi/1 pair to fon11 a "hybrid" l,ellx 
011/y If their 11ucleotlde sequences are almost 11erfectly complementary. The e11or111011s 
specificity of t/1ls /1ybrldlzat/011 reactlo11 allows any sl11gle-stra11ded sequence of 
11uc.leotldes to be labeled ivlt/1 a radioisotope or chemical and 11sed as a probe tojiml 

Nucleic Acid HybrldlzaUon 

Figure 7-18 A chemical label for 
DNA probes. The modified nucleotide 
shown can be incorporated inro DNA 
by DNA polymerase so as to allow the 
DNA molecule to serve as a probe that 
can be readily detected. The base on 
rhc nucleoslde rriphosphare shown is 
an analogue of thymine, in which rhe 
methyl group on T has been replaced 
by a spacer arm linked to the plant 
steroid digoxygenin. To visualize the 
probe, the digox)'genin is detected by 
a specific antibody coupled to a 
visible marker such as a fluorescent 
dye. Other chemical labels such as 
biotin can be anached ro nucleotides 
and used in essentially the same way. 

Figure 7-19 /11 situ hybridization 
to locate spcclnc genes on 
chromosomes. Here. sL, different 
DNA probes have been used ro mnrk 
the Joe.it Ion of 1helr respective 
nucleotide sequences on human 
chromosome 5 ar me1aphase. The 
probes have been chemically labeled 
and de1ected whh fluorescent 
antibodies. Both copies of 
chromosome 5 are shown, aligned 
side by side. Each probe produces IWO 

dors on each chromosome, since a 
me1aphase chromosome has 
replicated its DNA and 1herefore 
contains two identical DNA helices 
(sec Figure 8-4). (Counesy of David 
C. Ward.) 
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a ccmplemenrary partner strand, even in a cell or cell extract that co11tal11s ml/I Ions 
of different DNA and RNA seque11ces. Probes of this type are widely used to detect the 
nucleic acids corresponding to specific genes, both to facilitate the purlficatlo11 a11d 
characterization oftlie gemis after cell lysis a11d to localize them 111 cells, tismes, and 
orga11lsms. Moreover, by carrying out hybridization reactlollS under co11dltlo11S of 
"reduced stringency,• a probe prepared from one gene can be used to fi11d its evo/11-
lionary relatives-bot/, In the same organism, where the relatives/om• part ofa gene 
family, and In otherorganls111S, where the evolutionary liistory of the nucleotide se­
quence can be traa>d. 

DNA Cloning 15 

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 or the virus can produce more than 1012 identical virus 
DNA molecules In less than a day, thereby amplifying the amount or 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 ii is said to 
have been cloned. 

A DNA Library Can Be Made Using Either 
Viral or Plasmid Vectors 1s 

In order 10 clone a specific gene, one begins by constructing a DNA library-a 
comprehensive collection or cloned DNA fragments, including (one hopes) at 
least one fragment that contains the gene or interest. The library can be con­
structed using either a virus or a plasmid vector and i.s 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 or 
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 eel-
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Figure 7-20 In dtu hybridization for 
RNA localization In tissues. 
Autoradiograph of a section of a very 
young Drosophila embryo that has 
been subjected 10 In situ 
hybridization using a radioactive DNA 
probe complementary to a gene 
Involved In segment developmenL 
The probe ha~ hybridized 10 RNA in 
the embryo, and the panem of 
autoradiograpbic silver grains reveals 
that the RNA made by the gene 
(called /tz) is localized in alternating 
stripes across the embryo that are 
three or four cells wide. At this stage 
or development (cellular blastoderm), 
the embryo contains about 6000 cells. 
(From E. Hafen. A. Kuriowa, and W.J. 
Gehring. Ce/137:833--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 insens 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 anti~i­
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 transfccted will, in general, contain a different foreign DNA 
insen; this insen will be inherited by all of the progeny cells of that bacterium, 
which together form a small colony in a culture dish. . 

The mixture or many different surviving bacteria contains the DNA library, 
composed of a large number of different DNA insens. The problem is that only 
a few of the bacteria will harbor the panlcular recombinant plasmids that con­
tain the desired gene. One needs 10 be able to identify these rare cells In order 
to recover the DNA or 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 17 

Cleaving the entire genome of a cell with a specific restriclion nuclease as just 
described ls sometimes called the "shotgun· approach to gene cloning. It pro­
duces a very large number of DNA fragments-on the order or a mllllon for a 
mammalian genome-which will generate millions or different colonies or 1rans­
fected bacterial cells. Each or these colonies will be composed or a clone derived 
from a single ancestor cell and therefore wlll harbor a recombinant plasmid with 
the same lnsened genomic DNA sequence. Such a plasmid is said 10 contain a 
genomic DNA clone, and the entire collection of plasmids is said 10 constitute 

Figure 7-22 PurlOcatJon and ampllflcatlon or• ■pttlDc ONA uquence by 
DNA cloning In• b■cterlum. Each bac1trlal cell carrying 3 recombinant 
plasmid develops Imo a colony or Identical cells, visible as a spot on the 
nuulem agar. By inoculallng o single colony or Interest Imo a liquid culture, 
one can obtain a large number or ldenrlcal plasmid DNA molecules, each 
containing the same DNA insert. 

DNAClonlng 

COVALENT 
LINKAGE BY 
ONALIGASE 

plasmid ONA molecule 
cont1inino chromosomal 

ONA insert 

Figure 7-21 The fonnaUon or a 
recombinant DNA molttu.le. The 
cohesive ends produced by many 
kinds of restriction nudeases allow 
two DNA fragmems to join by 
complementary base-pairing (see 
Figure 7-2). DNA fragmems joined in 
this way can be covalently linked in a 
highly efliclent reaction ca1alyzed by 
1he enzyme DNA ligase. Jn this 
example a recombinanl 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 obtalned from the DNA 
of a higher eucaryotic cell will contain only noncodlng DNA, which, as we shall 
discuss ln Chapter 8, makes up most of the DNA in such genomes. 

An alternative strategy is to begin the cloning process by selectlng only those 
DNA sequences that are transcribed Into RNA and thus are presumed to corre­
spond to genes. This ls done by extracling the mRNA (or a purified subfraction 
of the mRNA) from cells and then making a complementary DNA (cDNA) copy 
o,f each mRNA molecule present; this reaction is catalyzed by the reverse tra11-
scripta.se enzyme of retroviruses, whlch 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 en lire colleclion 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 org:inlsm and, with very rare exceptlons, 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 18 

The use of a cDNA library for gene cloning has several advantages. First, some 
proteins are produced In very large quantllies by specialized cells. In this case, 
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Figure 7-23 The f)"'thesls or cDNA. 
A ONA copy (cONAJ of an mRNA 
molecule Is produced by the enzyme 
reverse transcrip1ase (seep. 282), 
thereby forming a ONA/RNA hybrid 
heUx. Trea1lng the ONA/RNA hybrid 
with alkali selectively degrades the 
RNA s1rand in10 nucleotides. The 
remaining single-stranded cONA Is 
1hen copied lnlo double-stranded 
cONA by the enzyme ONA 
polymerase. As indicated, both 
reverse transcriptase and ONA 
polymerase require a primer 10 begin 
their synthesis. For reverse 
uanscriptase a small ollgonucleotide 
Is used; In this example oligo(d'l) has 
been annealed with !he long poly-A 
IJact al the 3' end of most mRNAs. 
Nole thal rhe double-stranded cONA 
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 cl}NA 
molecules encoding the protein, greatly reducing the problem of identifying 1he 
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 imponant advantage of cDNA clones· is 1ha1 they contain the 
uninterrupted coding sequence of a gene. Eucaryotic genes usually consist of 
shon coding sequences of DNA (exons) separated by longer noncoding sequences 
(inlrons); the produc1ion of mRNA entails the removal of the noncoding se­
quences from the initial RNA transcript and 1he splicing 1ogether of the coding 
sequences. Neither bacterial nor yeast cells wiU make these modifications 10 the 
RNA produced from a gene of a higher eucaryotk cell. Thus, if 1he aim of 1he 
cloning is either 10 deduce the amino acid sequence of the pro1ein from the DNA 
or to produce the prolein in bulk by expressing the cloned gene Ln a bacterial or 
yeas! cell, it is much preferable to s1art with cDNA. 

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

cDNA Libraries Can Be Prepared from Selected 
Populations of mRNA Molecules 19 

When cDNAs are prepared from cells Iha! express 1he gene of interesl at ex­
tremely high levels, the majority of cDNA clones may contaln the gene sequence, 
which can therefore be selected 1'1ith minimal effort. For less abundantly Iran• 
scribed genes, various methods can be used to enrich for particular mRNAs be­
fore making the cDNA library. If an antibody against 1he protein is available, for 
example, 11 can be used lo precipi1a1e selectively those polyribosomes (see pp. 
237-238) that have 1he appropriate growing polypeptide chains attached 10 them. 
Since these polyribosomcs will also have auached 10 them the mRNA coding for 
the pro1ein, the preclph:11e may be enriched in the desired mRNA by as much as 
l000-fold. 

DNAClortlng 

Figure 7-24 The dllTerence, berwttn 
cDNA clones and genomic DNA 
clones. ln this example gene A is 
infrequently transcribed while gene B 
is frequently 1ranscribed, and bo1h 
genes conraln lnrrons (green). In 1.he 
genomic DNA clones both the inlrons 
and the nontranscrtbed DNA are 
included, and mos1 clones will 
conrain only pan or Lhe coding 
sequence or a gene. In the cDNA 
clones the intron sequences have 
been removed by RNA splicing during 
the formalion or 1he 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 rrom 
the same organism, only one of which produces the protein or proteins or 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 inte.rest 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 like.ly to represent mRNA sequences present 
only in the !mt cell rype. Because th.ese 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-strandetl 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 oflnterest in a DNA Library 20 

The most difficult part or gene cloning is often the identification of the rare colo­
nies in the library that contain the DNA fragment or interest. This is especially 
true in the case of a genomic library, where one has to identify one bacterial cell 
Jn a million to select a specific mammalian gene. The technique most frequently 
used is a form or in siru hybridization that takes advantage of the exqu.isile speci­
ficity of the base-pairing interactions between two complementary nucleic acid 
molecules. Culture dishes containing the growing bacterial colonies are bloued 
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• 
teln are often enough to determine the sequence of30 or so amino acid residues. 
From this amino acid sequence the corresponding nucleotide sequence can be 
deduced using the genetlc code (with some ambiguities corresponding to amino 
acids that can be represented by several alternative codons). Two sets of DNA oli­
gonucleotides, chosen 10 match di.fferent 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 contalnlng the desired gene and are saved for funher 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 llgand that normally binds to the receptor can, in principle, be used 
os a probe. 
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Figure 7-26 An efficient technique commonly used lo detect a bacterial 
colony carrying a partlcular DNA clone. A replica of tl1e culture is made by 
pressing a piece of absorbent paper against the surface. 11,ls replica is 
treated with alkali (lo disrupt the cells and denature the plasmid DNA) and 
then hybridized 10 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. ll is prepared in a special plas­
mid or virus called an expression vector, which directs the transfected bacterium 
lo 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 21 

Any method that is used 10 find a specific clone from a cDNA or genomic DNA 
library will usually pick out many false positive clones. Further ingenuity Is re­
quired 10 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 10 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 Uuough 
in vitro synthesis with a purified RNA polymerase (see Figure 7-36) or by a tech­
nique called hybrid selection. In the la11er 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 10 purify complementary mRNA molecules from the mixture. In 
either case the mRNA obtained is allowed to direct protein synU1esis 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. 

DNA Cloning 

position of desired 
colonies detected by 

autoradiography 
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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, Lhose 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 quanlities in 
a few cells or produced only at one stage of development. A study of the geneLic 
lfokage 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 sequendng to be practicable? For ex-perimental 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 1he original mutation was a recessive 
one, the correct DNA should reverse the original mutant phenotype. Other, 
Jess stringent criteria, however, are often used and are necessary In the case or 
human genes, as described later (see Figure 7-30). 

Ordered Genomic Clone Libraries Are Being Produced 
for Selected Organisms 23 

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-
1ematlc. By using me1hods related 10 those described for chromosome walking, 
it has been possible to order (map) a complete, or nearly complete, set of large 
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Figure 7-27 ~lectlng regions or a 
known amino acid sequence lo make 
synthetic oltgonucleotlde probes. 
Although only one nucleotide 
sequence will actually code for the 
protein, the degeneracy or the genetic 
code means that several different 
nucleotide sequences will give the 
same amino acid sequence, and it is 
impossible 10 tell in advance which Is 
the correct one. Because It is desirable 
10 have as large a [raction or the 
correct nucleotide sequence as 
possible in the mixture of 
oligonucleotides to be used as a 
probe, those rl':gions with the fewest 
possibilities are chosen, as Ulustrated. 
In this example the milcnue or 8 
closely related oligonucleotldes 
shown might be synthesized and used 
to probe a clone library, and the 
indicated mixture of 16 
ollgonucleotides would be used to 
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 or each oligonucleotlde is 
radioactively labeled (see Figure 7-
68); 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 5ac­
c/zaromyces cerevisiae, the fruit 0y 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 lo accept only large DNA inserts. It Lalces 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, wltich is very time consuming but techni­
cally feasible. DNA fragments that are more than IO Limes 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 wjU 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 10 its chromosome of origin and numbered 
sequentially with respect to the positions of all other DNA fragmen1s derived from 
the same chromosome. One will then begin a "chromosome walk" simply by 
obtain.ing from the library all the clones covering the region of the genome that 
contains the mutant gene of in1ercs1. 

Positional DNA Cloning Reveals Human Genes 
with Unanticipated Functions 24 

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 7-26 The use oroverlapplng 
DNA clones lo 0nd a new gene by 
"chromosome walking.• To speed up 
the walk, genomic libraries containing 
very large cloned DNA molecules are 
optimal. To probe for lhe next c.lone 
in the walk by ONA hybridization, a 
short DNA fragment (labeled wi1h a 
chemical or a radioiso1ope) from one 
end of the previously identified c.lone 
is purified: Ir a "right-handed" end is 
used, for example, the walk ,-;11 go in 
the "rightward" direction, as shown in 
this example. Use of a small end 
fragment as a probe also reduces lhe 
probability lhat the probe ,-iJI contain 
a repealed DNA sequence lhat would 
hybridize with many clones from 
diITerenl pans of the genome and 
thereby interrupt lhe walk. 

Figure 7-29 Overlapping genomic 
DNA clones. The collectlon of clones 
shown covers a small region of a 
chromosome of the nematode worm 
Caenorllal>dltls elcgaru and 
represenis 0.3% of 1he 1otal genome. 
(Adapted from J. Suls1on et al., Nature 
356:37-41, 1992. 0 1992 Macmillan 
Magazines Lid.) 
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DNA melhods, which allow lhe 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
lhelial 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 lhe 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 arc prime suspects, and the 
sequences of lhese genes can !hen be analyzed directly In Individual patients. The 
functions of thousands of human genes are likely to be identlned in this way. 

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

The availability of purified DNA polymerases and chemically synlhesized 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 lhe DNA from a selected region of a genome to be am­
plilied a billionfold, provided that at least part of Its nucleotide sequence is al­
ready known. First, the known part of the sequence Is used 10 design two syn­
thetic DNA oligonucleotides, one complementary to each strand of the DNA 
double helix and lying on opposite sides of 1J1e region 10 be amplified. These 
ollgonucleotldes serve as primers for in vitro DNA synthesis, which is catalyzed 
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Figure 7-30 Posltlpnal cloning. The 
procedure requires a mutant human 
gene whose inheritance can be traced 
in many family groups by vinue or the 
phenotype that the rnutatlon causes. 
Step I, genetic mapping: RFLP 
markers that are coinherited with the 
phenotype are identified and used to 
position the gene within about 106 
base pairs (one megabase, or about 
I% the length of a typical human 
chromosome). Step 2, assembly of an 
ordered clone library. genomic DNA 
clones are obtained that cover the 
~mire region benveen 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 imponant will 
have been sufficiently conserved 
during evolution to fonn such a 
h)•brid DNA helix (one strand human 
and the other mouse). Step 4, search 
for appropriare mRNAs: the subset of 
conserved DNA sequences that 
encode an mRNA in tissues where lhe 
mutant phenotype is eX1)ressed are 
the most likely to represent the 
muraat gene. Step 5, finding a 
difference in rlle DNA sequence of 
mutated genes. When the deleterious 
mutations in a typical human gene 
are analyzed, about 1 in 10 rums out 
10 be a deletion that is easily detected 
as a change In the size of a restrictlon 
fragment det.ccted by Southern 
blotting. For this reason one generally 
begins by screening the DNA of many 
human patients hith the same disease 
using probes identified in step 4, 
looking for such a change. If the 
mutation Is not detectable as a 
deletion, othe.r, 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 !hey 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 bnef 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 tum, 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 tissues­
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 amplJOcatlon. PCR produces an amount of DNA that 
doubles in each cycle or 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 oligonucleotldes were designed. In the example Illustrated, 
three cycles ofreaction produce I 6 DNA chains, 8 of which have this 
unique length (yellow); but after three more cycles, 240 of lhe 256 DNA 
chains would be X nucleotides long. 
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Figure 7-31 The slart ofthe 
polymerase chain reaction (PCR) for 
amplifying speclnc nucleotide 
sequences In vitro. DNA isolated 
from cells is heated to separate its 
complementary strands. These 
strands are then annealed wilh an 
excess of two DNA oligonucleotides 
(each 15 10 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 SCl\'e as specific 
primers for in vilro DNA synthesis 
catalyzed by DNA polymerase, which 
copies the DNA between the 
sequences corresponding 10 lhe two 
oligonucleotldes. 
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DNA cloning allows a copy of any specific part of a DNA or RNA sequence to be se­
lecred from the ml/11011s of other sequences 111 a cell and produced 111 un//mlted 
amQunts In pure fom1. DNA sequences areamplljlM after cutri11gc/,romosomal DNA 
11111/r a restrlctlorr nuclease amt Inserting tire resulting DNA/ragmems 11110 rhe chro­
mosome of a self-repllcati11g genetic e/e111e11t (a plasmid or a vims). W11e11 a plasmid 
vector Is used, tire resulting "ge110111lc DNA library• Is ho11sed 111111/ll/011s of bacteria/ 
cells, each carryirrg a dlffere11t c/011ed DNA/ragme11t. The bacteria/ colo11y co,Itai11-
i11g a DNA/ragme/11 o/llllerest Is lde11tified by l1ybrldlzalio11 11s/11g a DNA probe or, 
/01/0111/rrg e.rpress/011 of a clo11ed ge11e or ge11e fragment {11 tire bacterial lrosl cell, by 
using a test I/rat detects tire desired pro1el11 prod11ct. Tire cells In the Identified bac­
teria/ colony are tlre11 allowed 10 proliferate, prod11cl11g large amormts oft/re deslrrd 

DNA fragment. 
Tire proad11re usrd to obtal11 DNA clones that correspo11d /11 sequence to 111RNA 

molecules are tire same except that the star1l11g material ls a DNA copy of tire mRNA 
seq11e11ce, called cDNA, rather tlra11/ragme111s of chromosomal DNA. Unlike genomic 
DNA clones, cDNA c/011es lack /11tro11 sequences, makl11g t/re,11 tlreclo11es ofclrolcefar 
expressing a11d characterizing tire proti,/11 product of a ge11e. 

PCR Is a new form of DNA clon/11g tlrat Is carried 0111 outside cells using a pu­
rlfletl, tlremrostable DNA polymerase e11zyme. 771/s rype of DNA ampllficatio11 requires 
"prior klro111lcdgeof gme seqrll'lra, sl11ce r1110 synthetic o/lgo1111cleo1/de primers must 
be syntl,eslud tluit bracket rlre DNA sequence to be amplljied. PCR donl11g, lro111e1i,r, 
lras tire adllfl/lfageof bel11g 111ucl1 faster and easier tl1an s1a11dard clo11i11g met/rods. 
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figure 7-33 The Ilse of PCR In 
foreMlc science. (A) A PCR reaction 
using two primers that bracket a 
particular microsareUite, or VNTR. 
sequence (see figure 7-140 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 materi.al for the PCR reaction 
can be a single hair that was left at the 
scene of a crime. 
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DNA Engineering 26 

The methods described thus far in this chapter make it possible, in principle, to 
determine the exact organization and nucleotide sequence or any chromosome, 
including all or the chromosomes that constitute the human genome. In this 
section we describe how extensions or these methods have revolutionized all 
other aspects or cell biology by providing new ways to study the functions or 
genes, RNA molecules, and proteins. 

New DNA Molecules of ky 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 or 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 7-2 l). A 
recombinant DNA molecule can in tum 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 produc~ any DNA molecule 
containing up to about 100 nucleotides. The sequence of such synthetic DNA 
molecules ls 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 or 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 (PCRJ can be used both to amplify any 
natural nucleotide sequence and to redesign Its two ends, so that any two nalU• 
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Figure 7-34 Sertal DNA cloning con 
be usNI to spike together• set of 
DNA fragments dertvNI from 
dllfnenl genes. All of the DNA 
molecules shown htre are double• 
stranded. After each DNA lnsenlon 
step. the plasmid Is cloned to purify 
and amplify the new recombinant 
DNA molecule. The recombinant 
molecule is then cut once with a 
restriction nuclease, as Indicated, and 
used as a cloning vector for the next 
ONA fragment. 

Figure 7-35 Tallortng the ends of 
DNA fragm•nts facilitates lllelr 
precbe Joining. The PCR reaction 
allows any DNA segment lo be 
amplified with modlllNI ends in 
preparation for clonlng. The synthetic 
oligonucleotlde primers used here 
conta.Jn s· calls whose sequence has 
been chos•n 10 create a particular 
restricclon 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 29 

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. I 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 conta.ins 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 ceU, 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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The use or this unusually efficient 
enzyme requires that the DNA 
template be engineered so that the 
short DNA sequence that specifies the 
viral promoter is adjacem to the DNA 
sequence that encodes the RNA 
molecule to be synthesized. As 
Indicated, the 3' end or the RNA is 
determined by culling the DNA 
template at a unique site with a 
restriction n4clease. 



Sarepta Exhibit 1056, page 33

Figure 7-37 Production oflarge amounts of a protein by cloning the 
protein-coding DNA sequence In a plasmid expression vector. The 
plasmid has been engineered to conlain a highly active promoter, which 
causes unusually large amounts of mRNA encoding the protein 10 be 
synthesized in the transfected cells. 

eign protein from interfering with the transfec1ed cell's growth, the expression 
vector is often designed so that the synthesis of the foreign mRNA and protein 
can be delayed until shortly before the cells are harvested (Figure 7-38). 

Because the desired protein made from an t'xpression vector is produced 
inside a cell, it must be purified away from the host cell proteins by chromatog­
raphy following cell lysis; but because it is such a plentiful species in the cell ly­
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 rype 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 
every protein in large enough amounts for the kinds of detailed structural and 
functional studies that were previously possible for only a rare few. 

Reporter Genes Enable Regulatory DNA Sequences 
to Be Dissected 30 

The transcription of a gene is controlled by regulatory DNA sequences that are 
not transcribed. These sequences determine which cells will express the gene and 
under what conditions, as explained in Chapter 9. In higher eucaryotes these 
regulatory sequences can be located many thousands of base pairs upstream or 
downstream from the transcribed sequences, and they act In combinations to 
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
terest can then be identified by a11achlng 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 or reporter protein production will renect the action of the 
regulatory sequences that each DNA construct contains (Figure 7-39). 

Mutant Organisms Best Reveal the Function of a Gene 31 

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 strncture of the protein nor the com-

Figure 7-38 Production ol luge amounu of a protein using a plasmid 
expression vector, In this example bacterial cells have been transfec1ed 
with the coding sequence for an enzyme, DNA hcllcasc (arrow); 
iranscrlpllon Crom this coding sequence Is under the control of a viral 
promoter t11a1 becomes ac1ive only at temperatures of J7'C or higher. The 
total cell protein has been analyzed by SDS-polyacrylamlde gel 
eleclrophoresis, either from bacteria grown at 25°C (no hellcase protein 
made), or a!trr a shlfl of the same bacierla 10 42°C for up 10 IWO 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 pan 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 effoct 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 ls 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 tJ1e 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 (murnge,u), 
very large numbers of mutants can be created quickly and then screened for a 
panicular defect of Interest. By screening populations of mutagen-treated bac• 
teria for cells that stop making ONA when lhey 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 repl.ication. These mutants were 
later used lo Identify ond characterize the corresponding DNA repllcotlon 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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to discover many of the gene products responsible for the orderly development 
of the Drosop/1/la embryo. 

Hum_ans 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 affect Pd indMduals, 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 mutam individuals call atten­
tion to themselves by seelclng special medical care. 

Cells ContaJning Mutated Genes Can Be Made to Order32 

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 genelics. 

Reverse genetJcs 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 i;ene 
encoding IL 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 gerietic 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 rransgenic organisms will pass the gene on to their progeny as a permanent 
part of their germ line. Such generic tra11sformari'o11S 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 w.iy, 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 33 

To facilitate reverse genetic studies of proteln 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 ls produced. 

Special techniques are required to alter a gene ln such subtle ways: it is of­
t.en desirable, for example, 10 change the protein the gene encodes by one or a 
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 oiigonucieotide is hybridized with 
single-st.randed 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 ollgonuclcotlde will now serve as o primer for ONA synthesis 
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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 or its function. By 
changing selected amino acids in a protein in this way, one can analyze which 
parts or 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 31 

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 fusion proteins are produced by the 
recombinant DNA techniques discussed previously. Most nuclear proteins, for 
example, contain one or more specific short sequences or amino acids that serve 
as signals for their import into the nucleus after their synthesis in the cytosol. By 
artificially attaching different segments or such a nuclear protein to a cytoplas­
mic protein using gene-fusion cechniques, the "signal peptides" responsible for 
nuclear Import have been identified. 

Not all of the important signals carried by proleins, however, can be trans­
ferred 10 a large reporter protein in the form of a short amino acid sequence. The 
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ollgonucleotldes to modify the 
protein-coding regions of genes. 
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original recombinant plasmid is 
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mutant gene. Note that most of the 
plasmid DNA sequence is not 
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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. ln these cases a different strategy, 
called epltope tagging, can often be used. Again, a fusion protein Is produced, 
but it contains the entire protein being analyzed plus a short peptide ofB to 12 
amino acids {the •epilope") 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 detennine the effect of altering any of the amino acids in 
the fusion protein on its intracellular location (strategy Bin Figure 7-41). 

Normal Genes Can Be Easily Replaced by Mutant Ones 
in Bacteria and Some Lower Eucaryotes 35 ' 

Un.like higher eucaryotes (which are multicellular and diploid), bacteria, yeasts, 
and the cellular slime mold Dictyoste/ium generally exist as haploid single cells. 
In these organisms an artificially introduced DNA molecule carrying a muiant 
gene will, with a relatively high frequency, replace the single copy of the normal 
gene by homologous recombinatiori (seep. 263), so that ii is easy to produce cells 
in which the mutant gene has replaced the normal gene (Figure 7-42A), In this 
way ceUs can be made to order that produce an altered fonn of any specific pro­
tein or RNA molecule instead or the normal form of the molecule. If the mutant 
gene ls 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 
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Figure 7-41 Two strategies for the 
analysis of protein function that 
exploil genetic engineering. ln 
strategy A, a new function is impaned 
to a reponer protein by the addition 
of a small segment of normal prolein 
JC. In strategy B, minor alterations are 
made in the normal protein X and Its 
behavior Is followed by detection of a 
short epitopc tog and compared to 
that of the normal pro1ein. Both 
s1ra1egies have been u~d to analyze 
the struc1ure and function of the 
nuclear localization signals found on 
nuclear proteins (see Chapter 121. 

Figure 7-42 Gene replacement and 
gene addition, A gene whose 
nucleotide sequence has been ahered 
can be inserted back into the 
chromosomes of an organism. In 
bac1crla and some haploid eucaryotes 
such as yeast, 1he ahered gene 
frequenlly replaces Ute normal gene, 
a process called gene replacement (A); 

In 1hese cases, only the mutant gene 
remains in the cell. ln higher 
eucaryotes, gene addirion (B) 

generally occurs lnstHd of gene 
replacemenl; the transformed cell or 
organism now contains the muta1ed 
gene In ~ddi1ion to 1he 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 ceUs 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 
t\vo 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 ceU (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 ceUs, 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 t\VO 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 antlsense 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 
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Figure 7--43 The antlsense RNA 
strategy for generating dominant 
negative mutations. Mutant genes 
that have been engineered to produce 
antisense RNA, which is 
complementary In s~quence to the 
RNA made by the normal gene X, can 
cause double-stranded RNA to form 
inside cells. Ir a large excess of the 
antisense RNA is produced, ii 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 10 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). 

lf a protein is required for the survival of the cell (or the organism), a domi­
nant negative mutant will die, making it impossible 10 test the function of the 
protein.. To avoid this problem, one can couple the mutant gene to control se­
quences that have been engineered 10 produce the gene product only on com­
mand-for example, in response 10 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 lime, 
and the effect can then be followed. In the future, techniques for producing domi­
nant negative mutations 10 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 TransgenicAnimaJs 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. ldeaUy 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 10 a gene replacement occurs only very rarely. 
Foreign DNA can, however, rather easily be randomly in1egra1ed into the genome. 
In mammals, for example, linear DNA fragments introduced Into cells are rap­
idly ligated end 10 end by intracellular enzymes to form long tandem arrays, 
which usually become integrated into a chromosome at an apparently random 
site. Fenilized mammalian eggs behave like other mammaHan 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 integra1ed at a single random site in one of ils chromosomes 
(Figure 7-45). If the modified chromosome is present in the germ line cells (eggs 
or sperm), tl1e mouse will pass these foreign genes on 10 ils progeny. Animals that 
have been permanently altered in I.his way are called transgenic organlsms, 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 imponant insights into how 
mammalian genes a.re regulated and how certain altered genes (called 
oncogenes) cause cancer. 

11 Is also possible 10 produce transgenic fruit Dies, in which single copies of 
a gene are Inserted at random Into the Drosopllila genome. The Irick In this case 
is first 10 insert the DNA fragment between the two lermlnal sequences of a par-
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Figure 7-44 A dominant negative 
effect or a protein. Here a gene is 
engineered to produce a mutanl 
pro1ein thal prevents the normal 
copies of the same prolein from 
performing their function. In this 
simple example 1he normal prolein 
mus1 form a multi-subunit complex 
10 be active, and the mutant prolein 
blocks func1ion by forming a mixed 
complex that is inactive. In this way a 
single copy or a mutant gene localed 
anywhere in the genome can 
inactivate the normal products 
produced by other gene copies. 

327 



Sarepta Exhibit 1056, page 40

MICROINJECT GENE OF 
INTEREST AS LINEAR ONA 
INTO MALE PRONUCLEUS 

I· 
~ 

I 
embryoO 

INTRODUCE SEVERAL I 
SUCH EMBRYOS INTO 
PSEUOOPREGNANT 
MOUSE 

BIRTH I 
~~ 
~ 

SOMATIC CELLS Of OFFSPRING 
TESTED FOR PRESENCE OF GENE 
AFTER BIOPSY, ANO SELECTED 
MOUSE BRED TO TEST FOR GENE 
IN GERM CELLS 

TRANSGENIC MOUSE 

tandemly er,anged copies of the gene 
■re inserted randomly into one 
chromosome In each cell 

gene gene gene gene 

tandem array of genes 

500\m 0 early embryo 
i \J 

MICROINJECT GENE OF 
INTEREST FLANKED BY 
TRANSPOSABLE ELEMENT I ONA SEQUENCES 

ryo 

primordial germ cells 

SOME EMBRYOS DEVELOP 
INTO FLIES WHOSE GERM 
CELLS CONTAIN THE 
GENE OF INTEREST 

ALL SURVIVING FLIES 
BRED TO SEARCH FOR 
GENE IN GERM CELLS 

TRANSGENIC DROSOPHILA 

single copy of the gene Is inserted 
randomly Into one chromosome 
In each cell 

gene 

transposable element ONA ends 

ricular Drosophila transposable element, called the P eleme/lt. The terminal 
sequences enable rhe 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 fruil fly embryo along wilh a separate plasmid contain­
ing the gene encoding the transposase. When this is done, the injected gene often 
enrcrs the germ line in a single copy as the result of a transposition event (Fig­
ures 7-45 and 7-46). 
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Figure 7-45 Comparison of the 
standard procedures used to make 
transgenic mice and transgenic 
Drosophila. In these examples the 
gene injected into the mouse egg 
causes a change in coat color, 
whereas the gene injected into the fly 
embryo causes a change in eye color. 
In both organisms some of the 
transgenic animals are found to have 
DNA insertions at more than one 
chromosomal site. 

norm I mb o 

nz- embryo transformed 
with hz gene • ._ ___ _. 

200µm 

Figure 7-46 Genetic rescue. 
Comparison of a normal Drosophila 
larva and two mutant larvae that 
contain defective Jrz genes. One of the 
defective (Ju.-) larvae has been 
rescued by the injection of a DNA 
clone containing the normal Ju gene 
sequence into the egg of one of lts 
ancestors. This added DNA sequence 
has become permanently integrated 
into one of the fly's chromosomes and 
is therefore faithfully inherited and 
expressed. The Ju. 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 Ju-organism. 
For the technique used to make 
transgenic animals, sec 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 insens 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 ape­
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-loolcing 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 10 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 ONA engineering 

cloned ONA from target gene 

I OELETE CENTRAL 
REGION AND 
INSERT neo DNA 

I ADDlkDNA 

n•o gene gives 
,esi$lance to drug X 

rlcgene gives 
sensilivity to drug V 

(A) frequent nonhomologous 
recombination evanl 

(Bl infrequent homologous 
recombin11ion event 

reslst1nc1 
to drug X 

DNA Engineering 

GROW CELLS IN PRESENCE Of BOTH DRUGS X ANDY 

I I 11rget gene 
/ inactivated 

unsilivily 
to drug Y 

CELL DIES 

j / 
resi111nee > ab!enc■ or rlc gene j 
to drug X luves cell resis1i1nt 

to drug V 

CELL SURVIVES 

Figure 7-47 Sclecllv• gene knockout 
by homologous recombination In the 
mouse. Ooned DNA from the mouse 
gene 10 be mutated is modified by 
genetic engineering so that it contains 
a bactcrlru gene within ii, called neo, 
whose in1egrallon Into a mouse 
chromosome makes the mouse cells 
resistant 10 a drug that otherwise kills 
them (drug X). A viral gene, called ti:. 
Is also added, anached to one end of 
the mouse DNA; the Integration of ti: 
imo a mouse chromosome makes the 
cells sensitive to a different drug (drug 
Y). Most insertions occur into random 
sites in the mouse chromosome, and 
lhese nearly always include both ends 
of the engineered DNA fragment, as 
shown (A). By selecting for lhose rare 
mouse cells that grow in lhe presence 
of bor/1 drugs, colonies of cells are 
obtained in which homologous 
recombination has incorporated lhe 
center of the engineered DNA frag­
ment wi1hou1 the ends; most or these 
cells will tum out to carry the targeted 
gene replacement shown In (BJ. 
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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• 
lions of specific mammalian genes (Figure 7-48). 

Transgenic Plants Are Important for Both Cell Biology 
and Agriculture 39 

\'vhen a plant is damaged, it can often repair itself by a process in which mature 
differentiated cells "dedifferentiate." proliferate, and then redifferentlate 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, po1.a10, and Arabidopsi.s-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. 11 has played an imponant pan, for example, in 
isolating receptors for growth regulators and in analyzing the mechanisms or 
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 ny Drosophila and the nematode worm 
Caenorhabditis elegans, which are amenable to extensive genet.ic 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 lime-consuming. Increasing attention is consequently being paid 
to a fast-growing small weed, the common wall cress (Arabidopsi.s 1/rall1111a). 
which has several major advantages as a •model plant" (see Figure .21-93). 

Summary 

Genetic enginttrlng luu rfvolutlonlzed tire study ofbot/1 cells and organisms. DNA 
engineering techniques can be used to create any mutant gene and Insert It Into a 
cell's c/iromosomes so //rat It becomes a pemianenl part 0/1/ie genome. /Jt/1ecell used 
for t/1/J ge11e tram/er Is a fertilized~ (/or an animal) or a totlpo1e111 plnnt cell In 
cu/111re, transgenic organisms am be produced 1/wt expreu tire 11111ta111 gene and wlll 
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midbr'i:in cerebellum 

Figure 7-48 A transgenic mouse In 
which both copies or the IVnl-l 
growth factor gene have been 
eliminated by homologous 
recombination. (A) Section of the 
brain from a normal embryo. (B) 
Section or the brain from a mutant 
embryo, which lacks a cerebellum 
and most of the midbrain, and dies in 
utero. (Photographs counesy of Mario 
Capecchi.) 
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11,e co11seq11e11ces of genetic e11glneeri11g are far-reacl,itig 111 otl,er ways as well 
Pinn ts can be altered 111 ways that /11crcrue their value rufood cro11s, Bacteria, yeasts, 
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q1umtllles, making II poulble to analyu the strocrure a11dftmct/on of1/1e protein In 
deta/1 or to use the prouln ru a drug or a vaccine for medical purposes. 

ONA Engineering 

Figure 7--49 A procedure used to 
make a transgenic plant. (A) Outline 
or the process. A disc is cut out or a 
leaf and incubated In culcure with 
Agrobncreria that cal'I)' a recombinant 
plasm Id \>1th both a selectable marker 
and a desired transgene. The 
wounded cells at the edge or the disc 
release substances that atuact the 
Agrobacreria and cause them 10 inject 
DNA Into these cells. Only those plani 
cells that rake up the appropriate 
DNA and express the selectable 
marker gene survive 10 proliferate and 
form a callus. The manipulation or 
growth factors supplied to the callus 
induces it to form shoots that 
subsequently root and grow into adult 
plants carrying the transgene. (BJ The 
preparation of the recombinant 
plasmid and its transfer 10 plant cells. 
An Agrobacrerium 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-
nucleolide-pair T-DNA repeats. When 
the t\grobacrerium recognizes a plant 
cell, it efficiently passes a DNA strand 
that carries these sequences into the 
plant cell, using the special 
machinery that normally uansfers the 
plasmld's T-DNA sequence. 
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The Cell Nucleus 

The DNA in a eucaryotic cell is seque tered in the nucleu , which occupies about 

10% of the total cell volume. The nucleus i delimited by a nuclear envelope 

formed by two concentric membranes. The e membranes are punctured at in­

tervals by nuclear pores, which actively transport selected molecules to and from 

the cytosol. The envelope is directly conn cted 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 heU just inside the nucleus 

underlying the inner nuclear membrane, whlle the other, less regularly organized, 

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

Like modern procaryotes, the ancestor of eucaryotic cell almost certainly 

lacked a nucleus, and one can only peculate on why a eparate nuclear compart­

ment evolved, segregating the DNA from the activities in the cytoplasm. Two 

special features of eucaryotic cells uggest possible reason . One is the eucary­

otic cytoskeleton, which is composed mainly of microtubules and actin filaments 

and mediates cell movements. Bacteria, whose DNA i in direct contact with the 

cytoplasm, lack a cytoskeleton and move by means of external structures such 

as flagella. One function of th nuclear envelope may therefore be to protect the 

long, fragile DNA molecules from the mechanical forces generated by the cyto­

plasmic filaments in eucaryote . 
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• The Global Structure 
of Chromosomes 

• Chromosome Replication 

• RNA Synthesis 
and RNA Processing 

• The Organization 
and Evolution of 
the Nuclear Genome 

Figure 8-l Cross-section of a typical 
cell nucleus. The nuclear envelope 
consists of two membrane , the ouler 
one being continuous with the 
cndopla mic reticulum membrane 
( cc al o Figur 12-9). The lipid 
bilayer of th inner and outer 
nuclear membranes ar connected at 
each nuclear pore. Two networks of 
intermediate filament (green) 

provide mechanical support for the 
nuclear envelope; the intermediate 
filaments inside the nucleus form a 
sheetlik nuclear lamina. The space 
inside the endoplasmic reticulum (tbe 
ER lumen) is colored yellow. 
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A second pecial feature of u aryotic cell i the xt •nsiv pr e sing that 
RNA molecule undergo befor they arc tran lated into protein. In procaryotic 
cell R A ynthe i (tramcriplion) and prot in ynth sis (translation) occur con­
currently: ribo ome translate the 5' end or an R A molecule into protein\ hile 
the 3' end of the RNA mol culc i till being synthe ·ized. onsequentJy, there i 
relatively littl opportunity to alter Lh R A Iran cript b fore they ar tran lated 
into protein. ln ucaryote , by contra t, tran criplion (in th nucleu ) i eparated 
both temporally and patially from tran lation (in the cytopla m). The RNA tran­
scripts in the nu leus are imm dial ly packaged into ribonucleo-protein com­
plexe and ubje t d to RNA splicing, in which ertain portion of the nucleotid 

qu nee are r mov d. nly when piking i omplete are the packaging pro­
teins removed and the R A molecul transported out of the nucleus to the cy­
tosol. where ribosome begin tran l,.lling the RNA into protein (Figure 8-2). As 
we discu • lat r, R A splicing i an important inL rm diate t p in the transfer 
of g netic information in ucaryote . ft provide a number of advantages for the 
cell, including the potential for a ingle gene to make several different proteins. 
Thj may h lp xplain why eucaryoti cells have a nucleu , where splicing can 
oc ur wilhout interf rence from ribo om (Figure 8-3). 

ln this chapter w d cribe how proteins package eucaryotic DN into chro­
ma omes, how chromo ome are folded and organized in the nucleus, and how 
they are replicat d during each II-division cycle. We then discu R A synthe i 
and A ·pli ing, and, finally, we de cribe ho genetic information is organized 
in th eucaryoti genome and how thi organization may have ari en during 
e olulion. Th nucl ar nvelope i di cu ed in detail in Chapter 12 in conne -
tion with the elective tran pon of macromolecules into and om of the nucleu , 
and a hypoth ticaJ scheme of how the nuclear compartment might have evolved 
i present d there ( Figure 12-5). 

Chromosomal DNA and Its Packaging 1 

For the first 40 years of this century, biologists tended to dism.is the po ibility 
that D A could carry the genetic information in chromosom , partly becau e 
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nucleic acids were erroneously believed to contain only a impl rep aUng 
tetranucleotide sequence (such as AGCTAGCTAGCT ... ). We now know, however, 
Lhat 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 tbe Linear 
order of the nucleotides in its DNA. The genetic code, written in "words" of thre 
nucleotides (codons that each specify an amino acid, di cu sed in Chapter 6), 
neatly olves the problem of storing a large amount of genetic information in a 
mall amount of space: every million "letters" (nucleotides) take up a linear dis­

tance of only 3.4 x 105 nm (0.034 cm) and occupy a total volume of about 10 nm3 

00-1s cm3). 
Each D A molecule is packaged in a eparate chromosome, and the total 

genetic information stored in th.e chromosomes of an organi m is said to con­
stitute its genome. The genome of the E. coli bacterium contains 4. 7 x 106 nucle­
otide pairs of D A, present in a single double-he! i al DNA molecule (one chro­
mosome). The human genome, in contrast, contains about 3 x J 09 nucleotide 
pairs, organized as 24 chroma omes (22 different auto ome and 2 different sex 
chromosomes), and thus consists of 24 different DNA molecules-each contain­
ing from 50 x 106 to 250 x 10 nucleotide pairs of D A. D A molecuJe of this size 
are 1.7 to 8.5 cm long when uncoiled, and ven the slighte t mechanical force will 
break them once the cbrorno omal protein have b en removed. 

In diploid organism uch as ourselves, there are two copie of each differ­
ent chromosome, one inherited from the mother and one from the father (except 
for the sex chromosomes in male , wher a Y chromosome i inherited Erom the 
father and an X from the mother). typical human cell thu contains a total of 
46 chromosomes and about 6 x 109 nucleotide pair of D A. Other mammals 
have genomes of similar size. Thi a.mount of D A couJd in theory be packed into 
a cube 1.9 µm on each side. By compari on, 6 x 109 letters in this book would 
occupy more than a million page , thu requiring more than 1017 times as much 
space. 

In this section we consider the relationship between DNA molecuJes, genes, 
and chromosomes, and we di cuss bow lhe DNA is folded into a compact and 
orderly structure-the chr mosome-while stiJI allowing access to its genetic 
information. Throughout the dis ussion, it is important to bear in mind th.at the 
chromosome in a cell change their tructure and activities according to the stage 
of the cell-divi ion cycle: in mitosis, or M phase, they are very highly condensed 
and transcriptionally inactive; in the other, much longer pa.rt of the division cycle, 
called interphase, they are less condensed and are continuously active in directing 
RNA ynlhe i. 

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

To form a functional chromosome, a DNA molecule must be able to do more 
than direct th synthe i of R A: it must be able to propagate itself reliably from 
on cell generation Lo th next. Thi requires three types of specialized nucleotide 
s quences in the D A, each of which erves to attach specific proteins that guide 
the machinery that replicates and segregates chromosomes. Experiments in 
yea t , whos chromo omes are relatively small and easy to manipulate by re­
combinant D A method , have identified the minimal DNA sequence elements 
re pon ible for each of these functions. Two of the three elements were identi­
fied by tudying mall circular DNA molecules that can be propagated as plas­
m;ds in cells of the yeast accharomyces cereuisiae. In order to replicate, such a 
DNA mole ule requires a specific nucleotide sequence to act as a DNA replica­
tion origin; a we dis uss below, one can identify the many origin in each yeast 
hromosome by their ability to allow a test DNA molecule that contain one of 

Chromosomal DNA and Its Packaging 337 
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them to replicate when free of th host chromosome. A second sequence ele­
ment, called a centromere, attaches any DNA molecule that contain it Lo the 
mitotic spindle during cell division. Each yeast chromosome contains a single 
centromere; when this sequence is in erted into a plasmid, it guarante s that 
each daughter cell will receive one of the two copies of then wly replicated plas­
mid D A molecule when the yea t cell divides. 

The third required sequence element is a telomere, which i needed at each 
end of a linear chromosome. If a circular plasmid that ontain a replication 
origin and a centromere i broken at a ingle site to create two free ends in the 
double helix, it will stilJ replicate and attach to the mitotic spindle, but it will 
eventually be lost from the progeny cells. This is because replication on lhe lag­
ging strand of a replication fork requires the presence of ome D A ahead of the 
sequence to be copied Lo serve as the template for an R A primer ( ee Figure 
6-44). Since there can never be uch a template for the last few nucleotides of a 
linear DNA molecule, special mechanisms are required to prevent each such D A 
strand from becoming horter with each replication cycle. Ba teria and many 
viruses solve this "end-replication problem" by having a circular DNA molecule 
as their chromosome. Eucaryotic cells have instead evolved a pecialized 
telomeric D A sequence at each chromosome end. Thi imple repeating se­
quence is p riodically extended by an enzyme, relomerase, thu compensating 
for the lo of a few nucleotides of telomeric DNA in each cycle and permitting 
a linear chroma ome to be completely replicated. 

Figure 8-4 umm.arizes the functions of the thre D A sequence elements 
that are required for a linear chromosome to propagate it elf from generation to 
generation in a yea t cell. The e sequence elements are relatively short (typically 
less than 1000 base pairs each) and therefore utilize only a tiny fraction of the 
information- arrying capacity of a chromosome. The am three types of se­
quence lements 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 cell , recombi­
nant DNA methods allow the yeast sequence element to be added to human 
D A molecules, which can then replicate in yeast cells as artificial chromo­
somes. ln this way yeast cells can be used to prepare human genomk DNA li­
braries (seep. 315) in which each DNA clone (propagaled as an artificial chro­
mosome) contain 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 equence elements 
needed to produce a stable linear 
eucaryotic chromosome. Each 
chromosome has many origins of 
replication, one centromere, and l:\vo 
telomeres. The centromere serves to 
hold tbe two copies of the duplicated 
chromosome together and to attach 
them, via a protein complex called a 
kinetochore, to tbe 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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Mo t Chromosomal DNA Does Not Code for 
Proteins or RNAs 3 

Th genome of higher organism m to ontain a large exce s of D . Long 
before it wa po sible to examin the nucleotid s quences of chromosomal DNA 
dir ctly, it was evident that the amount of D A in the haploid genom of an 
organi m ha no sy tematic r lation hip to th complexity of the organi m. 
Human cell , for example, contain about 700 times more DNA than the bacte­
rium E. coli, but some amphibian and plant cells contain 30 times more D A 
than human cells (Figure 8-6). Moreover, th genom of different p ies r 
amphibians can vary 100-fold in th ir D A content. 

Population geneticist hav cried ro e tima1 ho" much of the D A in higher 
organi m codes for e entiaJ protein r molecul on the ba i of th fol­
lowing indirect argument. Each gen i inevitably ubJect to a mall ri k of a -
cidental mutation, in which nucleotide in the D A are altered at random. The 
gr at r the number of genes, the grear r the probability that a mutation will occur 
in at least one of them. ince mo t mutation will impair the function of th gene 
in which they occur, the mutation rat set an upper limit to the numb r of e -
s ntiaJ gene that an organism an depend on for its urvival: if ther ar too 
many, disaster becom almo t a c rtainty, as with a complex ma.chin depen­
dent on too many component that ar liable to fail. Using this argumenr and th 
ob erved mutation rate, it ha b n e timated that no more than a ma.JI per ent­
age of the mammalian genome can be involved in regulating or encoding es en­
tial pro eins or R A molecul . W shall see later that other vid nc upport 
thi conclu ion. 

The most important impli ation of this estimate i that although th mam­
malian genome contain enough D , in principle, to code for n arly 3 million 
average-sized protein (3 x 109 nu leotide ), the limited fidelity" ith which D A 
sequences can be maintain d m an that no mammaJ (or any other organi m) 
is likely to b con tru ted from mor than perhap 60,000 e ntial protein . 

Chroma omal D A and rt Pa kaging 

Figur 8-5 The making of a yeaM 
artificial chromo om (YA ). A YA 

vector allow the cloning of vef} large 
DNA molecule . TEL, 'EN, and RJ 
are the telomer , ccntrom r , and 
replication origin equ nc elem nt , 
re pectively, ror the yea l 

accharomyces cerevisiae. 13amHl and 
EcoRl are ites wher the 
corre ponding re Lriction nucl as 
cut the D A double helix. The 
sequence denoted as A and B encode 
enzyme that rv a • lectable 
marker to allow the ea i olation of 
yea t cell that have tak n up the 
artificial chromo ome. (Adapted from 
D.T. Burke, G.F. arle, and M.V. 
Olson, cience 236:806-812, 1987. 
© 1987 AM .) 
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hu , from a genetic point of view, human are unlikely to be mor th n about 
10 tim m r omplex than the fruit n Drosopllila, which i estimat d Lo have 
about 5000 es ntiaJ genes. 

Whatever the remaining none ential D in hlgher eucaryoti hromo-
some may d (\'\1e di cu s thi lat r), th data hown in Figure 8 mak it lear 
that it i not a great handicap for a higher eucaryotic cell to carry a large amount 
of extra D . Indeed, even th es ntinl coding regions ar often inL rrupted by 
long stret he f noncoding DNA. 

Each Gene Produces am RNA Molecule 4 

he primary fun tion of the genome i to pecify R A molecule . elected por­
tion f th D nucleotide- equ nee are copied into a corr sponding R A 
nucl ocide sequ nee, whi h •ither n odes a protein (if it i an mRNA) or forms 
a "structural" R A, such a a transf r R A (tR A) or ribo omal R A (rRNA) 
mole ule. Each region of the D A helix that produces a functional RN molecule 
con titut a gene. 
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In higher eu aryotes genes tbat are mor 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 acid ). Most of the extra 
length con isl or long stretches of noncoding DNA that interrupt the relatively 
short segments of coding DNA. The coding sequences are called exons; the in­
tervening (noncocling) sequences are called intrans. The RNA molecule (called 
a primaiy RNA transcript) synthesized from such a gene is altered to remove the 
intron sequence during its conversion to an mRNA molecule (see Figure 8-2) in 
the proce of RNA splicing, as we di cu later. 

Large g n con i t of a long string of alternating exons and intrans, with 
most of the gene consisting of intrans. In addition, each gene is associated with 
regulatory DNA sequences, which ar r sponsible for ensuring that Lhe gene is 
transcribed at the proper time and in th 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 begin , but they can 
also be lo aced "downstream" (on the 3' side) of the site where RNA transcrip­
tion end , or even in intrans 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 5 

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 109 nucleotides 
of th human genome will be determined. As more than 90% of thi quence is 
probably unimportant, it will be crucial to have some way of identifying the small 
proportion of sequence that is imp rtant. One approach to this problem is based 
on the observation that important sequences are con erved during evolution 
while unimportant ones are free to mutate randomly. Th strategy, therefore, is 
to compare lhe humans quence with that of the corresponding regions of a re­
lated genome, such as that of the mouse. liumans and mice arc thought to have 
diverged from a common mammalian ancestor about 80 x J 06 year ago, which 
i long enough for roughly two out of every three nucl otides to have been 
hanged by random mutational events. Consequently, the only regions that will 

Ch.romo omaJ D A and Its Packaging 

Figure 8-7 The organization of g nes 
on a typical vertebrate chromo ome. 
Prot in that bind to the DNA in 
r gulatory regions determine wh •Lher 
a gene is transcribed; although often 
located on the 5' side or a gene, as 
shown here, regulatory regions can 
also be located in introns, in exons, or 
on the 3' side of a gene. lntron 
equences are removed from primary 

RNA transcripts to produc 
me enger RNA {mRNA) molecules. 
The figure given her for the number 
of genes per chroma ome is a 
minimaJ estimate. 
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have remained closely similar in the two genomes are thos wh r mutation 
would Impair function and pul animals carrying them at a di advantag , r ulting 
in th ir elimination from the populaLion by natural selection. uch clo ely similar 
region are known a conserucd regions. ln general, nonconserved r gion. repre-
sent noncoding D A-both b tween genes and in intron -who, quence i 
not critical for fun lion, wherea con erved regions repre. nt fun tionally im­
portant exon and r gulatory equence . By revealing in thi way the r ults of 
a very long natural" xp riment." comparative D A sequencing tudie highlight 
the mo t interesting region in g no mes. Such tudi also provide trong up­
port for the conclu i n that onl_ about 10% of Lh vertebrate genom 
i vitally important to the organi m. 

Histones Are the Principal Structural Prot in 
of Eucaryotic Chromo omes 6 

If chroma ome were ompo ed imply of extended D A, it is diffi ult to imag­
ine how they could be replicated and segregated to daughter ell without becom­
ing ev rely tangled or broken. In fact, the DNA of all chroma om i packaged 
into a compact tru tu r> with the .aid of pecialized protein . It is traditional 
to divid the A-binding proteins in eucaryote into two g neral cla ses: the 
hlstones and the nonhistone chromosomal protei11 . The com pl x of both etas es 
of protein with th nu tear D A of eucaryotic cell i knm n a chromatin. 
Histones ar unique to eucaryote . They are pr ent in such enormous quanti­
tie (about 60 million molecules of each type p r cell, compar d to 10,000 mol­
ecule per ell for a typical sequence- pe ific D -binding protein) that th ir 
total ma in hromatin i about equal to that of th D A. 

Hi ·tone are r latively small protein with a very high proportion of po itively 
harged amino acid (lysine and arginin ); the po itiv harg help the histones 

bind tightly to NA (which is highly negatively charged), regardJe of its nucle­
otide quen e. His tones probably only rarely di ociat from the D , and so 
they ar lik ly to have an influence on anyr act.ion that oc trrs on chromo omes. 

The five types of hfatones fall into two main groups-the nucleosoma/ hi -
tone and th Hl hi.stones. Th nucleo omal bi tones are mall proteins (102-135 
amino acids) respon ible for coiling the D A into nucleosomes, a discus d later. 
Th e four hi tone are designated H2A, H2B, H3, and H4. H3 and H4 are among 
the mo t highly conserved of all known pr tein (Figure 8-8). This evolutionary 
conservation sugge ts that their function involv nearly all of their amino acids, 
o that a change in any position i delet riou to the c 11. This suggestfon has 

b en te ted in y ast , where it i po i le t mutate a given histone gen in i1iLro 
and introduce it into the yeast gen om in place of the nom1al gene. As predkt d, 
many mutation are found to be I thal; ome that ar not lethal cause changes 
in th normal pattern of gene e pr ion tdj cus ed in hapter 9). Tne Hl hi -
Lon are larger.(containing ab ut 220 amino acid ) and have been le con rv d 
during evolution than the nucleosornal hi tone . 

Hj tones Associate with DNA to Form Nucleosom s, 
the Unit Particles of Chromatin 7 

lf it were tretched out, the DNA doubl helix in ach human chromosom would 
pan the cell nucleus thousands of tim . Hi ton play a crucial part in pa k­

ing this very long D A molecule in an orderly way into a nucleus only a few 
micrometers in ctiameter. Th ir rol in D A folding is also important for as c­
ond r ason. A \Ve hall ee, not all th A i folded in exa tly th n, way, 
and the manner in which a region of th genome i packaged into chromatin in 
a particular cell eems to influ nee the activity of the genes th region contains. 

A major advance in our under Landing of chromatin truc1ur cam in 1974 
with the discovery of th fundamental packing unit known a the nucleo om 
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Fl ur 8-8 The amino acid equence 
of hi tone H4. The amino acids are 
tle ·ignat d by their single-lener 
abbreviations, with the positively 
charged amino acid colored for 
mpha is. A in the three 0th.er 

nucleosomal histones, an elongated 
amino-t 1.minal "ta.ii" is reversibly 
modified in th ell by the acetylation 
of lected ly ines, which remove the 
lysine's positive charge. The sequence 
from a cow i shown; the sequence is 
lhe aine in p as except that one 
valine i changed to an isoleucine and 
on ly inc i 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 D A, 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 D A between the nucleo ome beads is degraded. 
The re t is protected from digestion and remain as double-helical D A frag­
ments 146 nucleotide pairs long bound to a specific complex of eight nucleoso­
mal histones (the his tone octamer). The nucleosome beads obtained in this way 
have been crystallized and analyzed by x-ray diffraction. Each is a disc-shaped 

(Al 

Chromosomal DNA and Its Packaging 
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linker DNA core histones of 
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Figure 8-9 Nucleosomes as een in 
the electron microscope. These 
electron micrograph 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 
(discu sed later), i shown in (A). The 
decondensed, "beads-on-a-string" 
form of chromatin i shown at the 
same magnification in (BJ. For a 
schematic drawing of the relation 
between these two chromatin forms. 
see Figure 8-30. The e electron 
micrographs were taken by 
modifications of the procedure 
outlined in Figure 8-45. (A, courtesy 
of Barbara Hamk:alo; 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-
Il4 tetramer. The histone octamer i 
thus composed of two each of 
histone 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 
h.istone core, plus the adjacent ulinker 
DNA." The part of the nucleosome 
referred to here as the "nucleosome 
bead'' is released from chromatin by 
digestion of the D A with 
micrococcal nuclea e. In each 
nucleosome bead 146 nucleotide 
pairs of DNA double helix (about 1.8 
turns) remain wound around the 
octarneric histone core. (A, courtesy 
of Evangelos Moudrianakis.) 
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GC preferred here 
..- (minor groove outside) 

! AT preferred here 
(minor groove inside) 

histone core DNA of 
of nucleosorne nucleosorne 
(histone octarner) 

particle with a diameter of about 11 nm containing two copies of each of the four 
nucleo omal histones-H2A, H2B, H3, and H4. This Wstone octamer forms a 
protein core around which th doubl - tranded DNA helix is wound twice (Figure 
8-10). 

In undige ted chromatin the DNA extend as a continuou double-helical 
thread from nucleo ome to nucleo ome. Each nucleo ome is separated from the 
next by a region of linker DN , which can vary in length from O to 80 nucleotide 
pairs. On average. nucleosome repeat at interval of about 200 nucleotide pairs 
( ee Figure 8-10). Thus, a typical eucaryotic gene of 10,000 nucleotide pairs will 
be a ociated with 50 nucl osome , and each human cell with 6 x 109 DNA nucle­
otid pair c ntain 3 x 107 nucleosome . 

The Positioning of N ucleosomes on DNA Is Determined by 
the Propensity of the DNA to Form Tight Loops and 
by the Presence of Other DNA-bound Proteins 8 

Experim nt performed in vitro with isolated chromatin suggest that the hi tone 
octam r gen rally remain fixed in one position under physiological condition , 
inasmuch as their tight binding to D A prevents them from liding back and 
f rth along th helix. There are two main influence that determine where nu­
cleo omes form in the DNA One is the difficulty of bending the D A doubl helix 
into two tight turns around the outside of the histone octamer, a proce s that 
requires ubstantial compression of the minor groove of the helix. Becau e A-T­
rich equences in lhe minor groove are easier to corn pre s than G-C-rich , e­
quences, each histone octamer tends to position itself on the DNA o a Lo maxi­
mize A-T-rich minor grooves on the inside of the DNA coil (Figure 8-11). Thu 
a segment of DNA that contains short A-T-rich sequ nee spaced by integral 
numbers of DNA turns will be much easier to bend around the nucleo om than 
a egment of DNA lacking this featme. This probably explain ome striking cases 
of very precise positioning of nucleosomes, such as tJ10 e that bind to th tiny 
5S rR A genes, each of which has a single nucleosome bound to it in a uniqu 
location. If the DNA contairung the 5S rRNA genes is added in uitro to a mixture 
of the four purified nucleosomal hi tones, nucleosomes will r -form at the ex­
act position where they are located in vivo. For most of the DNA sequence found 
in chromosomes, however, there i no Lrongly preferred nucleosom binding 
ite; instead, a nucleosome can occupy any one of a number of position rela­

tive to the D A sequence. 
The second important influence on nucleo ome po itioning i th presence 

of other tightly bound proteins on the DNA that prevent nucleo omc from form­
ing. For this reason some region of D A app ar 10 Jack a nu leosom even 
though they are hw1dred of nucleotide pair long. Th y can b detect d by treat­
ing cell nuclei with trace amount of a deoxyribonucl a e (D a e I) that at low 
concentrations will digest long stretche of nucleosome-fr e D A but not the 
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Figure 8-11 The bending of DNA in a 
nucleosome. The D A helix makes 
two tight turns around th histone 
octamer. Thl diagram is drawn 
approximately to scale co illu lrate 
how the minor groove i compres ed 
on the inside of the turn. Due to 
certain tructural feature of the D A 
molecule, A-T base pair are 
preferentially accommodated in a 
narrow minor groove. 

H 
H1 H3 H4 H2A H2B H1 

L___J 

103 nucleotide pairs 

rlgure 8-12 The location of 
nuclease-hypersensitive sites in the 
regulatory regions of active genes. 
The genes hown encode histones 
(Hl, fl2A, 112B, H3, and H4J 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 or the transcript. Although the 
nuclease-hypersensitive sites (vertical 
red arrows) are often present on the 5' 
ide of a gene, as illustrated here, they 

can also be located elsewhere (see 
Figure 9-34). 
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30nm 

hort stretches of linker D A between nucl es. 1ch nuclea e-hyper en-
iti • soften lie in the regulatory r gi gen (Figure 8-12). he first 

evid for thi idea came from s1udie o on y viru V40, who cir-
ul A chromosome bind to hi tone ed it h t c II . Th V40 

chro ome often contains a single nudeo ome-free region about 300 nucle-
otide pair long very n ar the sequen at which vir • nd R A 
synthe i begin. Although ev raJ • in are 
bound to this region, they do nae prot clease 
attack a do the nucleosomes, whi 

The default late of the D i d with 
nucleo omes, and mo c nude om y gene 
regulatory proteins as part of the . on (dis-
cus ed in Chapter 9). Where er nu pee· ned by the 
DNA sequence it elf, here may h ionary ur to k ep the 
adjacem linker D A free of a nucl to facilica recognition b 
sequence-specifi D -binding proteins. 

Nucleo ome Are Usually Pa ked Tog her by Hi tone H 1 
to Form Regular High r-Ord r Stru tur 

The link r DNA that onnect adjacenc nucl o ome can vary in length ince 
nucleosom s po ·it ion th ms Ive a cording to th lo al 11 xibility of the DNA 
helix and the distribution or orher proteins bound to p cific D A equence . 
Although long string of nucl o om form 011 most hromo omal D , in the 
living cell hromatin proba ly rar ly dopt • th e tended "bead -on-a- tring" 
fonn. lnstead, the nuclco om s are pack d upon on another to generate regular 
arrays in which the DNA is vcn mor highly cond n ed. Thus, when nuclei are 
very gently I d nt an lectron mi r cop grid, most of the chromatin i seen 
to b in th form of a fib r witJ1 a diamet r of about 30 nm, which i con ider­
ably wid r 1J1an chromatin in the "b ad -on-a-string" form. One of everaJ mod-

I prop d to e pla:in how nu lea m s , r packed in the 30-nm chromatin 
fiber i mu trated in Figur 8-13. uch mod I repr sent an idealized structure, 
sine both Lb range of tin er length that re ult from preferred nucleosome 
po itioning and th pr ·ence of o ca i naJ nu ·lea ome-free equences will punc­
tual th 30-nm. 1ber with irr gular feature (Figure 8-14). 

Th hi ton I l 1 m I uJ , of wbich there are about six closely related ub­
types in a mammalian II, are thought to be re ponsible for pulling nucleosomes 
cog ther l form the 30-nrn fib r. Th H l mol cul has an evolutionarily con-

Hgure 8- :t The 30-nm chromatin 
Ob r. model co plain ho ch 
"b ads-on-a-string"' form of 
nucleo ome i packed to form the 
30-nm fi r. n in electron 
micrograph ( ee Figure 8-9A) in top 
( J and Ide view (B). Thi typ of 
packing requir one molecule of 
hist n H 1 per nucl osome (not 
hown). Although the position where 

1h 111 attach to the nucleo ome 
ha been d fined ( Figure 8-15), 
rh location of the HI mo! cules in 
this fiber is unknown. (See also Figure 
8-14.) 

figure 8-14 ucle ome-frce 
regions In 30-nm a r . A h mat1 
seclion of chromatin illustrating 1h 
interruption of it r gular 
nucl o omal lructur by short 
region where 1h hromo umal D 
is unusually vulnerable to dige ti n 
by DNas I. At a h o( the nuclea e­
hyp rsen itive sile , a nucleo om 
appear to have b n excluded from 
the NA by nc or m r cqueoce-
pecific DNA-binding proteins. How 

these prot ins bind DNA tightly is 
di u e<I in hapL r 9. 

sequence-specific 
DNA-binding 

~ proteins 

I 
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s rved globular entral region link d to les con erved xtend d amino-termi­
nal nd carboxyl-terminal "arms." Each Hl molecule bind. through ils globular 
portion to a unique site on a nucleosome, and it arm xt nd to contac.:1 th r 
ite on the hi tone cores of adj a ent nucl o om , o that th nu I o om ar 

pulled og ther into a r gular repeating array (Figur 8-15). 

Summary 

A gene is deft,ied as a nucleotide sequence in a DNA molecule that acts as a ftmctional 
tmitfor th production of an RNA. molecule. chromosome is formed from a single, 
enormously long DNA molecule that cordni11s a series of mm,y ge11 s. chromosomnl 
DNA molecule also contains three other types o/functionally important 11ucleolide 
sequen es: replication origins and telomeres allow the D :A molecule to be replicated, 
iu/&ile a cenlromere is needcf!d to attach the D A molecule to the mitotic spindle, en­
suring its accurate segregation to daught,er cells. The lrnma,1 haploid genome con­
tains 3 x J(/1 D :A rwcleotid pairs, dillided among 22 different autosome aud 2 ex 
chromosomes. O,zly a mall percentage of this D 'A is thought to cod for proteins. 

The D IA in eucaryotes is tightly bound tn an equal mass of hist-011es, which/on11 
a repeating army of D -protein particles called nilclto omes. Th.e nucleosome is 
made up of a,i octameric core of histor1e proteins around which tile D '.A is wrapped 
twice. The ease with which a segment of DNA can undergo the severe bending r -
quired for this wrapping uarie with its nucleotid,e sequence. Despite irregularities 
uch a thi, 1wcleosomes are usually packed together, with the aid ofliislone Hl 

molecule , into regular array to form a 30-mn fiber. 

The Global Structure of Chromosomes 
I laving di u d the NA and protein molecule from which chromosome are 
made, w now turn to th organiz. tion of th hromo ome on a mor global 
cal . a 30-nrn fib r, th typical human hromosome would be 0.1 cm in 

length and could pan th nucleu more than 100 times. Clearly, there mu t be 
a still high r lev 1 of folding. The DNA is not nly packag with hi tones into 
regularly repealing nucleo ome Lhat ar packed into 30-nm fiber ; it is also 
elaborately folded and organized by other protein into a erie of ubdomains 
of distinct chara ter. Thi high r-ord r pa kaging i n of the mo t fascinating 
but also most poorly under load a ·p t of hromatin. Although it molecular 
basis is still a mystery, tlli packaging almo t c rtainly play a cru ial part in the 
regulalion of ene Lranscription. In thi e lion we di u. what i kn wn about 
higher-order chromatin tru ture and examine e "d nc that how. it i function­
ally important. 

Lampbrush Chromosom Contain oop 
of Decondensed Ch omatin 10 

Although packaged into chromatin, mo t chroma ome. in imerpha e cell (cell 
not in mitosis) are too fine and too tangled to be vi ualiz d clearly. In a few 
exceptional ca , however, interpha chrom . ome can b . en to ha e a 
pre isely defined higher-ord r tru ture. The m i lically pair d hr mo ome 
in growing amphibian oo e (immature gg ), for example, ar highly a live 
in R A ynthesis, and they form unu ually tiff and ext nd d ·hromatin I op 
that ar overed with newly tran crib d R pack d int d n R A-prOLein 
complexes. B cau e of thi coating on the D A, th ~a-called lampbru b chro­
mo ome are clearly vi ibl ev ninth light mi roscope, wh r th .ir' e n 
co be organized into a eri f larg chromatin loop. manating from a linear 
chromosomal axis ( igur 8---16). 

46 hapt r 8 : The ell Nu leu 

globular core 

l.._ _,,,,,,,,,,,.COOH 

H1N ........... 

histone H1 

nucleosome 

11 nm 

I H1 BINDS TO 
SPECIFIC REGION 
OF NUCLEOSOME 

Figure 8-15 The way hi tone H l is 
th ught pa ka ja nt 
nucleos gether. The globular 
ore of T to ach n ome 

octamer. When Ill i present on the 
nuclco ome. , l 6 nucl otid pair of 
D A are protected from mi ·roco al 
nuclease digestion, compared with 
l 6 nucleotid pair for nucleo ome 
lacking H l ( ee Figure &-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-

REGION OF 
SINGLE 
CHROMOSOME 

SMALL REGION OF 
CHROMOSOME 
SHOWING SISTER 
CHROMATIDS 

T 
10 µm 

chromatin 
joining 
adjacent 
chromc;,meres 

The Global Structure of Chromosomes 

ext.ended 
chromatin 
in loop 

axis 

loop 

chromomere 

chromomere 
formed from 
highly condensed 
chromatin 

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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rnatin, ho\ , • • loop but remain highly cond n ed in th chro- looped domain 

momeres, all tran cribed. A general chromo ome mod I 30-nm / 
based on t be p ed in which loop of 30-nm fiber extend 
at an angle from hromosom ( igure 8-18). 

Lampbru h m trate the recurr nt the this se tion-
when hromatin i b d, it ha an extended tur ; when th 
chromatin i con is ; and the tructural u . regulation ar 
large, preci ely defined dom 

Orderly Domain of Interphase Chromatin Also Can Be 
Seen in Insect Polytene Chromo om 11 

Becau of a pe ialization (whi h i differ nt from that of lh 
mo om ), hrom tin tructure i al o unu uaJly visibl in rtain in 

~ ,, 
left arm of -"" 
chromosome 3 ~ 

~ 
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normal mitotic 
chromosomes at 
the same scale 

~ 
~ 

region where the two 
homologous chromosomes 
are separated 

20µm 

protetns forming a chromosome axis 

Figure 8-18 A model of chromo ome 
tructurc. section or a chromo omc 

i . hown folded into a erie of looped 
domain , each ontaining perhap 
20,000 to I 00,000 nu leotide pairs of 
double-helical A condens din a 
30-nm chromatin fiber. 

Figure 8-19 detailed ketch of the 
ntire set of polyteoe chromo ome 

in one Dro oph lla salivary cell. These 
hrorno ome have been prcad out 

for viewing by quashing th m 
against a micro ope lide. 
Drosophila has four chromo omes, 
and cher are four differ nt 
chroma ome pairs pr cm. But each 
chroma ome i tightly paired with it 
homologue ( o that each pair appears 
a a single tru ture), which i not the 
ca e in mo t nuclei (exc pt in 
meiosis}. Th four polyt ne 
chromosome are normally linked 
together hy regions n ar their 
centrom r that aggr gat to reate a 
ingle larg "chroma cnt r" (colored 

region); in this preparation, however, 
the chromo enl r ha~ b n plit into 
two hal s by th squa~hing 
procedur used. (Modifi d from T .. 
Painter,/. 1/errd. 25:4 5 7 , 1934.) 
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Many of the ceJls of the larvae of llie grow to an cnonnous size through multiple 
cycl of DNA ynthesis without cell division. he resulting giant cells c ntai□ a 
much as several thousand tim ' lhe normal DNA complement. Cells with more 
than the normal DNA complement are said to be polyploid when, as is usually 
the ca e, they contain increased number of tandard chromosomes. In everal 
types of secretory cell of fly larvae, however, all the homologou chromosome 
copies remain ide by side, creating a single giant polytene chromosome. The fact 
that some large insect cell ·an undergo a direct polytene-to-polyploid conver­
sion demonstrates that these rnro chromosomal states are closely related and that 
the basic struclure of a polytene chromosome must be similar to that of a nor­
mal chromosome. 

PoJytene chromosomes are easy to see in the light microscope because they 
are so large and because the precisely aUgned side-to-side adheren e of indi­
vidual chromatin strand greatly elongate the chromosome axis and prevents 
tangling. Like lampbrush chromosome , these chroma omes are a tive in R A 
synthesis. Polyteny has been most studied [n the salivary gland cells of Drosophila 
Jatilae, in which the DNA in each of the four Drosophila chroma omes has been 
replicated through 10 cycl without eparation of the daughter chromosome , 
so that 1024 (= 2 10) identical strands of chromatin are lined up side by ide (Figure 
8-19). 

When polytene chromosomes are viewed in th light micro cope, distinct 
alternating dark bands and light interbands are visibl (Figure 8-20). Each band 
and interband represents a set of 1024 identical DNA sequences arranged in reg­
ister. About 85% of the D A in polytene chroma omes is in bands, and 15% is 
in interband . The chromatin in each band stains darkly becau e it i 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 
pair per chromatin strand. Since th bands can be recognized by their differ nt 
Lhicknes e and spacing , ea h one has been given a number to g nerate 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 12 

Long before anything was known at the mole ular level about chromatin truc­
ture, tudies of polytene chromosomes suggested that a major change in DNA 
packing accompa.nie gene transcription, since individual chromosome bands 
often expand when the genes they contain be om active and recondense when 
these genes become quiescent. 

B 

Th lobal Structure of Chromo omes 

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 
chromo omes and ar a pecial 
property of lhe giant polytene 
chromo omes. (Courtesy ofJoseph 
G. Gall.) 

Figure 8-21 Electron micrograph of 
a small section of a Drosophila 
polytene chromosome seen In thin 
section. Bands (13) or very different 
thickness can be :readily 
dJ tinguished, separated by 
imerbands OJ. whi h coma.in les 
condensed ch~pmaLin. (Courtesy of 
Viekko orsa.) 
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The regions on a polytene chromosome being transcribed at any instant can 
be identified by labeling the cells briefly with the radioactive RNA precursor 3H­
uridine and locating the growing RNA transcripts by autoradiography (Figure 8-
22). This analysis (see below) reveals that the most active chromo omal regions 
are decondensed, forming clistinctive chromosome puffs. 

One of the ma.in factors controlling the activity of genes .in polytene chromo­
somes of Drosophila i the in ect steroid hormone ecdysone, the levels of which 
rise and fal] 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 tage 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 chromosom band (Figure 8-24). Electron microscopy of thin ec­
tions of such puffs shows that the DNA in the chromatin i much les condens d 
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 13 

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 toe timate that Drosopl1ila 
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 the e 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 D A coding se­
quences for only one essential protein. 
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Figure 8-22 Synthesis of RNA along a 
giant polytene chromosome. ln tbi 
autoradiograph of a chromo ome 
(from the salivary gland of the insect 
Chironomus tentans) labeled with 
3H-uridine, ites of RNA synthesis are 
cover d wiLb 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 Ash burner.) 
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Gene that are not e s nUaJ for urvival bl the laboratory (where pr dator 
are absent and both food and mate are provld d}, h wev r, ould I ave b en 
mi d in the genetic analy e , and more r em data hav made th simple 
"one-band, one-gene" hypothesis seem unlikely. contjnuou 315,000-nu le­
otide-pair region of the Drosophila g nome ha b en cloned, for exarnpl , and 
fragments have be nu ed a D A prob co acalogu th rnR As produ d 
from the region: three times a many eparate m A as band were identified, 
indicating that each band probabl contain sev ral gene . In addition, it has now 
been shown directly that mRNAs are produced from both interband and band 
in polytene chromosomes. 

Although till contra ersiaJ, it ha been propo d that th D A in poJyt ne 
chroma ome bands is arranged in loops in a manner anaJogou to that of th 
Iampbru h chroma omes. A cording to thi model, puff f rmation would corr -
pond t the deconden ation of one or more I oped domain . Wheth r or not 

thi mod 1 is correct, the above findings show that at least sorn interphas hro­
mo omcs are arranged in a complex, precisely ord red sequence of tru ·tural 
domain , each typi ally containing a mall number of genes whos tran criptlon 
i regulat din a coordinated way. Tt may be that all interphase chroma ornes are 
packaged into ord red structure accordjng to the e same principle . 

Transcriptionally Active Chromatin Is Les Condensed 14 

Th tudie of puff on insect polytene chromosomes sugge t Lhat the chroma­
tin tructure of transcribed genes is selectiveJy deconden ed. Experiment· of a 
completely different type upport this suggestion. When nuclei i olated from 
vert brat ell ar expo, ed to the enzyme D ase I, about 10% of the genom i 
pr ferentially degraded. Although a small subs t of these degraded sequence 
corrc ponds to th hypersen itive sit described earlier, mo t of them rep re ent 
gen s that ar being tran cribed: dift rent D A sequences, for ex.ample, are di­
ge t d by th nuclease in different cells of the same organism, depending on the 
gen that are being transcrib din the differ nt cell types. Remarkably, even 
genes that aie trans ribed only a few time in v ry ell g neration are ensilive 

gene that will /' 
be transcribed / _J 

;,:-hi./ 

normally 
condensed regions 
of chromatin 

he Global tru tur f hrom ome 

gene that is actively 
being trenscribed 
inlD RNA 

TREATMENT WITH 
PANCREATIC D ase I 

degraded DNA 1 

10µm 

Figure 8-24 Autoradlogram of a 
ingle puffin a polyt.ene 

chromo ome. Th portion of th 
duomosom indicated i w1d r •oing 
HNA ;ynthe is and bas therefore 
h com !ah led wirh 1 tr-uridine. 
( ourt sy of Jo Bonner.) 

Figure 8-25 Digestion of chromatin 
with D ase I. The enzyme fir t cul al 
nuclea e-hyper nsitive it (not 
shown. but e Figure 8-12) and then 
ele Lively degrades the entire D A 

. equen e both of gene Lha1 are 
actively being transcribed and of 
genes that have been actival d but 
are not yet being tran cribed. 
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to D a e I, indicating Lhat a p cial tar of th hromatin, rath r than th pro­
cess of DNA tran cription it If, mak s th e r gion unu. ually a ce ible to di­
ge tion (Figur 8-25). Chromatin in thi ace . sible ·rate i often termed active 
chromatin, and it tructur app ar to b altered in a way that make the pack­
ing of th nucleosome le cond n d. 

Active Chromatin I Biochemi ally Di tlnct 15 

What distingui h a tiv from inactiv hromatin? "he answer lo thi question 
will probably r quire purifi ation and charact rization of the chromosomal pro­
teins that are unique Lo ea ·h hromatin conformation. ome progress has been 
made toward thi goal by th developm nt of biochemical method d igned to 
isolat a tive hromatin by taking advantag fits relativ ly deconden ed rate. 
The anal . i of the hromo omal pr t in in the active chromatin fraction ha 
sugg sted the following: (l J Hi. tone Ill eems to be les tightly bound to at least 
om activ chromatin, and particular ubtyp of this hi tone may be pecific 

for a tiv chromatin. (2) AJth ugh the f ur nu leo. omaJ hi, Lone are present in 
normal amount in a Live chromatin, they appear to be unusually highly acety­
lated when compared with the ame bi ton s in inactive chromatin. (3) Th 
nu 1 o omaJ hi tone H2B in Live chromatin appear to b les phosphoryla1 d 
than it i in ina tive hroma1in. (4) Acti e chromatin i highly enriched in a minor 
variant form of hi tone ll2A that i found in many species, including Drosophila 
and human . (5) h nucl o ome in a ti chromatin selectively bind tw 
clo I r lat d mall hrom omal prot in , alled HMG 14 and HMG 17. Con­
si tent with th ir pre nee onl in active hromatin, these· high-mobility-group" 
(HM ) protein o ur i1 roughly th quantitie required to bind to 1 in every 10 
nucl o m in total hromatin; moreover, their amino a id quen es ha e 
b n highly c n rv d du.ring volution, .implying that they have important fun -
rion. 

Any or all of th hang s might play an important part in un oiling the 
hromatin fa Live g n , helping to make the D A available a a template~ r 

R A syn the i , but more dire t exp riments are needed to te t thi idea. 1 n hap­
ter 9 we dis u mechanism by which the tran ition betw en inactiv and ac­
tiv chr matin may b on trolled. 

nuclear 
envelope 

peripheral 
heterochromatin 

silver 
grains 

2µm 
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figur 8-26 Heterochromatin i 
tran crlptionalJy inactive. An 
autoradiograph i hown of a thin 

lion fa nu I u from a cell Lhal 
ha been pulse-labeled wiU1 3H­
uridin in order to lab I ite of R A 
. ynlh is (. I'll a black ilver grains). 
The wllite areas ar r gion of 
het ro hromadn, which tend to pack 
along th in ide of the nuclear 
nvelop . ormally, heterochromalin 

·min unusually darkly in lectron 
micrographs (for example, ee Figure 
8-71), but becau e of the particular 
method used for ample preparation 
h r , areas ontaiJ1ing 
h terochromal.in have been bleached. 
A can be seen, mo t of th RNA 
ynth i occurs in the eu hromatin 

that border· these heterochromatic 
areas. (Courte y of tan Fakan.l 
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H t rochromatin Is Highly Condensed and 
Transcriptionally Inactive 16 

Light mi ros opi ludies in the 1930s distingui heel two typ of chromatin in 
int rphase nuclei of higher eucaryotic cells: a highly conden d form called het­
erochromatin and all the rest, which is le condensed, called euchromatin. 
H t rochromatin wa originally identified because it remain unu ua!Jy compact 
during interpha e; il was later found to be tran riptionaJiy inaclive (Figure 8-
2 ). In a typical cell in interpha e, approximat ly 10% of th genom i pa k d 
into heterocbromatin. lt is now clear, as de cribed above, thal the eu hromalin 
exi l in at least two forms: about 10% i in the form of activ chromatin, which 
i the lea t conden ed. while lhe re l is inactive eu hr matin, which i mor 
condensed than active chromatin but less conden ed than h tero hromatin. 
Heterochromatin i therefore thought to b a pedal variety of Lranscriplionally 
inactive chromatin with di tinctive function . ln mammal . fore ampl . and in 
many other higher eucaryote , the D A urrounding ach ntromer is com­
po cd of relatively imple rep ating nucleotid equ n . Thes a-call d sat­
ellite DNAs constitute a major portion of the heterochromatin in the e organi m . 

Mitotic Chromosome Are Formed from Chromatin 
in Its Most Condensed Stat 17 

With the exception of a few pe iali2ed ca , uch a the lampbrush and poly­
tene chromosome di cu ed above, mo t interpha e hromo me ar too ex­
tended, thin, and nlangled to be r adily d t ctabl . [n contra t. chroma ome 
from nearly all cell are visible durin mito i , when they coil up to form much 
more conden ed tructure . Thi coiling, whi h reduc a 5-cm length of D A 
to about 5 µrn, makes it po ible for the mitotic spindle to segregate the chromo­
somes to separate daughter cells without br aking them. The condensation i ac­
companied by the phosphorylation fall of th hi ton Hl in the cell at five of 
its serine residues. B cau histone fll help. to pack nucleo omes together (see 
Figure 8-15), its pho phorylation during mito i i u pected to play a role in 
chromosome conden ation. 

Figure 8-27 depicts a typical mitotic chromosome at the metaphase tage 
of mito is. The two daughter DNA m I ul pr duced by DNA replication during 
the pha of the ell-divi ion cy I are eparal ly folded to produce two sister 
chromosome· (call d sister chromatids) held together at their cemromeres. The e 
chromo ome are normally overed with a vari ty of molecules, including large 
amounts ofribonucl oprotein . On thi cov ring i tripped away, each chro­
malid can b een in electron micrographs to b organized into loops of chro­
matin emanating from a c ntral axi (Figur 8-28 and 8-29). everal types of 
exp rim nt d mon trate that the ord r of visible fealur along a mitotic chro­
ma ome at I a t roughly r fleet th order of the gene along the DNA molecule. 
To illu tral how uch an organized folding of the long DNA helix might be 
achieved, we hav drawn ach chromatid a a closely packed eries of looped 
domain wound in a Light helix in Figure 8-30, which al o presents a schemati 
vi w of all the differ nt folding pro e that would contribute to this structw- . 

The cond n ed form of hromatin found in mitotic chroma omes • • thought 
Lo r sembl het rochromatin in it high degree of packing. ot urpri ingly, 
mitoli chroma om are found to b transcriptiona!Jy inactive: all RNA synthesi 
c a e a th chroma ome • conden c. Presumably, the conden ation prevent 
RNA polyrnera from gaining acces to the D A, although other control factor 
may al ob involv d. 

he ,lobal tructur of hromo om 

L........J 
chromatid 

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

L_J 

0.1 µm 

Figure 8-28 cannJng el ctron 
micrograph of a region near one end 
of a typical mitotic chromo ome. 
Each knoblik proj crion is beli ved 
to repr • nt th tip of a eparat 
loop d domain. Note that che cwo 
id nti al paired chromatid 
diagrnmm d in Figure 8-27 can be 
!earl di·tingui h d. (From M.P. 

Marsden and U .. Lacmmli, ell 
17:849-858. 1979. © Cell Press.) 
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• beads-on a-string# 
form of chromatin ~......,-.,, 

30-nm chromatin 
fiber of 

,~.,, o,olao,omes ~ ~ 

sectionof IMM~ chromosome in an . 
extended form 

condensed section 
of metaphase 
chromosome 

entire 
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chromosome 
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Figur 8--29 El tron micrograph f 
a single chromalid of a mitotic 
chromosome. The chromo om 
(from an insect) wa treat d tor v al 
loops of chromatin fiber thal 
emanate from a central axis of lhe 
chromacid. Such micrograph upport 
the idea that the chromatin in all 
chroma omcs i fold d into a eri of 
looped domain ( e Figure 8-18). 
(Courtesy of Victoria Foe.) 

igure 8-30 Model or chromatin 
pa king. Thi sch matic drawing 
how som of Lhe many order of 

chromatin packing po Lulated to give 
rl e to the high] condensed mitotic 
chromosome. 
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(B) 

Each Mitotic Chromosome Contains a Characteristic 
Pattern of Very Large Domains ts 

The display of the 46 human chromosomes al mito i is called the human karyo­

type. Staining method developed over the .last 25 years permit unambiguous 

identification of each individual chroma ome. ome of these methods involve 

staining mitotic chromosome with dye that fluore ce only when they bind to 

certain types of DNA sequence . Although the e dyes have very low specificity 

and appear mainly to distinguish D A that is rich in A-T nucleolide pair (G 

bands) from DNA that is ricb. in G- nucleotide pairs (R bands), they produce a 

striking and reproducible banding pattern along ach mitotic chromosome (Fig­

ure 8-31). In this way each chrome ome can be identified and numbered, as il­

lustrated in Figure 8-32. Both the G bands and the R band are known to con­
tain genes. These bands are unrelat d to those de ribed earlier for the insect 

polytene chromosomes, which are thought to correspond to regions of con­
densed chromatin; in the human mitoti 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 cb.romo omes very early in mitosis, when they are Jes 

conden ed than at metaphase, it has been possible to estimate that the total 

haploid genome contains about 2000 di ringui hable A-T-rich bands. These pro­
gressively coale ce as condensation proceeds during mitosis to produce fewer 

and thicker band . 
Chromosome bands are d tected in mitotic chromosomes from species as 

diverse as humans and Oies. Moreover, the exact pattern of bands in a chromo­
some ha remained unchanged over long periods of evolutionary tjme. Every 

human chromosom , for example, has a clearly recognizable counterpart wilh 

a nearly id ntical banding pattern in the chromosomes of the chimpanzee, go­

rilla, and orangutan (although th re has been a single cluomosome fusion that 

give humans 46 chromosomes instead of the apes' 48). This conservation sug­

ge ts that the long-range patial organization of chromosomes may be important 

for chromosomal function. But why uch bands exist at all is a mystery. Even the 

thinne t 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 compo ition would be expected to be random over such 

long tretches of D A sequence. 

Summary 

Chromosomes are generally decondensed during interphase, so that their tructure 

is difficult to discern. Notable exceptions are the specialized lampbru.sh 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 tructure 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 Giem a 
stain-hence their name-while the R 
bands were so named becau e they 
formed the "r ver e'' of the G-band 
parrem. (From .F. Jorgen on, J.H. 
van de Sande, and .C. Lln, 
Chromosoma 68:287-302, 1978.) 
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molecule irz a chromosome is divided into a large number of discrete domains that 
are folded differently. In both lampbmsh and polytene chromosomes the regions that 
are actively sy11tliesizing are least condensed. Likewise, as judged by nuclease 
sensitivity, about 10% of the D in interphase vertebrate cells is /11 a relatively 
unconden ed confomzation tha.t correlates with D tra11 cription i11 lh e regions. 
uch "active chromatin'' is biochemically distinct from the more condensed inactive 

regi,ons of chromatin. 
ll chromosomes adopt a highly condensed conformation during mitosi . When 

they are specially tai,wd, th mitotic chromosomes have a baflded struchire that 
allorvs each individual chromosome to be recognized unambiguously; these band 
contain millions of D '.A ,mcleoltde pairs, and they reflect a coarse heterogeneity of 
chromosome structure that is 11ot understood. 

Chromosome Replication 
Before a cell can divide, it mu t pr due a new copy of each of i s chroma ome , 
and it do thi du.ring a ·p jfi pan f interphase called th D A- ynlh i 
pha e, or S phase, of the cell-di i ·ion ycl ; th part of interpha e pr c ding, 
pha c is call d Gap I. or ., and th part following S phase is called Gap 2, or G2 

(see igure 17-3). ln a typical higher u ary ti c II th phase last f r aboul 
8 hour . By its end e ch chr mo om ha b en r plicated to produc Mo com­
pl t copies, which remain join d tog ther at th ir centromercs until the M phas 
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I lgure 8-32 standard map f the 
anding pattern of each 

chromo ome in the human 
karyotype. TI1i map wa determln d 
a1 the prometaphase tage of mito i . 

hromo om s 1 through 22 ar 
labeled in the approximate order of 
their izc; a diploid cell contains two 
of each of the c auto omes plu 1wo 
sex chromo omes-two X 
chromosomes (~ male) or an and a 
Y chromo ome (mal ). The 850 bands 
hown here are G band , which stain 

with r •ag m that appear to be 
p cifi for A-T-rich D . equcnce . 

Th red knobs on hromo om 13, 
14. 15, 21. and 22 indlcate the 
po ition of rh gene that encode the 
larg ribo omal RNAs; the red lines 
mark the ntromere on ea h 
chromo ome. (Adapted from U. 
Frank , Cytogenet. Cell Genet. 31:24-
32, 1981.) 
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that soon follows (see Figure 8~27). hromosome duplication requires both the 
replication of the long DNA molecule in each chromosome and Lhe assembly of 
a new set of chromosomal protein onto the DNA to form chromatin. ln Chap­
ter 6 we discussed the enzymology of DNA replication and described th struc­
ture of the DNA replication fork, where DNA synthesis occurs by a emi­
conservative process (see Figure 6-48 and 6-49). In Chapter 17 we consider how 
entry into the S phase is regulated as part of a more general di cussion of how 
the ceU-division cycle is controlled. ln 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 19 

We saw in Chapter 6 that replication origin have been precisely defined in bac­
teria as specific DNA sequence that allow the DNA replication machinery to 
a . emble 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 s quences too. As mentioned earlier, the 
search for replication origins in the ch_romo om of eucaryotic cell ha been 
most successful in the yeast Saccharomyces cerevisiae. The powerful selection 
methods that have been devised to find them make u e of mutant yeast cells that 
are defective for an essential gene: they will urvive in a selective medium only 
if they are provided with a plasmid carrying a funcc.ional copy of the missing gene. 
If a bacterial plasmid that carries the essential yeast gene is introduced into the 
mutant yeast cell , it will not be able to replicate free of the host chromosome 
b cau e the bacterial repLlcation origin in the plasmid DNA cannot function in 
a yeast cell. 1f random pieces of yeast DNA are inserted into the plasmid, how­
ever, a small proportion of the plasmid DNA molecules will contajn a yeast rep­
Ii ation origin and therefore will be able to replicat in the yeast cells. The yeast 
cells that carry such plasmids will be able to proliferate since they will have been 
provid d with the essential gene (Figure 8-33). A DNA sequence identified by 
its pre ence in a plasmi.d isolated from these cells is called an autonomously 
replicating sequence (ARSJ. A number ofARSs recently have been shown to be au­
thentic chromosomal origins of replication, thereby justifying the strategy used 
to obtain Lhem. 

Chromosome Replication 

randomly selected 
yeast DNA segment 

plasmid vector 
containing 
HIS gene 
required to make 
histidine 

segment of yeast DNA 
containing AAS 

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

rare transformants obtained: 
these contain plasmid DNA 
that has integrated into a 
yeast chromosome 

high frequency of Lransformants 
obtained: these contain plasmid 
DNA circles replicating free of 
the host chromosome 

Figure 8--33 The trategy used to 
identify replication origins in yeast 
cells. A DNA sequ nee identified in 
this way wa inillally called an 
autonomously replicating sequence 
(ARS) since it enables a plasmid that 
contains It to replicate freely in the 
host cell without having to be 
incorporated into its chromosomes. 
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An 11-nucl otide ''core consensus sequence" has been shown to be essen­
tial for yeast replication-origin function, and all known origins contain multiple 
near matches of this equence, paced throughout a region of about 100 nucle­
otides. These DNA equen es are recognized by a large protein complex that is 
thought to function in the initiation process. Although some replication-origin 
sequences in higher ucaryotic 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 20 

fn bacteria a multienzyme complex that includes D A polymerase, D A primase, 
and DNA helicase moves the replication fork (see Figures 6-48 and 6-49); this 
complex as embles at a replication origin in a reaction involving an initiator pro­
tein that binds specifically to the origin DNA (see Figure 6-52). 

Many attempts have been made to reconstitute mamrnaLian DNA replication 
in a test tube. To do o would make it possible to identify all the enzymes required 
and to define their action at a replication fork. The most successful in vitro sys­
tem developed thus far replicates the mall circular chromosome of the monkey 
virus SV40. This viru parasitize its mammalian ho t 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 multifunctional protein that allow the virus to bypass normal con­
trols and thereby replicate faster than the host cell. Two hexa:mers of the T-an­
tigen bind specifically to the SV40 replication origin, recognizing the outside of 
the DNA double helix. Then, in a process that is uot well understood, the bound 
T-antigen undergoes a conformational change that pulls apart the D A trand 
of the origin. This remarkable protein ha a third function: utilizing the energy 
of ATP hydrolysis, it acts as a D A helicase, moving along the D A and open­
ing the DNA double helix a it moves, forming a replication bubble (Figure 8-34). 
The cellular components of the replication machinery can now assemble in the 
bubble to form two replication forks, which then move away from the origin in 
opposite directions. 

Although the replication forks are similar to tho e of procaryotes, the V40 
experiments have revealed that at least two distinct types of DNA polymerase are 
needed in eucaryote : DNA polymerase a (alpha) on the lagging strand and DNA 
polymerase o (delta) on the leading strand [Figure 8-35). Jn procaryotes, by con­
trast, a single type of DNA polymerase functions on both strands of the replica­
tion fork (see Figure 6-48). 
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' newly synthesized ' _ 
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Okazaki fragment / 

DNA polymerase o. 
(on lagging-strand template) 
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Figure 8-34 Initiation of DNA 
replication on the SV 40 viral 
genome. The initiation protein (T­
antigen) is encoded by lhe virus, and 
it specifically recognizes the viral 
origin of replication. After opening 
th DNA double helix at the origin, 
the T-antigen acts as a DNA helicase, 
traveling away from the origin and 
opening the doubl helix as it move . 
Subsequent to the steps depict d, 
host celJ components of the 
replication machinery as emblc in the 
"replication bubble" to form two 
replication forks (see Figure 8-35). 

Figure 8-35 A mammalian 
replication fork. The fork is drawn to 
emphasize its similarity to the 
bacterial replication fork described in 
Chapter 6. Although both fork utilize 
the same basic components, the 
mammalian fork differs in two 
important resp cts. Fir t, it makes use 
of two DNA polymerase , one for the 
leading strand and one for the lagging 
strand. It seems likely that the 
leading- trand polymerase is 
designed to keep a tight hold on the 
D A, whereas that on the lagging 
strand must be able to release the 
template and then rebind each time 
that a new Okazaki fragment (see 
p. 256) i synthesized. econd, the 
mammalian DNA primase is a subunit 
of cbe lagging-strand DNA 
polymerase, while that of bacteria is 
a sociated with the D A helicase. 
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The protein that normally initiates DNA replication of mammalian chromo­
omes has not yet been discovered. It is therefore not known whether it resembles 

the T-antigen in fun tioning as a D A helicase at the fork or whether, as in 
procaryote , a separate initiator protein and D A helicase are involved. 

Replication Origins Are Activated in Clusters on Higher 
Eucaryotic Chromosomes 21 

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

A method for determining the general pattern of eucaryoti hromosome 
repli ation was developed in the early 1960s. Human cells growing in culture are 
labeled for a short time with 3H-thymidine so that the D A synthesized during 
this per:i d becomes highly radioactive. he cells are then gently lysed, and the 
DNA is streaked onto the surface of a glas slide, which is coated with a photo­
graphic emulsion, so that the pattern of labeled D A can be determined by au­
toradiography. Since the time allotted for radioactive labeling is chosen to allow 
each replication fork to move everal micrometers along the D A, the replicated 
DNA can be detected in the light microscope as lines of silver grains even though 
the D A 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 spe d of about 50 
nucleotide per second. Thi i one-tenth the rate at which bacterial replication 
forks move, possibly reflecting the increased difficulty of replicating DNA that i 
packaged tightly in chromatin. 

As discussed previously, an average human chromosome is compo ed of a 
single DNA molecule containing about 150 million nucleotide pair . To replicate 
such a DNA molecule from end to end with a single replication fork moving at 
a rate of 50 nucleotide per second would require 0.02 x 150 x 106 = 3.0 x 106 

econds (about 800 hours). As expected, therefore, the auto radiographic 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 region of the same chromosome have none. 
Further experiments of this type have shown the following: (1) Replication ori­
gins tend to be activated in cluster (called replication units) of perhaps 20 to 80 
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replication bubble 

Chromosome Replication 
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CHASE IN UNLABELED MEDIUM FOR 
10 MINUTES REDUCES LEVEL OF 
RADIOACTIVITY IN INCORPORATED 
PRECURSOR 

replication bubble 

lgure 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 
U1ymidine (3H-thymidine). In the 
experiment illustrated in (A), the cells 
were lysed and the DNA wa stretched 
out on a glas slide that wa 
subsequently covered with a 
photographic emulsion. After several 
months the emulsion wa develop d, 
revealing a line of silver grains over 
the radioactive DNA. The experiment 
in (B) wa the same except that a 
further incubation in unlabeled 
medium allowed additional DNA, 
with a lower level of radioactivity, to 
be replicated. The pal.rs of dark tracks 
in (B) were found to have silver grains 
tapering off in opposite dire tions, 
demonstrating bid.ire tional fork 
movement from a central replication 
origin (see Figure 6-51). The red DNA 
in thls figure i shown only to help 
with the interpretation of the 
autoradiograph; the unlabeled D is 
invisible in such experiments. A 
replication fork is thought to stop 
only when it encow,ters a r pllcali n 
fork moving in the opposite direction 
or when it reaches the end of the 
chroma ome; in this way all the DNA 
is eventually replicated. 
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origins. (2) w replication unit ecm to be a Liva led throughout ch· pha 
until all of the D A i rl!plicated. (3) Within a repli tion unit, individual origin 
are pa ed at interval of 30,000 to 300,000 nucl otide pair from on anotb r. 
(4) A in bact ria, r pl.ication forks ar formed in pairs and er •at r pli ati n 
bubble as th y move in opposite directions away from a omm n point of ri­
gin, . topping only wh n Lh y colJide head-on, ·th a r plication t rk moving in 
th ppo'ite direction (or r ach a c.hromosom end). ln thi wa many repli a­
lion forks can operate independently on each chromosom and y t orm two 
com pl et daughter D A helices (see Figure 8-36). 

Din rent Regions on the Same Chromosome Repli.cate 
at Di tin t Time 22 

The r plication of D in th regi n bet\ ecn oner plication origin and the a 
should normally requir only about an hour to complete, given the rat l which 
a replication fork mo e and the large t di tanc measured b tween th repli­
·ali n origin in a replication unit. Yet the phase usuall la t for about ight 
hour in a mammalian 11. Thi implies that th r plication origin. ar not all 
a tivated imultan ou l_ and that the D in acb r pli ation unit (which c n­
tain lu ter of p rhap 20 to 80 replication origins) i replicating for onJ a 
. mall parr of the tot I -phas interval. 

Ar differ nt replication unit activat d at random, or i ther a spe ified 
rder in\ hich different r gion of the gen me ar replicated? One way to answer 

thi • qu lion i to u • th thymidine analogue bromodeoxyuridine (BrdU) to label 
th n wly ynth iz d D A ins nchroniz d cell population for different horl 
period throughout the pha e. ter, in M pha e, tho e region of the mitotic 
hromo om that hav incorporated BrdU into their DNA can be r cognized by 

their alter d taining prop rti or by m an of anti-BrdU antibodies. Th result 
how that d' r nt region of a h chroma m are r pli ated in a reproducible 

order during pha e (Figur 8-37). Moreov r, a one would expect from the dus­
t r of r plical ion f r seen in A autoradiograph , the timing of replication 
i coordinated ov r large r gions of rh chromosome. 

Highly Conden d Chromatin R pli ate Late, While Gene 
in Active Chromatin Replicat Early 2a 

II seems that th order in whi h r pli a lion rigin ar activat d, at least in part, 
d p nds on th chromatin tru lure in which th origin reside. have een, 
for example, that h ter hromatin remain in a highJ conden ed onformation 
( imilar to that at rnito i.) during int rpha. , \ hit activ chromatin ha an es­
pecially decondens d conformation, which i appar ntly required to allow 
synth i . Hetero hromatin i replicat d very lat in the pha e, sugge ling that 
the timing of replication i r lateJ o th pa king of the D A in chromalin. hi 
suggestion i upp rted by the timing of replication of th • two chromo omes 
in a female mammalian ell. Whit the e two hromo ome contain e • entially 
the me D A sequen es, on i act iv for D A transcription and the oth r i not 
(di cussed in Chapter 9). early all of the ina tive ' chromosome i conuen ed 
into heterochromatin and it repli al lat in th pha , ~ h re it active 
homologue i le s conden d and replicat throughout the phase. h ·e find­
ing support th hypothe is that tho e region of th genom wh e chromatin 
i lea I conden ed during int rpha , and ther for most ac e sil I to the r p­
lication machinery, are replicated fir t. Autoradiography. how that r plication 
fork move at comparable rate throughout the pha , o that the t nt of 
hromo ome ondensatjon appear t influen lh initi ti n of r pli ati n C rk 

but not th ir peed once formed. 
The uggc ted relationship betwe n hromatin tructur and th tim of 

D repli ation i aJso upport d by Ludi in whi h lh r plication time f 

0 hapter 8 : The Cell ucJeu 

Figure B 37 Different regions or a 
hromo ome are replicated at 

dlfli r nt t.im In pha e. Th • 
light micrographs ·how Lained 
mitoti chromo ome in whi h the 
replicating DNA ha b n 
differentially labeled during cliff r nt 
defined inl rvals of the preceding 
pha e. In th s xp rimcnts c II 
w re first grown in the pre ence of 
BrdU (a thymidine analogue) and in 
the ab. cnce of thymidine to label the 
DNA uniformly. Tb c ll wcr th n 
briefly puJ ed with thymidine in the 
ab enc of BrdU during early, middle, 
or late pha!le. B au· the D A 
made during rhe thymldin put c i. a 
double hell with thymidin on on 
trand and BrdU on the other. it 
tain more darkly than rh remaining 

D, (which has BrdU on boch 
strands) and shm up as a bright 
band (nrrows) on the e negative . 
Dashed tin conn ct corr ponding 
positions on the three copie • of the 
chromo orne hown. ( ourte y of 
Elton tubblcfield.) 
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1g1 r • 8-:JH Larg numb r of replication odgins operate in rapidly 
dividing cmbryonl noel i. Thi le lron mi rograph of spread chromatin 
fr m an arl Drosoplti/n mbryo how rhat repU • Lion bubbles (arrows) 
are e tr me! clo ·ely pac d. Only about IO minutes elap e between som 
of the uc cs ive nuclear divi ion in this embryo. Since the replication 
origin. u d her ar o lo~ely spa ed (s paratecl by a few thousand 
nucl otide pair ), it should r quire only about a minute to replicate all the 
D Ab tw' n th m. l ourt y of Vi toria Fo .) 

pecifi gene are mea urcd. The re ·ults how that so- ailed "housekeeping" 
genes, which are lho activ in all II . replical v ry early in pha c in all cell 
te ted. enes that ar a tiv in on! a few 11 typ , in contrast, generally rep­
licate early in the c II in which ch g n . are active and later in lher types of 
ells. 

The Late-replicating Repli ation Uni Coincid with 
the A-T-rich Band on M tapha Chromo ome 24 

Many oflhe replication unit to c d t • • omo om band 
made vi ible b lhe various fixation and pro ed for karyotyping. 

di cus ed pr viou ly, a 20 taining A-T-rich bands (G band J 
can be detected early in mito • maHan chromo omes. 
and the e are parated by ing ich bands (R 
bands). It is intriguing that the A- -rich • ·n 
time of their replication during e on wn i 
8-37 ugge t that mo t G-C-ri h fir f of h 
whit most A-T-rich bands repli half ha t 
therefore been uggested that ho in -rich 
band , whiJe many c II-type- pe it • • 
inactive in mo t cell -are locate - tat , 
complete my tery wh the mammalian gen eg l 

large alternating block of chromatin-m in n 
ba terial genome. It i also not known how tio p 
in each r plication unit are a tivated all at o ch n 
repUcating unit remains conden ed v n after the end of M pha e and 
d cond n es only in mid S phase, making aJJ th repli ati 'gin in the unit 
imultaneously acces ible. If this i th ca e, th all-or-no rdinat d r pli-

cation of the D A in a single replication unit ould r t lhe t pwi 
decond n ation of large chromatin domain . 

The Controlled Timing of DNA Replication 
May Contribute to Cell Memory 25 

The pha e i comp! t d extremely rapidly in the cleaving gg of many p ci 
wher large tor s of hromatin components (su h a hi tone ) are pre nt, a 
r quir d for th rapid manufacture of new nuclei. iUu trat d in Figur 8-38, 
c hort phas al o r quir the u e of an exceptionally large numbe, f repli­
cati n origin. paced at interval of onl}' a few thou and nucl otid pair (rath r 
than th t ns or hundr ds of lhou ands of nucleotide pair found betw n th 
r pli ati n origin lat rind velopment). ince any foreign D A inje l d into a 
fcrtiliz <l fr g gg i r plicat d, a pe ilk D1 A sequence may not b r quired to 
form a r plication origin in thi cell. 

Thu , D replication can b vie, ed a a potentially very rapid pro that 
in mo l ell is ubj ct to a mplex ystem of regulation that restrain m1-

tiation of repli ation fork in a way that cau es different portion of the g nom • 
tor plicate al v ry different time . It ha b n suggested, for ample, lhat lh 

hromo ome R pli ation 36) 
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chromatin that replicate early is a embled in part from a 'P ial tor f hr -
m omal protein produced during the G1 phase and that on ea chromosomal 
r gion b comes d condensed into active chromatin, it arly replication cau cs 
the region to pick up proteins that help it to maintain a decond n ed tate from 
on cell generation to the next. In this view, the timing of D r plication on­
tribute to a ellular memory process that facilital the continued tran cription 
of xpre ed gen . 

Chromatin-bound Factors Ensur That Each Reg·on 
of the DNA Is Replicated Only Once 26 

Jn a normal pha e the whole genome must be r pLicated actly n and n 
more. A w hav ju t e n. D A repli ation in mo t eucaryotic cell i an asyn­
chronou proce that take a relatively long time to complet . Because the r p­
lication origins are u ed at different times in different hromo omal r ion , in 
th middle of pha e ome part of a hromo ome will not t have b gun rep­
Ii ation, whit - other pan will have replicated completely. An enormou ''book­
ke ping" problem on quently arises during the middle and late tag of the 

pha . Tho e replication origin already u ed have been duplicated and, at I a l 
with re p ct to their D .uenc s, ar presumably identical to other replica­
tion origin not yet u d. But each replication origin must be used only once in 
ea h pha . How i thi accompli h d? 

11-fusi n e p rirnent have pr vid d an important clue. When an -pha e 
c ll i fu d 'th a G,-phas cell (v hich ha not yet begun S phase), DNA syn­
the is i induc din the G1-phase nucleus, suggesting that the transition from G1 

to pha e i m diated by a diffu ible a tivator of DNA ynthesis. In c ntra t, 
\ h n the -pha ell i fu d with a G2-pha e cell (that is, a cell that has just 
completed ' pha ), th G2 nucl u is not timulated to synthesize DNA. Since 
D A ynthe i c ntinu undi turbed in th -pha e nu leu , this implies that 
th 2 nucl u i pr v nted from nt ring further round of replication because 
eve part fit D i somehow blocked. me nondiffusible inhibitor of r p­
lication, for xample, may hav b com Lightly bound to its DNA. uch an.inhibi­
tor, if appli d locally during pha c in the wake of each replication fork, would 
neatly solve the b okk ping pr bJ m: by modifying th hr matin of fre hly 
r plicat d D A, it v ould n ure that on e repli at d D A is not replicated again 
in the ame period ( igur 8-39A). An qually plau ible altemativ is that tightly 
bound initiator pr eins, or ''lie n ing f tor·. hr uir d for repli ation are de-

(Al INHIBITOR-ADDITION MODEL (B) 

Figure 8-,39 Two po Ible 
me hani m to pl In the "re­
replication bl.ock." This block, which 
protect replicat d DNA from furlh r 
replication in th am , cell ycle, i 
crud.al Lor plication bookkc piJ1g, 
but its mol.ccular natur is not known. 

ormally, th hlo k i r mov d at 
mitosis, but in a r w p ciallz d 1ype 
of cells {the alivary gland ct!ll of 
Drosophiln. larva , for xample), it i 
removed without mlt i , I ading to 
the formation of giant polyume 
chroma omes. (Al A model ha don 
the addition of an inhibitor to all 
ne\ ly replioat d chromatin: (8) a 
model ba ed on tightly bound 
initiator protein , or "licen ing 
factors," thar a t only on and that 
can be added to th D onl during 
mito is. 
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stroyed or inactivated by the pa sage of a replication fork (Figure 8-39B). What­
e er its nature, the D A re-repLication block must be removed at or near the time 

of mitosi , ince after cell division the DNA in the G1 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 vims, 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 27 

A large amount of new histone, approximately equal in mass to the newly syn­

thesized DNA, is required to make new chromatin in each celJ cycle. For this 

reason most organisms posses mulliple copie of the gene for each histone. 

Vertebrate cells, for example, have about 20 repeated sets, each set containing 

an five histone gene . 
Unlike most proteins, which are made continuously throughout interphase, 

the histones are synthesized mainly in the pha e, when the level of histone 

mRNA increases about SO-fold as a result of both increased transcription and 

decreased mRNA degradation. By a mechani m that depends on pecial prop­
erties of their 3' ends (discussed in Chapter 9), the major histone mRNA become 

highly unstable and are degraded within minute when DNA synthe i stops at 

the end of S phase (or when inhibitors are added to top D A ynthesis prema­

turely). In contrast, the histone proteins themselves are remarkably stable and 

may survive for the entire life of a cell. The tight link.age 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 hist0ne made 

is appropriate for the amount of new DNA synthesized. 

nucleosome core 

double- =====~(histoM octamer~ 

stranded _ 
ONA 

replication 
fork 

Chromo ome Replication 

NUCLEOSOME UNFOLDS AND THE 
HALVES OF ITS CORE SEPARATE 

NEW DNA STRANDS ARE MADE 
AS REPLICA1JON FORK PASSES 

new DNA strands 

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

NUCLEOSOME REFOLDS 

a new hlstone octamer will 
soon add to this daughter 
DNA molecule to form a 
new nucleosome 

Figure 8-40 Speculative model 
showing how a nucleosome might 
open up to permit DNA replication. 
After the replicatjon fork passes, the 
nucleosome rea sembles. In this way 
the histone of the nucleosome core 
remain permanently bound to the 
D A. Although in thi diagram the old 
nucleo ome 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 D A molecule. 
Moreover, this is only one of many 
po sible models. 
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On e they are ass mbled in nucl o m . hislone mo! cul rarely, if ev r, 
leave the DNA to which d1 are bound. A. a r pli tion rk advan , therefore, 
it must som hov pas through th par nt. I nucleo ome , \ hich seem to have 
been design d to allow both Lranscription and replication to pro eed pa t th m. 
According to one hypoth i , each nucl osome tran i ntl un old into two half­
nucleo ome' during D Ar pli alion, ther by allowing the D polymerase to 
c py the un oiled nucl o omal 11NA ( igur 8-40). 

Th newly synthesized D A behind a replication ork inherit om oJd hi -
ton s, but since the amount of DNA has doubled, it al o ne d t bind an equal 
amount f n w hi ton to ompl •te it packaging into chromatin (see Figure 8--
40). There is some vidence 10 sugge ·1 that a peciaJ nucleosome assembler may 
travel with the r pli ation fork, packaging the newly synthesized D A as oon a 
it emerge from th replication machin ry. This newly formed chromatin, how­
ever, require a uch a an h ur lob om fuUy mature; w1dl then, for example, 
th new hi tones ar more u ceptibl than u ual Lo hi tone-modifying enzyme . 
The ch micaJ diff ren e b tween maLur and immature chromatin are un­
known, although it i • thought that matmation involves both covalent modifica­
tion of hi tones and change in the binding or other protein to the chromatin. 

Telome 
toChrom 

ConsJ t of hort G-rich Repeats That Are Added 
om nd by Telomerase 28 

d earlier, it i not po ible for D A polymerase to replicat the end 
of a lin ar D A molecule compl tely in the ordinary way, and Lh i ha led to the 
evolut i n of pe ial D A equ n es, called telomeres, at the end of eu aryotic 
chromos me . These qucnce , which ar imilar in organism as diverse a 
protozo . fungi, plants, and mammals, consist of many tand m repeats of a bort 

quen e tbar contain a bl k f neighboring G nucl otide . In human rhi 
·qu nee i GGGn'A. 

Th problem of replicating the end of chromosome i olved in an inge­
ni us way y an nzyme called telomerase. This enzyme r ognize th G-ri h 
strand of an x:isting t lornere repeat sequence and elongates it in th 5'-t -3' 
dire tion. In the absence of a complementary D A strand, the telom ra e yo­
the iz . a new copy of the r peat u ing an RNA template thal i a omponent of 
th nzym it lf. The enzyme thu contains the information u ct lo maintain 
th chara t 'ri tic telomer sequences. After sev ral rounds of cxten ion by 
I Jomerase, r pli a lion of the chroma ome nd an b compl t d u ing th e 
xtensions a a t mplate for synthesis of the complem nta.ry tsand by D A 
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figure l Telomere replication. 
The figure outlin, Lhe rea tion 
involved in the formation of the 
repeating -rich sequences that form 
th nds of hromo ome (tclomeres) 
of divers ucaryotic organisms, as 
ugge ted by experiments in the 
iliat Tetrahyrnena. The in ompl te, 

newl ynthe izcd strand is the strand 
made on the lagging ide of a 
replication fork ( ee Figure 6-41). As 
indi ated, the t lomerase is a protein­
RNA compl x U1at carries an RN 
templale [or synthesizing a repeating, 
G-rich telomere D A sequence. The e 
repeats ar GGGTTG in Tetrahymena 
but arc GGGTIA in human and ' 1.3A 

in the yeast Saccharomyces cereuisiae. 
The lagging strand is presumed to be 
compler d by DJ A polymera, e n, 
which carries prima e as one of its 
subunits (see rigure B 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 replicalton origin. A replication 
bubble fom1S 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 aparL 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 determi11ed in part by the structure of 
the chromatin, the most co11de11Sed 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 strucnirally distinct domains in interphase chromatin. 

After the replication fork passes, chromatin stmcture is re-formed by the addi­
tion of new histones and other chromosomal proteins to the old histones inherited 
011 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 onJy 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 nucleolides are incorporated into RNA during 
interphase is about 20 Limes the rate at which nucleotides are incorporated into 
DNA during S phase. 

RNA synthesis, which is also called ONA transcription, is a highly selective 
process. ln most mammalian cells, for ex.ample, 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 tum 
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 29 

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 365 
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E.coli W subunit (1407 amino acids) 

I l 11 COOH 

Drosophila 

COOH 

in a step that i not weU under tood, the two strands of the DNA are separated 
locally to form an open complex. Al this tage 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 tepwi e adc:Lition 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 ingl -strand copy of the nucleotide sequence of one DNA strand 
in a relatively hort region of the genome (see Figure 6-2). This transcribed seg­
ment of DNA is call d a transcription unit. 

RNA polymerases arc generally formed from multiple polypeptide chains 
and have ma se of 500,000 dalton or more. The enzymes in bacteria and eu­
caryotes are evolutionarily related (Figure 8-42). Since the bacterial enzyme has 
been far easi r to study, its properties provide a basis for understanding its eu­
caryotic relatives. The E.coli enzyme contains four different subunits, a, p, 13', and 
cr, there being two Opie of a and one each of the others. The complete amino 
acid sequence of each subunit has been determined from the nucleotide 
equence of its gene. 

The sigma (cr) ubunit 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 
synthe ized ( tep 4 in Figure 8-43), the cr subunit dissociates and a number of 
elongation factors-important for chain elongation and termination-become as-
ociated with the nzyme instead. The elongation factors include several protein 

that function in way 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 30 

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

Figure 8--43 Schematic diagram of the steps in the initiation of RNA 
synthesis (DNA transcription) catalyzed by RNA polymerase. The tep 
indicated have been revealed by studies of the E. coli enzyme. A DNA 
molecule containing a promoter sequence for the E. coli polymcra 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 lo 
form an open complex, in which the template DNA trand is exposed for 
the initiation of an RNA chain. The polymera containing th bound 
o subunit, however, behaves as though it is tethered to the promoter site: 
it seems unable to proceed witl1 the elongation of the R A chain and on 
its own frequently synthe izes and release shon RNA chains. As indicated, 
the conversion to an actively elongating polymera require th release 
of initiation factors (the o subunit in th case of the E. coli enzyme) and 
generally involves the binding of 01.her proteins that ·erve as longation 
factors. 
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Figure 8-42 The common origin of 
bacterial and eucaryotic RNA 
polymerases. Amino acid sequence 
sinillarities between the P' subunit of 
E. coli RNA polymerase and the 
largest subunit of eucaryotic RNA 
polymerase IT are among the 
comparisons that reveal a common 
evolutionary origin for the bacterial 
and eucaryotic enzymes. The W 
subunit is thought to bind to D A. 
The regions of the sequence shown a 
green bars are more than 70% 
identical between yeast and 
Drosophila and more than 40% 
identical between Drosophila and E. 
coli. A uniquely eucaryotic equence 
(of seven amino acid residues) is 
repeated 26 times at the carboxyl 
terminus of the yeast ubunit and 
more than 40 times in the Drosophila 
subunit (indicated her by green 
circles); these rep at are 
phosphorylated as part of the proces 
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.I, pp. 459-464. 
New York: Elsevier, 1987.) 
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ca.ryote . In ucaryote a div r e as yeasts and humans, for ample, th r are 
thr •e typ s of RNA polymerases, each responsible for Lran. cribing different t · 
of g ne , These enzym -denoted as RNA polymerases T. 11, and lll-are Lruc­
turaJly imilar to one another and have omc common subunits, although th r 
ubunits are unique. Ea his more complex than E.coli RNA polymera e and i 

thought t contain 10 or more polypeptide chain . Anolh r important di tinc­
tion betw en the bacterial and eucaryotic enzyme is that, wherea th purified 
ba terial enzyme can bind to promoters and iniliate transcription on its own, th 
cucaryotic enzyme require the pre ence of additional initiation protein that 
mu t bind to Lhe promoter before the enzym can bind. For thi r ason ir wa 
not until 1979 that system with all the needed component b cam available o 
that eucaryotic initiation mechanisms could be analyz din vitro. Bccau these 
initiation proteins and their interactions with the polym ra es are inLirnately 
1nvolved with the control of transcription initiation, we shall defer di u sion of 
th m until Chapter 9. 

The three ucaryotic R polymera e w re initially distingui h d by their 
ch mical differences during purification and by their ensitivity to a-amanitin, 
a poison isolated from th deadly toad tool Amanica phalloides. RNA polymera e 
I i unaffected by o.-amanitin; R A polymera e Tl i very n ·ilive to thi poi on; 
and R A polymerase ll1 i moderately n itiv to it. The ensitivity f RNA yn­
the is to o.-amanitin is till u ed to det rmine which polym rase tran cribe" a 
gene. Such tud.ie indicate that RN polymera Il tran cribe th gene who e 
RNAs will be tran lated into protein . Th other two p lymera synthe ize R As 
that have structural or catalyti role , chiefly a pan of the protein ynthetic 
machinery: polymerase I makes the large ribo omaJ RNAs, and po ymerase ill 
makes a variety of very mall, table R in luding th sm ll 5 ribo omal RNA 
and the transfer R A. . However, mo t of the mall R A that rm nR P , 
which we discu s later when w con ider R A pro ·essing, are made by poly­
merase n. 

Mammalian ells typicalJy contain 20,000 to 40,000 mol uJe of each of the 
RNA polymerases, and tudie with cultur d c lls indi ate that the on entrations 
of these enzyme are regulated individually a cording to the rate f cell growth. 

RNA Polym rase II Transcribes Some DNA Sequences 
Much More Often Than Others 31 

Because RNA pol mera ·e 11 ma all of th mR A precursors and thus deter­
mine which protein a ell will make, w shall fo u most of our discussion on 
it activities and on th fat ofit products. AJthough experiments with purified 
polym ra e in uirro ar e ential for establi hing th mechanism of tran crip­
tion, much can al o be le rn d about how the proce s occur in a cell by u ing 
the electron micro cope to ex.amine gene in action, with their bound RNA poly­
mera es caught in the a t of transcription. 

Ordina thin- ection el ctron mi r graphs of interphase nuclei how granu­
lar clump of chromatin ( ee Figure 8-71) but reveal v ry little about how genes 
ar transcribed. A much more detailed picture emerges if the nucleus is ruptured 
and its ontent pill d out onto an electron microscope grid (Figures 8-44 and 
8-45). At th farthest point from the center of the lysed nucleus, the chromatin 
i dilULed uffi i ntl I to mak individual chromatin trand visible in th ex­
panded, bead -on-a- tring form shown previou ly in Figure 8-9B. 

RNA polyrnera c molecules actively engaged in transcription appear as 
globular particl with a ingle R A molecule trailing behind. Particl repr ent­
ing activ RNA polymera II molecule are u uaUy e n as ingle units, v ithout 
nearby n ighbors. his ob ervation indicates that mo t genes are tran cdbed into 
mRNA pr ur or only infr qu ntly, o that on polymera e finishe tran crip­
tion befor not her on begin . Occa ionally, however, many polymera e mol­
ecul s (and their a ociated RNA transcripts) are een cluster d tog ther. Th e 
cluster o ur on the relatively few genes that are transcribed at high frequ ncy 

RNA ynthe i and R . Proces ing 

Flgur • 8--44 A l'ypicaJ cell nucJeus 
visuaHzed by electron microscopy 
using the procedur 0hown in Figure 
8-45. n enormou tangle of 
chromatin can b sc n spilling out of 
the lysed nud ,us: only the chromatin 
at Lh outermost edge of thi tangle 
will b uffl i ntly dilute for 
meaningful examino.tion at hJgher 
power. ( ourte 'Y of ictoria oe.) 
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(Figure 8-46). The I ngth of th att, hed R A 111 I ul in uch a dust r in­
crease in the direclion of tran criplion, producing a chara teri tic pattern. This 
pattern define the RN polymeras II tart ile and direction of transcription for 
a specific tran ription unil (Figure 8-47). 

Biochemical tud.i hav onfirmed and e tended Lh re ults obtained by 
electron mi ro copy, leading to thr major conclu ions: 

l. Eucaryotic RNA polymerar,e m l cul . like tho c in procaryote , begin at 
pecific it on the chromosome. 

2. The average length of the comp! te R molecule produced by R poly-
mera 11 From a singl trauscription uniL i about 7000 nucleotides, and 
R A mol cutes I 0,000 lo 20,000 nucleotides long are common. hese 
l ngths, which arc mu h longer than the 1200 nucleotide of RNA needed 
to code for an average protein of 400 amino acid re idue , reflect the com­
plex ·tructur of eu aryotic g n s and, in particular, the presence of long 
intron sequ n e , whi h, a we di cuss later, are later removed from the 
R A. 

3. Although chain elongation rates of bout 30 nucleotides per econd ar 
ob rv d for all RN ::., diff r nr R A polymera e Ll tart sites have differ­
em i11itiatio11 frequencies, so that ome gene are transcribed at much 
high r rat than other . A ind.icaled in Table 8-2, the majority of the g ne 
'lhat are tran ribed give ri e to ery fe\ mRNA molecule . 

The Precur ors of Messenger RNA Are Covalently 
Modified at Both Ends 32 

In u aryote matur mR i produced in several tep . Th R mo! ule 
fr shly ynthe ·ized by R A polymera e 11 in the nucleus ar known a primary 
transcripts; the c llection of uch cran cripts wa originally called heterogeneou 
nuclear RNA (hn.RNA) because of the large variation in R A size, ontra ting with 
1he more uniform and smaller ize o the R ' equence acwally need d t 
encod protein . W shall ee hortly that mu h of this variation is due to the 
pre n e of long intron sequences in the primary tran cript . they ar being 
synthe iz d, thes tran cripts are covalently modified at both th ir 5' end and 
Lheir ' nd in ways that clearly distinguish them from cran cripts mad by other 
RNA polymera e . The e modifications will be used later in the cytoplasm ig-
nal that th tran ript • are lo be translated into pr tein. 

The 5' end of the RNA molecule (which i th end synrhe izcd fir t during 
trans ription) i fir t capped by the addition of a methylated G nucleotide. ap­
ping o curs almost immediately, after about 30 nu I olid • of R have been 

ntJ1e ized, and it involve condensation of the tripho phat gr up of a m I cule 
of GTP with a dipho phate left at the 5' end of the initial transcript ( ·igure 8-48). 
This 5' cap wiJJ later pJay an important part in the initiation of protein synth -
si ; it al o eem to protect the growing R A tran cript from d gradali n. 
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Fi~ure B-45 method for examining 
chromatin in the el ctron mJcro-
cope. The nuclei are fir ·t lysed, and 

lh n I.he chromatin is freed from 
c Uular dcbri and pread out on a 
grid. 

Figure 8-46 Electron micrograph or 
a region of chromatin containing a 
gene being transcribed at unu ually 
high fr quency. Many 
polymerase IJ molecules with Lh ir 
growing RNA transcrip ar vi ible. 
Th dir ction of tran cription i from 
left to righL (see Figure 8-47). (From 
V.E. Poe, L.E. Wilk.in on, and C.D. 
Laird, Ce/19:131-14 . 197 . © 197 
CellPr .) 
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Table 8-2 The Population of mRNA Molecules in a Typical Mammalian Cell 

Total Number 
Copies per Cell Number of Different ofmRNA 
of Each mRNA mRNA Sequences Molecules in 

Sequence in Each Class Each Class 

bundant cla 12,000 X 4 = 48,000 
Intermediale cla 300 X 500 = 150,000 
Scarce class 15 X l l,000 = 165,000 

This division of mHNA into just three discrete classes i somewhat arbitrary, and in many cell 
a more continuous spread in abundances is seen. However, a total of 10,000 to 20.000 different 
mRNA species is normally observ din each c U, mo t species being present at a low level (5 to 
15 molecules per cell). Mo ·t of the total cytopla mic RNA is rRNA, and only 3% to 5% is mRNA, 
a ratio consistent wilh th pre ·ence of about LO ribosomes per mRNA molecule. This particu­
lar ceU type contains a total of about 360,000 mRNA mol cule in its cytoplasm. 

The 3' end of most polymerase n tran cripls is defined not by the termina­
tion of transcription but by a econd modification in which the growing transcript 
is cleaved at a specific site and a poly-A tail is added by a separate polymerase 
to the cut 3' end. The ignal for the cleavage i the appearance in the RNA chain 
of the sequence MUAAA located 10 to 30 nu leolide • upstream from the site 
of cleavage, plus a less well-defined downstream equence. Immediately after 
cleavage, a poly-A polymerase enzym add 100 to 200 residues of adenylic acid 
(a poly A) to the 3' end of the RNA chain to complete the primary RNA tran­
script. Meanwhile, the polymerase fruide ly continu transcribing for hundreds 
or thousands of nucleotides until termination oc urs at one of everal later sites; 
the extra piece of functionless RNA transcripl thus generated presumably lacks 
a 5' cap and is rapidly degraded (Figure 8-49). 

The poly-A tail appears to have several function : (1) a described later, it aids 
in the export of mature mRNA from the nucleu ; (2) it is thought to affect the 
stability of at least some mR As in the cytopla m; and (3) it seem to erv as a 
recognition ignal 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 ll transcripts compri e more than half of the RNA 
being synthesized by DNA transcription, we shalJ see below that mo t of the RNA 
in these transcripts is unstable and therefore short-lived. Con equently, the 
hnRNA in the cell nucleus and the cytoplasmic mRNA derived from it con titute 
only a minor fraction of the total RNA in a cell (Table 8-3). De pile their relative 
scarcity, these RNA molecules can be readily purified becau e of their poly-A Lail . 
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
due selectively binds the molecules with poly-A tails lo the column; the bound 
molecules can then be released for further analysis. This procedur i widely u ed 
to separate the hnRNA and mRNA molecules from the ribosomal and tran fer 
RNA molecule that predominate in cells. 

Figure 8-48 The reactions that cap the 5' end of each RNA molecule 
synthesized by RNA polymerase U. The final cap contains a novel 5'-to-5' 
linkage between the positively charged 7-methyJ G residue and the 5' end of 
Lhe R A tran cript ( ee Figure 6-26). AL least some of Lhe enzyme required 
for thjs proce s are thoughL to be bound to polymera e II, since polymerase 
J ond Ill tran ripts are not capped and the indicated reaction oc ur 
almost immediately following initiation of each RNA chain. The letter N is 
used her Lo represent any one of the four ribonucleotide , although d1e 
nucleotide I.hat tart an RNA chain is usually a purine (an A or a G). (After 
A.J. Shatkin, Bioessays 7:275-277, 1987. © !CSU Press.) 
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Figure 8-47 An idealized 
transcription unit. The drawing 
illu trate how the electron 
microscope appearance (see Figure 
8-46) demonstrates the dfrection of 
transcription, as well a the start site 
of the unit. 
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Table 8-3 Selected Data on Amounts of RNA in a Typical Mammalian Cell 

Nuclear rRNA precursors 
J, 

Cytoplasmic rRNA 

Nuclear hnRNA 
J, 

Cytoplasmic mRNA 

Steady-State Amount 
(percent of total cell RNA) 

4 

71 

7 

Small stable RNAs (mostly tRNAs) 

3 

15 

Percent of Total RNA 
Synthesis 

39 

58 

3 

The figures shown bere were derived from the analy is of a mou c fibroblast cell line (L c 11s) 
in culture. Each cell contained 26 pg ofRNA (5 x 1010 nucleotide of RNA), of which about 14% 
was located in the cell nucleus. (The cell nucleu thus contains about twic • a much DNA as 
RNA.) An average of about 200 x 106 nucleotides is polymeriz d inlo RNA every minute during 
interphase. This is about 20 1irn.es the average rate al which DNA is syn th ized during S phase. 

ote that although most of the RNA synthesized is hnRNA, mos1 of thi RNA is rapidly degraded 
in the nucleus. As a resul1, the mRNA produced from the hnRNA i only a minor fraction of the 
total RNA in the cell. (Modified from B.P. Brandhorst and E.II. McConkey, }. Mo/. 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 hown. In yeasts 
the polymerase terminates its R A 
synthesis almost immediately 
thereafter, but in higher eucaryotes ii 
often continues transcription for 
thousands of nucleotides. It seem 
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 tran cript, 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, i 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. Thls 
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 polym1erase IT is separated from its promoter by re­
combinant DNA methods and fused to a promoter recognized by polymerase I 
or by polymerase Ill, 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 lVlolecules 33 

The discovery of interrupted gen,es in 1977 was entirely unexpected. Previous 
studies in bacteria had shown that their genes arc 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 aJllowing an accurate comparison of mRNA and 
DNA sequences were applied to mRNAs produced by a human adenouirus (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 fmding of simi­
lar interruptions in the oval bu min 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 ve,y mysterious. It had long been known that most 
of the RNA synthesized by RNA pc,lymerase 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 pnogressively 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 tl1an 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 Processin~: 

Figure 8-50 Ea.Jrly evidence for the 
existence of intJrons in eucaryotic 
genes. The evid,ence 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 ~-globin mRNA or ovalbumio 
mRNA, is readily purified from the 
specialized cells that produce it. 
When this singl,e-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 tmatch and form 
regions of RNA-DNA helix. Regions of 
DNA where no match co the mRNA 
sequence is pos.sible are clearly visible 
as large loops of double-stranded 
DNA. Each of these loops (numbered 
l to 6) represents an intron in the 
gene sequence. 
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igure 8 51 Th tran. rlbed portion f th human 13-Jo in gene. The 
quence of th D J\ strand corresponding 10 the mR qu nee i given. 

\ ilh the primary R ' tron cript surrounded by a green line and the nucleo­
cid in the 1hr • cxon, shaded .vellurl'. ote that cxon L includ s a 5'-leader 
sequence and that xon 3 includes a 3'-u11trm1s/r11ed sequence; although 
the e equen • are included in ch n A, they do not code for amino 
a id . Th highly onservcd ,T and G nu I otid , ac th ends of each 
intron are boxed (s e Figur 8- ), along with th cleavage and poly-
ad nylation ignal n ar the 3' nd f th ~ •n • (MTAAA, see Figure 8-49). 

hnRNA Transcript Are Imm diatelyCoated 
with Prot in and nR Ps 34 

ewly mad R A in u uryoti cell , unlike that in bacteria, appear to become 
immediately cond •n cd into a tring of lo ely paced protein-containing par­
ticle . Each p ni le con i t of about 500 nucJeoLide of RNA wrapped around 
a prot in comple that serv st onden e and package each growing R A tran-

ripl in a manner rcmi11i cent of the DN -pro Lein complexe' of nucl osames. 
h r ulting hnRNP particl (h terogeneou. nuclear ribonuc/eoprotei11 

particle ) c. n b purified after nucl i hav been treated with ribonuclea cs at 
I vels ju t uflicicnt to d troy th linker R between them. Each parli le ha 
a diameter of about 20 nm, which is twi e hat of a nude om , and the protein 
cor i, mar compl x and le well haraccerized, being compo ed of a set of at 
I a t eight different proteins. ceptfor histones, the protein in th:i core are the 
mo t abundant protein in th cell nu I us. everaJ of th rn contain con, erved 
d m in of abou 80 amino acids, whi h is often repeated and har d by many 
other RNA-binding proteins. 

Th hnR P parricl ar generally di tarted by the tandard preading l ch­
nlqu used 10 view gen tran tiplion in th eleclron micro cope ( Figur 8-
45). The e micrographs, however, reveal esp cially stable particles of a le com­
mon typ , who e position on the RNA trongly implicate them in R pli ·ing. 

h se particl • form v ry quick.l at pe ifi R A e4u nc -al or n ar the jun -
tions b tween intron and exon sequences-and, as the R tran cripl elongate , 
th y ·oale in pairs to form a larger a embly that i thought to b the 
pliceoso,ne Lhat catalyze' RNA plicing (Figure 8-52). 

Biochemical analysis ha revealed that the cell nucl us contain many om­
pl xes f pr tein with mall R As (generaJly RNAs of 250 nucl otid or I 
which have arbitrarily been de i.gnated Ul, U2, ... , U 12 RNAs. The ompl e , 
alled maJl nuclear ribon.ucleoproteins ( nR Ps-pronounced" nurps''). re­

s mbl ribo ome in that ach contains a et of prot in complexed lo a table 
RN mol cule. They are much smaller tban ribo Orne , h w ver-only 250,000 
daltons compared with 4.5 million dalton for a ribo ome. Some protein are 
pre ent in everal typ of sn Ps, wherea other ar uniqu to on type. "I his 
wa fir t demonstrated u. ing serum from patient' with the autoimmune disea e 
~stemic Lupu erythenuitosus, who mak antibodie dir t d again l one or more 
f their own nR P proteins: a singl antibody wa found that hind· th U 1, U2, 

US, and U4/U6 snR Ps, for exampl , and we now know that they all contain 
common proteins. 

Individual nR P ar beHev d to r ·ognize p 
through R A-R A base-pairing. om• medial R 
involved in the cleavage r action thal generate Lh 3' nd of n wly form d hi-
tone R A . while the fun tion o th rs L mkno\ n. Th id nc f r th role 

ofsnR Ps in R A pl icing com s from e perim nt on RNA pli 
well as from analyse of yeast c 11 that ar mutant in one of Lh 
nenls. 
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CCCTGTGGAc,CCACACCCTAGGGTTGGCCA 
ATCTACTCCCAGGAGCAGGGAGGGCAGGAG 
CCAGGGCTGGGCArAAAAGTCAGGGCAGAG 5' 
CCA TCTA TTGCTTACA TTTGCTTC~GACT,C ] 
AAC7GTGTTCACAGCAACTCA.;.?i.CAG/I.CA -

GM g 
>( 

GTGA ., 

1.:,1,j·J,ul\l.i\,l;CCTGG 

A" J-TTAAGGAGACCA.~TAGAMCTGGGCATG' G 5 
GAGACAGAGMGACTCTTGGGTTTCTGAT .. E 
GGCACTGACTCTCTCTGCCTATTGGTCTAT -
:rncc CCCTT 
CTTGGACCCA 

GGGGATCTGTCCACTCCTGATGCTGTTATG 
CCT 

CTCACCTGGACAACCTCAAGGGCACCTTT 
.. CCACACTGAGTGA TGCACTCTGA 

AGTCTATGGGACCCTTGATGTTTTCTTT~.(' 
CCTTCTTTTCTATGGTTAAGTTCATGT T 
AGGAAGGGGAGAAGTAACAGGGTACAGTTT 
AGAATGGGMACAGACC-,MTGATTGCATCA 
GTGTGGAAGTCTCAGGATCGTTTTAGTTTC 
rTTTATTTGr.TGTTCATAACAATTGTTTTC 
TTTTGTTTAATTCTTGCTTTCTTTTTTTTT 
CTTC'l'CCGCAATTTTTACTATTATAC'l'TAA 

TAACATTGTGTATAACAAAAGGAAA 
TAT TCTGAGATACATTAAGTAACTTAAAA 
MAAACTTTACArAGTCTGCCTAGTACATT 
ACTATTTGGAATATATGTGTGCTTATTTGC 
ATATTCATMTCTCCCTACTTTATTTTCTT 
n'AT1'TTTAAT GATACATAATCATTATAC 
ATATTTATGGGTTAAAGTGTAATGTTTTM 
TATGTGfACACATATTGACCAAATCAGGGT 
M.TT,GCATTTGTAATT7TAAAAAATGCT 
TTCTTCTT TAATATACTTTTTTGTTTATC 

T AGGGCAATAAT'ATACAATGTAfCAT 
GCCTCTTT':..CACCATTCT AAAGAA TAACAG 

TAATTT TGGG~MGGCAA".:AGCAA.m 
T MATATTTCTGCAT T 
AAC TMGAGG~TTCATATT 
AG: .CAATC ~CTACCATT 
T".:ATTTTA".:GGTTC-GGA TAAGGCT 
TTCT t;;TCCi\A :::TAGGCCCTTT_ 

GCTMTCATGTTCATACCTCTTATCTTCCT 
CCC GCTGGTCTG 

CACCCCF.CCAGTGCAGGCTGCCTATCAGAA 
GTGGTGGCTGGTGTGGCTAATGCCCTGGC 

TGTCCAATTTC:ATTAAAGGTTCC7T:GTT 
CC~TAAGTCCAACTACTAAACTGC--GGGATA 
TTATGAAGGGCCTTGAGCATCTGGATTCTG 

CATTTATTTTCATT.,., 
TGATGTATTTAAl\TTATTTCTG~.ATATTTT 
ACTMAAAGGGAATGTGGGAGGTCAGTGCA 
TTTAAAACATMAGAAATGATGAGCTGTTC 
AAACCTTGGGAAAATACACTATATCTTI\AA 
CTCCATGAAAGAAGGTGAGGCTGCMCCAG 
CTAATGCACATTGGCAACAGCCCCTGATGC 
CTATGCCTTATTCATCCCTCAGAAAAGGAT 
fCTTGTAGAGGCTTGATTTGCAGGTTAAAG 
TTTTGCTATGCTGTATTTTACATTACTTAT 
TGTTTTAGCTGTCCTCATGAATGTCTTTTC 

N 
C: 
0 
)( ., 

M 
C: 
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(A) 
200nm (B) 5'" \ 3' ONA 

axon intron exon 

lntron Sequences Are Removed as Lariat-shaped 
RNA Molecules 35 

lntrons range in size from about 80 nucleotide to 10,000 nucleotides or more. 
Unlike the sequence of an exon, the exact nucl otid equence of an intron seems 
co be unimportant. Thus intron have accumulated mutations rapidly during 
evolution, and it is often pos ible to alter mo t of an intron' nucleotide equence 
without greatly affecting gene function. This ha led to the sugge lion 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 con erved equences 
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 proces that normally re­
moves the intron sequence from the primary R A tran cript. These conserved 
boundary sequences at the 5' splice site (donor site) and the 3' splice site 
(acceptor site) of introns from higher eucaryote are hown in Figure 8-53. The 
RNA breaking and rejoining reaction mu t be carried out precisely because an 
error of even one nucleotide would shift the reading frame in the re uJting mRNA 
molecule and make non ens of its me sage. 

The pathway by which the intron equences are removed from primary RNA 
transcripts has been elucidated by in ui1ro studies in which a pure RNA species 
containing a single intron is prepared by incubating an appropriately designed 
DNA fragment with an RNA polym ra e ( e Figure 7-36). When these RNA mol­
ecules are added to a cell xtract, they b com splic d in a two-step enzymatic 
reaction that requires prolonged incubation withATP, the Ul, U2, US, and U4/ 
U6 snRNP , and a number of addiLionaJ proteins; these components assemble 
into a large multicomponenl ribonucl oprot in complex, or spliceosome. Char­
acterization of the RNA pccies that appear a, intermediates during the reaction, 
as well a the nRNPs r quired to produce them, led to the discovery that the 
intron i exci d in the form of a lariat, accordjng to the splicing pathway shown 
in Figure 8-54 and 8-55. 

Individual roles have been defined for several of the snRNPs. The U 1 snRNP, 
for example, bind co the 5' 3plice ite, guided by a nucleotide sequence in the 
Ul R A that form ba pair complementary to the nine-nucleotide pike sile 
consen u cqucnce (see Figure 8-53). Since RNA is capable of acting like an 
enzyme, ither the R A or th protein components of the spliceosome could be 
re pon ible for catalyzing the breakage and formation of covalent bonds required 
for RNA plicing. 

6'exon 
sequence 

C A 
5' --or AG GU or AG U 

A G 

consensus sequence for 
5' splice site ("donor slte"l 

intron J'exon 
sequence sequenco .----

uu u uu uuuu u u C G 
A ---- ororororororororororor Nor AG or---3' 

branch­
point A 

CCCCCCCCCCC U A 

consensus sequence for 3' splice site 
("acceptor site") 

RNA ynthesis and RNA Processing 

Figure 8-52 pliceo omes. (A) 
Electron micrograph of a chromatin 
spread showing large 
ribonucleoprotein particles 
as embling at the 5' and 3' splice site 
regions to form a spliceosome. The 
R A transcript are being produced 
from a gene encodmg a Drosophila 
chorion protein, and the positions of 
the splice sites on the primary R A 
1ran cript are known. As inclicated 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)J, they 
average 25 nm in diameter and occur 
at or very near the positions of the 5' 
and 3' splice sites for the ingle small 
intron sequence (228 nucleotides 
long) near the 5' end of the 
transcripts. The more mature, longer 
transcripts frequently display a ingle 
larger particle [green circles in (Bl I in 
the region of the intron, which 
probably results from the stable 
association of the two smaller 
particles and represents the 
as embled spliceosome. Since in 
ome cases (including the exampl 
hown in this figure) plicing occurs 

while the 3' end of the R A chain is 
till being tran cribed, the poly A at 

the 3' end of hnRNA molecules 
canno1 be required for splicing. The 
hnR P proteins have been removed 
from th e tran ·cript by the 
preacling condition u ed. (Adapted 

from Y.N. 0 heim, .L. Mill r, and 
A.I.. Beyer, O,ll43:J43-l51, 1985. 
© C ll Pres.) 

Plgur 8-53 Consensu sequence 
for RNA splicing in higher 
eucaryote . Th sequence given i 
1.hat for the R A hain; the nearly 
invariant U and AG dinucleotides at 
ither end of the intron equence are 

highlighted in ye/law (see also Figure 
8-51). 
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5' 

5' splice site 

5'exon 
sequence 

U1 snRNP U2 snRNP 

intron 
se uence 

3' splice site 

3'exon 
sequence 

3' precursor 
mRNA molecule 

u5, U4/US, etc. ASSEMBLY OF 

U4/U6 

SPUCEOSOME 

5' 

STEP 1 
LARIAT FORMATION 
AND 5' SPLICE SITE 
CLEAVAGE 

3' --,---· 5' ) 
U4 

/

STEP2 
SPLICE SITE 

LEAVAGEAND 
XON SEQUENCE 

LIGATION 

excised intron sequence 
in the form of a lariat 

U5 

+ 

(will be degraded in nucleus) 

OH 

3, mature mRNA 
(ligated exon 
sequences) 

Multiple lntron Sequences Are Usually Removed 
from Each RNA Transcript 36 

3' 

Because the pliceosome eems mainly lo work by recognizing the consensus 
sequence that mark the two boundaries of an intron sequence (and for aU in­
tron sequences th se 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, lhe intervening RNA is often recognized by the 
spliceosome and removed. 

In view of this result, it is urprising that vertebrate genes can contain as 
many as 50 intrans (see Table 8-1, p. 340). If any two 5' and 3' splice sites were 
mispaired for splicing, some functional mRNA equences would be lost, with 
disastrous consequences. omehow uch mistakes are avoided: the RNA process­
ing machinery normally guarantee that each 5' splice site pair only with the 3' 
splice site that is do est to it in the downstream (5' -to-3') direction of the linear 
RNA sequence (Figure 8-56). !low this sequential pairing of splice sites is accom­
plished is not known, although the assembly of the spliceosome while the R A 
transcript is still growing (see Figure 8-52) i pre urned 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 R A splicing. The nucleotide hown in yellow i lhe A nucleotide 
highlighted in Figure 8-54. The branch is form d in slep 1 of the splicing 
reaction illustrated there. when the 5' end of tbe intron equcnce couples 
covalently to the 2' -OH ribose group of Lhe A nucleotide, which i located 
about 30 nucleotides from the 3' end of the intron sequ nee. The branched 
chain remains in the final excised intron s quence and ls responsibl for its 
lariat form (see Figure 8-54). 

374 Chapter 8 : The CeU ucleus 

Figure 8-54 The RNA plicing 
mechanism. RNA splicing is catalyzed 
by a pliceosorne formed from the 
assembly ofUl, U2, US, and U4/U6 
snRNPs (shown as green circles) plus 
other components (not shown). After 
a embly of the spliceo ome, the 
reaction occur in two steps: in step 1 
the branch-point A nucleotide in the 
intron equence, which i located 
clo e to the 31 splice site, attacks the 
5' plice ite and cleaves it; the cut 5' 
end of the intron equence thereby 
becomes covalently linked to this A 
nucleotide, formi11g tbe branched 
nucleotide shown in Figure 8-55. Tn 
tep 2 the 3' -OH end of the first exon 

sequence, which was created in the 
first tep, adds to the beginning of the 
sc ond exon sequence, cleaving the 
RNA molecul at the 3' splice site; the 
two exon equences are thereby 
joined to each other and the intron 
sequence i released as a lariat. The 
spliceo ome complex sediments at 
60S, indicating that it i nearly as 
large as a ribo ome. These plicing 
reactions occur in the nucleus and 
generate mRNA mole ules from 
primary RNA transcripts (mR A 
precursor molecules). 

------------------ ' 
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~---- -8000 nucleotides-----~ 

I INTRON SEQUENCES REMOVED 
BY RNA SPLICING 

(±}Gppp 

start stop 

' ' 5' 
AAA-OH 

3' 

TRANSLATION 

COOH 

ovalbumin 

mRNA 

protein 

that the exact three-dimensional conformations adopted by the intron and exon 
sequences in the RNA transcript are important. We shalJ see in Chapter 9, how­
ever, that this simple 5' -to-3' splicing can be altered by specialized control 
mechanisms that allow a sing)e gene to produce everal different mRNA and 
hence several different proteins. 

Studies of Thalassemia Reveal How RNA Splicing 
Can Allow New Proteins to Evolve 37 

Recombinant DNA techniques have made humans with inherited diseases an 
increasingly important source of material for genetic studies of cellular mecha­
nisms. Tn a group of human genetic diseases called the thalassemia syndromes, 
for example, patients have an abnormally low level of h moglobin-tJ1e oxygen­
carrying protein in red blood cells. The change in the DNA equence 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 glob in RNA trans ripe . 
Thus single nucleotide changes have been detected that ina tivate a splice site. 
Surprisingly, analysis of the mRNAs produced in these mutant individuals reveals 
that the loss of a splice site does not prevent plicing 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, cau ing the 
mutant gene to produce a set of altered protein rather than ju tone ( igure 8-
57). Other single nucleotide changes create new splice sites by changing a e­
quence in an intron or an exon into a consensus splice site. The e re ull dem­
onstrate that RNA splicing is a flexible process in higher eucaryotic cells, and they 
uggest that changes in the splicing pattern caused by random mutation could 

be an jmportant 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 R A splicing was first discovered, it 
puzzled molecular biologi ts. Why was this bizarre pathway used rather than the 
apparently simpler alternative of bringing the 5' and 3' splice sites together in an 
initial tep, foll w d by their direct cleavage and rejoining? The answer seems to 
li in the way the spliceo ome evolved. 

RNA ynthesi and R A Proc ing 

Figure 8-56 pUclng the primary 
RNA transcript from the chicken 
ovalbumln gene. The drawing shows 
the organized removal of even 
introns required to obtain a 
functional mRNA mol cule. The 5' 
plice sites (donor ite ) are denoted 

by D, and 3' splic ice (acceptor 
sites) are denoted by . 
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(A) NORMAL ADULT ~-GLOBIN PRIMARY 
RNA TRANSCRIPT 

(B) SINGLE NUCLEOTIDE CHANGES THAT CREATE 
A NEW SPLICE SITE 

AAAA AAAA 

mRNA with extended exon 2 

normal mRNA is formed from three exons 

AAAA 

mRNA with extra exon inserted 
between axon 2 and exon 3 

(C) SINGLE NUCLEOTIDE CHANGES THAT 
DESTROY A NORMAL SPLICE SITE WILL 
ACTIVATE CRYPTIC SPLICE SITES 

AAAA (0) SINGLE NUCLEOTIDE CHANGE THAT 
DESTROYS NORMAL POLYADENYLATION SIGNAL 

multiple mRNAs with both 
shortened and extended exon 1 '.:'Jl•========:JAAAA 

mRNA with abnormally long 3' untranslated region 

mRNA with extended exon 3 

A explained in hapter 1, it is thought that early cells may have used RNA 
molecule rather than proteins as their major catalysts and stored their genetic 
information in RNA rather than D As quences. RNA-catalyzed splicing reactions 
pre umably played important role in the e early cells, and some self-spiking 
RNA intron remain today-for example, in the nuclear rRNA genes of the cili­
ate Tetrahymena, in bacteriophage T4, and in ome mitochondrial and chloro­
plast gene . A ' If-splicing intron s quence can be identified in a test tube by 
incubating a pure R A mole ulc that contains the intron sequence and observing 
the splicing reaction; it can also be identified from the RNA sequence, inasmuch 
as large part of the intron equence need to be conserved in order to fold to 
create a catalytic surface in the RNA molecule. Two major cJas es of self-splic­
ing intron sequen es can be readily di Lingui hed in thi way. Group T intron 
sequences begin the spli ing reaction by binding a G nucleotide to the intron 
sequence; the G is thereby activated to form the atta king group that will break 
the first of the phosphodiester bonds cleaved during pl icing (the bond at the 
5' splice site). In group Tl intron sequences a ·pecially reactive A residue in the 
intron sequence is the attacking group, and a lariat intermediate i generated. 
Otherwise the reaction pathways for the two type of equences are the same. 
Both are presumed Lo represent ve tige of very ancient mechanisms (Figure 
8-58). 

In the evolution of nuclear R A plicing, the reaction pathway u ed by the 
group II self-splicing inlron equence eem to hav been retained, with the 
catalytic role of the intron equence being rcplac d by separate pliceosome 
components_ Thus the small RNAs Ul and U2, for example, may weU b remnant 
of catalytic RNA sequences that were originally pre nl in intron equence . hift­
ing the catalysis from intron equence to pliceo ome presumably lifted most of 
the constraints on the evolution of introns, allowing many new intron quence. 
to evolve. 

The Transport of mRNAs to the Cytoplasm Is Delayed 
Until Splicing Is Complete 39 

Finished mRNA molecules are thought to be recognized by receptor proteins in 
th nuclear pore complex and to be tran ported actively to the cytoplasm (dis-

376 Chapter 8 : The CeU Nucleus 

Figure 8-57 Abnormal proces ing of 
the ~-globin primary RNA tran cript 
in humans with ~ thala semia. The 
site of each mutation is denoted by a 
black arrowhead. The dark blue boxes 
represent Lhe three normal cxon 
sequ nces illustrated previou Iy in 

Figure 8-51, and the red lines join th 
5' and 3' splice sites utilized in 
splicing the primary R A lran cript 
produced by the gene. The light blue 
boxes depi new nucleotide 
sequences included in Lhe final mR A 
molecule as a re ult of a mutation. 

ote that when a mutation leave a 
normal splice site without a partner, 
one or more abnormal "cryptic" 
splice sites nearby are used a the 
partner site, as in (C). (After .I I. 
Orkin, in The Molecular Basis of 
Blood Diseases [G. tamaroyanno­
poulos et al., eds.I, pp. l 06-126. 
Philadelphia: Saunders, 1987.) 
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Group I self,splicmg mlron sequences Group II self-splicing intron sequences 

5' exon 3' axon S'exon 3'exon 
sequence sequence sequence 
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OH 
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OH 
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cussed in Chapter 12). The major protein of the hnRNP particle and variou 
proc ing molecule bound co the R A, by ·ontra t, ar largely confine<l lO the 
nucleus, although ome of them pa s into the cytopla m wilh th tran ported 
mR A before being rapidJy tripped from the RN and return d to the nucleus 
(Figure 8-59). 

Studies of mutant yeasts sugge t that for RN tllat have plice ites trans-
Ort out of the nucleu can oc ur only aft r the plicing reacti n ha been com• 

pleted. When a mutation creaces a defect in the plicing machin ry o that plic· 
ing cannot occur, unspliced mRNA prccur or remain in the nu Jeu , whiJe those 
mR A that do not require plicing (which includes mo, l of th mR A in this 
single-ceU eucaryote) are lran ported normally to the yto ol. Thi observation 
uggcsts that RNAs may be retained in the nucleu by their bound pliceo ome 

components, which seem to form numerou large aggregat s throughout th • 
nucl u o higher ucaryotes. These aggregates could s rve as" ·pl icing i land·'' 
(l•igur 8-60); although ic is not known how they form or fun lion, they may be 

IA) 

RNP 
particle-

5' 
cytqplasmic 
RNA-binding 

NUCLEUS 

RN ynth i and RNA Pro ing 

IBl 200 nm 

Figure R-58 Th two known clas es 
of 'elf-splicing intron equences. Th 
group I intron equen e bind a fre 
, nucleotide to a, p ific sit to 

initiate pl icing (sc Flgu1e 3-2 L), 
while the group 11 intron equence 
u a p cially r a tivc A nucl otid 
in the intron equence itself for lb 
same purpose. rhe two mechanism 
have been drawn in a way that 
emphasizes their irnilaritie . Both are 
normally aided by prot ins that pe d 
up the rea Lion. but lh ataJy i i 
nevertheless med.iar d by the £l A in 
che intron equence. The mechani m 
u ed by group 11 intron equences 
forms a lariat and re cmble U1e 
pathwar catalyzed by the pliceo ome 
(compare to Figure B-54). {After T.H. 
Cech, Ce/l 44:207-210, 1986. © CeU 
Pre .} 

Figure 8-59 The tran port of mRNA 
molecule through nuclear pores. (A) 

.h matic illusrration of the change 
in the proLein bound to the RNA 
mol cule as it move out of Lhe 
nucleu . (B) Electro a micrograph of a 
large mR mo! cule produc din an 
in-,cct salivary gland cell; thi 
molecule {arrmv) has apparently be n 
caugh1 in the proces of moving ro 
the cyto!>ol. (B. rrom B.J. tevcns and 
JI. wifl,J ellBiul.31:55-77, 1966, 
hy copyright pcrmi 'ion of the 
R1 ck foll >r Univ r ity Pre s.) 
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analogous to the nucleolus, a much larger and more prominent tructure in the 
nucleus, whose organization and function are b tt r understood. 

The nucleolus is lhe ite where ribo omal R A (rR A) molecules are pro­
cessed from a larger precursor RNA and a sembled into rib omes by the binding 
ofribosomal proteins. Before di u sing nucleolar structure, however, we need 
to consider how the precursor rRNA mot cules are ynthesized from rRNA genes. 

Ribosomal RNAs (rRNAs) Are Tran cribed from Tandemly 
Arranged Sets of Identical Genes 40 

Many of the most abundant protein of a differenlialed cell, such as hemoglo­
bin in the red blood cell and myoglobin in a muscle cell, are synthesized from 
gene that are present in only a single copy per haploid genome. These proteins 
are abundant b cau 'e each ofth many mRNA molecules transcribed from the 
gene can be translated into a many as 10 protein molecules per minute. This will 
normally produce mor.e than 10,000 protein molecules per mRNA molecule in 
each cell generation. Such an amplification step is not available for the synthe-
i of the intrin ic RNA components of the ribosome, however, since they arn the 

final gene products. Yet a growing higher eucaryotic cell must synthesize 10 
million copies of each type of ribo omal RNA molecule in each cell generation 
in order to con truct it 10 million ribosomes. Adequate quantities of ribosomal 
R As, in fact, can be produced only because the cell contains multiple copies of 
the rRNA genes that code for ribo omal R As. 

Ev n E. coli need even copies of its rR A genes to keep up with the cell's 
need for ribo ome . Human cells contain about 200 rR A gene copies per hap­
loid genome, spread out in mall clu ters on five different chroma omes, while 
cell of the frog Xenopuscontain about 600 rRNA gene copies per haploid genome 
in a ingle luster on one chromosome. In eucaryotes the multiple copies of the 
highly conserved rR A genes on a given chroma ome are located in a tandemly 
arranged rie in which each gene (8000 to 13,000 nucleotide pair long, depend­
ing on th organi m) i separated from the next by a nontranscribed region 
known as spacer DNA, which can vary greatly in length and sequence. We hall 
see later that such multiple copie oftandernly arranged gene tend to co-evolve. 
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Figur 8-60 Pos lble plicing 
islands. l'his immunofluore c nee 
micrograph shows the staining of a 
human fibroblast nucleus with a 
monoclonal antibody that detect th 
snRNP particles involv din nuclear 
splicing of mRNA precursor 
molecules. The snRNP particles ar 
present in large aggregate , which 
could fun cion as "spli ing island ." 
The antibody detects specific proteins 
that are present in everal of the 
snRNP that function in I.he 
spliceo ome. (Courtesy of N. 
Ringertz.) 

Figure 8-61 Tran cription from 
tandemly arranged rRNA genes, 
a vi uali.zed in the elect.con 
micro cop . The pattern of 
alternating tran cribed gene and 
nontranscribed spacer is readily een 
in the lower-magnification view in the 
upper panel The large particles at the 
5' end of each rRNA transcript (lower 
panel) are believed to reflect the 
beginning of ribosome assembly; RNA 
polymerase molecules are also clearly 
visible a a eries 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 UJrich Scheer.) 
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Because of their repeating arrangement, and becau they ar tran crib d at 
a very high rate, the tandem arrays of rR A gene can a ily b een in pread 
chromatin preparation . The RNA polymera e molecule and their associated 
tran cripts are so densely pack d (typically about 100 per gene) that th tran-

ripts stick out perpendicularly from the D to give each tran cription unit a 
"Christmas tree" appearan e (Figure 8-61). not d arli r ( Figur 8-47), the 
tip of each of these "tree "repr ents the point on the D A at whi h tran crip­
tion begins and where the transcrip are Llms sborte t, whil the other nd of 
the rRNA transcription unit i harply demarcated b the udd n di app aranc 
of RNA polymera mole ule and th ir tran ript . 

The rRNA gene are tran cribed by RN. polymerase I, and each gen pro­
duces the same primary RNA transcript. In human thi R A tran cript, known 
as 45S rRNA, i about 13,000 nucleotides long. Befor ii leave the nucleus in 
assembled ribosomal particles, the 45 rRNA is cl aved t giv one opy each of 
the 28S rRNA (about 5000 nu I otide ), the 18 rR A (about 2000 nucleotides), 
and the 5.8S rRNA {about 160 nucleotides) of th final ribo ome. The derivation 
of the e three rRNA from th am primary tran cripl n ur that they will be 
made in equal quantilie . The r maining part of ea h primary tran cript (about 
6000 nucleotid s) i degraded in the nucl u (Figure 8-62). ome of the e extra 
RNA equence are thought to play a tran i nt part in ribo ome as embly, which 
begins inun diat ly a pe ific protein bind to th growing 45 rRNA tran cripts 
in the nucleus. 

Another set of tandemJy arranged gene with nontran cribed spacers codes 
for the 5 rR A of the large ribo omal ubunit (the only rR A that is transcribed 

parately). The 5 rRNA gen are only about 120 nucleotide pairs in length, and 
like a number of other gen encoding mall table RNAs (mo t notably the trans­
fer R A !tRNA! gen ), th y are tran cribed by RNA polymerase III. Humans have 
about 2000 5 rRNA en tandemly arranged in a ingle dust r far from all the 
other rR A gene . It is not known why thi one typ of rRNA i transcribed epa­
rately. 

The ucleolu I a Ribo ome-producing Machine 40 

The continuous tran cription of multiple gene copie ensures an adequate upply 
of the rRN , which are immediately packaged with ribo omal proteins to form 
ribosom . h pa kaging occur in the nucleus, in a large, di tinct tru tur 
called th nucleolu . The nucleolu contain large loop ofD A emanating from 

veral chroma om , ea h of which contain a cluster of rRN gene . Each uch 
g ne clu ter i known a a nucleolar organizer region. Here the rRNA gen ar 
transcribed at a rapid rate by RNA polymera e 1. The beginning of th r A pa k­
aging proc can b e n in el ctron micrographs of th e g ne : the 5' t il of 

ch tran cript i n a ed by a protein-rich granule ( ee Figure 8-61). he gran-

RNA ynthe i and R Proce ing 

Flgur 8-62 Th proc ing of a 45 
rRNA pr lecule Into tbre 
eparate earl half 

of Lhe nu n lhe 
primary ripe are degraded 
in the nu 
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10 expanded interphase chromosomes 
contributing rRNA-producing DNA 
loops to the nucleolus 

nucleolus 
nuclear envelope 

MECHANICAL 
SHEAR 

isolated nucleolus 
with broken 
chromosomal 
loops 

ules, which do not appear on otht:r types of RNA tran cript , pre umably reflect 
the fir t of tb prot in-R ·A interactions that talcc place in th nucl olus. 

The bio ynthetic function of the nucleolu an be tra ed by briefly labeling 
n wl mad R A with 3H-uridine. After varying int rvals of unh r incubation 
without 31 I-uridine, a cell fractionation procedure can b u ed co br ak the rR A 
gene free of their hrornosomes, th.er by aUowing the radioa tive nucl oli to be 
i olated in r lativel pur form (Figur 8-63). uch e perim nc how that the 

ribosomal 
proteins 
made ,n 
cytoplasm 

5S rRNA 
made 
outside 
nucleolus 
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lgur 8-63 The nucleolu.s. Thi 
highly chemaric view of a nucleolu 
in a hwnan c ll shows Lhe 
conLiibution ofloops of chromatin 
containing rR Ag ne from 10 
separate chromo ome . Purified 
nucleoli are very useful for 
bioch mi cal srudies of nucleolar 
function; to obtain such nucleoli, the 
loops of chromatin are mechanically 
sh ared tram their chroma ome , a 
hown. 

Figure 8-64 The function of the 
nucl olu in .ribo om ynlh i . The 
45 rRN transcript i packaged in a 
large ribonucleoprot in pa11i le 
containing many ribo umal prot in 
imported from tJ1e c opla -m. While 
thi patticie remains in Lh nuci olus, 
selected pie ar dis ard d a it I. 
pro e cd into immature large and 
small ribosomal ubunit . ·1 h e two 
subunits arc thought to attain lh ir 
final functional form only a each i 
individually tran port d through th 
nuclear pore into th ytopl m. 
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... 
intact 45S transcript is first packaged into a large complex containing many dif­
ferent proteins imported from the cytoplasm, where all protein are syn the iz d. 
Most of the 80 different polyp plide chains that will make up the ribo ·ome, as 
well as the 5S rRNAs, ar incorporat d at this stage. Other molecuJes are needed 
to process the 45 rRNA and to guide the assembly process. Thu th nucleolu 
also contains other RNA-bindjng protein and certain small ribonucleoprot in 
parricJe (including U3 nRNP) that are beli.eved to help catalyze the onsttuc­
tion of ribosomes. These omponenr remrun in the nucleolus when the ribo-
omal subunits are exported to Lhe 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 th nucleolus itself. 

As the 45S rRNA molecule i proc ed, it gradually loses some of its RNA and 
protein and then splits to form separate precur or of the large and small ribo­
somal subunits (Figure 8-64). Within 30 minutes of radioactive pulse labeling, the 
first mature small ribosomal subunit , ontruning their 18S rRNA, emerge from 
Lh nucleolus and appear in the cytoplasm. s embly of the mature large ribo­
somal subunit, with its 28S, 5.8 , and 5S rR A , take about an hour to complete. 
The nucleolus therefore contains many more incomplete large ribosomal sub­
units than small ones. 

The la t steps in ribosome maturation occur onl as these suburuts are trans­
i rred to the cytoplasm. This delay prevents functional ribosomes from gaining 
acces to the incompletely processed hnRNA molecules in the nucleus. 

The Nucleolus Is a Highly Organized Subcompartment 
of the Nucleus 41 

A een in the light microscope, the large spheroidal nucleolus is the most ob­
viou tructure in the nucleus of a non mitotic cell. ConsequenLly, it was so closely 
crutinized by arly cytologists that an 1898 review could list some 700 references. 

By the 1940s cytologists had demonstrated that lh nucleolus contains high con­
centration of RNA and proteins, but its major function in ribo omal R A syn­
thesis and ribosome assembly was not discovered until th 1960s. 

peripheral heterochromatin 

nuclear 
envelope 

nucleolus 

dense 
fibrillar 

Figure 8-65 Electron micrograph of 
a thin ection of a nucleolus in a 
human fibroblast, showing it three 
distinct zone . (Al View of entire 
nucleus. (B) 11 igh-power view of the 
nucl olus. (Courtesy of E.G. Jordan 
and J. McG vern.) 

granular -.--:~ 
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om of the detail of nucJeolar organization can be seen in the electron 
microscope. Unlike the cytoplasmic organelles, the nucleolus is not bound d by 
a membrane; instead, it eems to be con tructed by the specific binding of un­
fmisb d ribo ome precur or to one another to form a large network. In a typi­
cal el ctron mi rograph three partially egregat d r gion can be di tingui h d 
(Figure 8-65): (1) a pale- taining fibrillar center, which contains D A that i not 
being actively transcribed; (2) a dense fibrillar component, which contains RNA 
mole ule in the pro es of being synthe iz d; and (3) a granular component, 
which contain maturing rib omal precur or particles. 

he ize of th nucleolu retle t i acti ·ty. It ize therefore vari s greatly 
in different cell and can chang in a single cell. It i very mall in some dormant 
plane ~eU , ~ r xample, but can occupy up t 25% of lh total nucl ar volume 
in cells that are making unu ually large amount of prot in. The differ nces in 
size are due largely to differen e in th amount of the granular omponent, 
which i probably controlled at th level of ribo omal gene tran cription: 1 c­
tron microscopy of pread chromatin hows that both the fracti n of a tivat d 
ri os mal gene and the rat at whi h a h gene i Lran cribed can vary accord­
ing to ircum lances. 

The Nucleolus I Rea 
After Each Mito i 42 

mbl d on Spe ifi Chromo omes 

Th app arance or th nucl olu hanges dramatically during the cell-division 
cycle. ell approache m.ito i , th nucl olu first decrea in ize and then 
di appear as the chroma omcs conden e and all R A ynth i • top . o that 
generally ther i no nucleolu in a metapha e ll. When ribo omal R A syn­
th si r tart at the end of mito i (in telophas ) , tiny nucleoli reappear at the 
chroma omal locations of the ribosomal R Ag n (Figure 8-66). 

rn human th ribo mal R A gene are lo at d near the tip of each of 
5 different. chromo ome., a shown previou ly .in Figure 8-32 (that is, on IO of 
the 46 chr mosome in a diplojd ell). rre pondingly, 10 mall nucl oli form 
after mitosi in a human cell, although they are rarely seen a parate entities 
becau e they quickly grow and fu e to fonn the ingle larg nucleolus typical f 
many interpha e ells (Figur 8-67). 

What happen to the R A and protein component of th disassembl d 
nucleolu during mitosis? It eem that at lea t ome of them become di tributed 
over the urface of all of the metapha e chromo ome and are carri d as cargo 
to each of the two daughter cell nuclei .. As the chroma ome decondense at 
telophas , the "old" nucleolar components help reestabli h the newly emerging 
nu Jeoli. 

lOµm 
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Figure 8-66 Changes In the 
appearance ofthe nucleolus in a 
human cell during the cell cycle. 
Only the cell nucl us i represented in 
this diagram. ln most eucaryotic cells 
Lhe nuclear membran breaks down 
during mitosis, as indicated by the 
dashed circles. 

Flgure 8-67 Nuclear fusion. 
These light micrographs of human 
fibrobla ts grown in culture show 
variou stag s of nucl olar fusion. 
(Courtesy ofE.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 Rabi orientation, 
with all centromeres facing one nuclear pole and aJJ 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 chromosome in each intcrphase 
nucleus have been stained with a fluorescent dye. ote that the mo l 

brightly taming region (the chromocenter), which is known to contain the 
centromeric regions of each of the four chroma omes ( ee Figure 8--19), is 
oriented toward the outer surface of the embryo and thus faces 1h apical 
plasma membrane of every cell. (Courtesy of Tohn Sedat.) 

Individual Chromosomes Occupy Discrete Territories in 
the Nucleus During Interphase 43 

As we have just seen, specific gene from eparate interphase chromo omes are 
brought together at a single site in the nucleus when th nucleolus forms. Are 
other parts of chromo omes al o nonrandom.ly ordered in the nucleu ? First 
raised by biologists in the late nineteenth century, thi fundamental question tiU 
ha not been answered satisfactorily. 

A certain degree of chromosomal order results from the configuration that 
the chromo ome always have at the end of mitosis. Just before a cell divides, the 
condensed chromosome are pulled to each spindle pole by microtubules at­
tached to the centromere ; thus, a the chromosome move, th centromeres lead 
the way and the distal arm (terminating in telomeres) lag behind. The chromo­
somes in many nuclei tend to retain this o- ailed 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 ome 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 lo 
design experiroems to test this possibility. 

In most cells the various chromosome are indi tinguishable from one an­
other during interphase. Consequently, it i difficult to as ess 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 incli­
vidual chromosome bands can be resolved clearly enough to determine the pre­
cise positions of pecific genes in intact nuclei by microscopic optical-section­
ing and reconstruction techniques. The results of such analyses uggest that the 
interphase chromosome set is not highly ordered: although the Rabi orientation 
tends to be maintained, two apparently identical cells often have different chro­
mosomes as nearest neighbors. 

RNA Synthesis and RNA Processing 
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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 ceU. 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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(Cl 

The e anal e of polyten chrorno ome have al o indicated that ea h chro­
mo om o cupi • its own t rritory in the int rpha e nucleu -that is, the indi­
vidual hromo om ar not xt n ively int mvi.ned (Figure 8-69). 0th r exp ri­
ments hav hown tha1 nonpolytene chroma om also tend to occupy discret 
domain in int rpha nuclei. In sifli h. bridization experiments with an appro­
priate D probe, r r xampl , can outline a ingle chroma ome in hybrid mam­
malian c II· grown in ulrur (Figur 8-70). Most of the D A of such a hromo-
ome i een too cup only a small portion of the inlerpha e nucleu , uggesting 

that ea h indi idual hrom me r main compa t and organized whil allowing 
le t u portions of it D A to be active in R A ynthe is. 

HowW llOrd r di th u I us? 44 

i not a random jumbl of it many R, A, 
protein omp nent . We hav e n that the nucleolus i rgani.zed as an ffici nt 
ribo ome-con truction machin , and dusters of pLiceosome component arc 

rganiz d, po sibly a discret RNA-splicing island (see Figure 8-60). rd r is 
al o en in the electr n mi ro c pe when one fo u on th r gions around 
nucJear por s: th chromatin that line the inner nu lear membrane (, hi h i 
unusually onden d hromatin and th refore clearly vi ib1c in le 
graphs) is excluded fron a consid rable region ben ath and around 
pore, l adng a path b tween the cytopla m and the nucleopl m ( igur 8-71 ). 
In som p ial ca s, moreover, the nuclear pore ar found to be highly orga­
niz din the nuclear env lope (Figure 8-72), pre umabl ren ting a orr pond­
ing organization of th nu lear lamina to which the por s are attached. 
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nuclear 
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nucleus 11,1m 

·igure 8-70 elective labeling of a 
Ingle chromosome in a cultured 

mammallan ceU nucleu during 
interphase. ln { ) and (B), 3Il 

interpha e nucleus fr d from it 
cytopla m i shown at che right, , ich 
cattered mitoti chromosome 

relea ed from a cond cell on th 
left. (A) The re uh of ill i/11 
hybridization {u. ing a Ouorescenl 
probe) to outline che , ingle human 
chroma ome in a human-ham t r 
hybrid cell line. fhe ame preparation 
is shown with all of the D A lab I d 
with a econd Ouore nt dy in (B). 
( ) Schematic drawing of the human 
chroma ome d t ted in the 
interpha e nu leu in (A), ·h v n at a 
somewhat larger calc. ( and B, 
court sy of Joyr A. Kob ri :md avid 
R.Co .) 

f I u re 8- 71 Electron micrograph of 
a mammalian cell nucleus. Note that 
lhe condcn ed chromaLin underlying 
the nuclear envelope is excluded from 
regions around the nuclear pores. 
(Courtesy of Larry erace.J 
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Is there an intranucl ar framework, analogou lo the cyto kel ton, on whi h 
nuclear compon nts ar organized? Many cell biologist b lie e Lhere i . Th 
uuclear matrix, or caffold, ha been defin d as the in olubl mat rial left in th 
nu leu aft r a serie of biochemical extraction teps. om of th protein th t 
constitute it can b shown to bind pecific D A equen e alled SARs or MAR 
(for caffold- or matrix-a sociated regions). uch DNA equenc hav b n p -
tulated lo form th base of chromosomal loop (se Figure 8-18). By m ans of 
uch hromo omal attachmenL sites, the matri might h lp organize chrorno­
ome , localize gene , and regulate DNA tran cription and r pli ati.on within th 

nu l u . B cause the structural component of th matrix have not y t b n iden­
tified, however, it remains uncertain wheth r th matrix i olated by ceU biolo-
gist repre ent a tructure that is pre ent in inta l JI . 

ummary 

Ri 11 polymerase, the enzyme that catalyzes D trmiscri11tion, i a complex molecule 
containing many polypeptide chains. Jn eucaryotic cell there are three RNA poly­
merases, designated polymerases I, 11, and Ill; they are evolutionarily related to one 
another and ta bacterial RNA polymera e, arrd theyhai1e ome 11bunits ifl co11111"101L 

After initiating transcription, each enzyme is thought to release one or more subunits 
a,1d to bind other subunits thar are required for R chain elongation a11d termi-
1iatio11. 

Most of the cell's mRNA ls produc d by n comp/R,; proc beglmu·ng with the syn­
thesis of h.eterogeneous nuclear RNA (1mR ). T11e primary lmRN transcript is made 
by RNA polymerase 11. It i therz capped by the addition of a special nucleotide to its 
5' end and is cleaved and then polyadenylated at it· 3' eud. The modified RNA mol­
ecules are u uaUy then ubjected to one or more RNA plici11g e11e11ts, i11 which intron 
sequences are removed from the middle of the RN. molecule by area tio11 cntalyzed 
by a large ribonucleoprotein complex known as a spliceosome. In this proce s most 
of the mass of the primary RNA Iran cript is re,nou d amt degraded in the mtcleus. 
As a result, although t/Je rate of produ tion of lrnR A typically accoullts for about 
half of a cell'~ RNA synthesis, the mRNA produced represents only about 3% of the 
teady-state quantity oj'RNA in a cell. 

Unlike g, nes that code for proteins, which are tramcribed by polymerase T[, the 
genes that code for most tructural RNAs are trari,cribed by polymerase I and m. 
These genes ltre usually repeated mrmy times in the genome mid are often clustered 
/11 tar,dem arrays. RNA polymemse 111 makes a variety of small stable RNAs, including 
the rRNAs arid the small 5 rRNA of the ribosome. RNA polymerase l makes the large 
rRNA precursor molecule ( 45 rRNA) containing the major rRNAs. Ex.cept for the ri­
bosom in mitocl1011dritl and chloroplasts, all the cell's ribosomes are assembled in 
the nucleolus-a. distinct intmnuclear organelle that is formed around the tandemly 
arranged rRNA genes, wliich ar brought together from several chromosomes. 

The Organization and Evolution 
of the Nuclear Genome 
Much f volutionary hi tory i r <:ord din the g name of pre ent-day organ­
i ms and can be decipher d from a careful analy i of their D A sequence . Ten 
of million of D nu leotide hav been quenced thus far, and we can now 

in outlin ho~ th g n oding for certain protein have evolv dover hun-
dred of million of year . tudi , ofth occasional chang th.al occur in presenc­
daychromo omc provid additional clue to the mechanisms that have brought 

b ul ev lutionary change in the past. In th:i section we con id r orne of lh 
g n ral prin ·ipl . that h. ve emerged from uch mole ular g neti tud i !i, with 

mphasis on the organization and evolution of the nuclear genome in higher 
u ary t . 

The Organization and Evolution of the· ucJear Genome 

1µm 

lgure 8-72 Freeze-fracture electron 
mlcrograph of the elongated nuclear 
envelop of a fern spore. Not lh 
ordered arrangement of the nucl ar 
pore complexes in parallel row . In 
other cell either cone ntrat d 
cluster of nu I ear pore!> or unusual 
areas free of nuclear pores have been 
detected in the nuclear cnv lope. and 
the e are specifically orient d wilh 
respect to other tructures in the cell. 
(Courtesy of Don H. orthcote; from 
K_ Roberl and D.H. urthcotc, 
ficrosc. eta 71: I 02-120, 1971.) 
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Genomes Are Fine-tuned by Point Mutation and Radically 
Remodeled or Enlarged by Genetic Recombination 45 

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 equence 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 pan 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 elected against in lhe population. When a rare variant 
sequence is advantageous, however, it will be rapidly propagated by natural se­
lection. Consequently, it can b xpected that in any given species the functions 
of most genes will have been optimized by random point mutation and selection. 

While point mu talion i an fficient 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 surpri ing frequency: the genome can expand or contract by dupli­
cation or deletion, and its part can be transposed from one region to anolber 
to create new combinations. omponent parts of genes-their individual exons 
and regulatory element -can b huffled as separate modules to create proteins 
that have entirely new role . In addition, duplicated copies of genes tend to di­
verge by further mutation and become specialized and individually optimized for 
subtly different functions. By the e means the genome as a whole can evolve to 
become increa ingly complex and sophisticated. In a mammal, for example, 
multiple variant form of almost every gene exist-different actin genes for the 
different types of contractile cells, different opsin genes for the perception of 
light of different colors, different collagen genes for the different types of con­
neclive tis ues, and so on. The expression of each gene is regulated according ro 
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 otherwi e unrelated proteins. 

Genetic recombination, whereby one chromosome exchanges genetic ma­
terial with another, is fundamental to the creation of such farnilie of genes and 
gene segments. In Chapter 6 we discussed the molecular mechanisms of both 
general recombination and site-specific recombination. Here we con ider some 

f their effects on the genome. 

Tandemly Repeated DNA Sequences Tend 
to Remain the Same 46 

Gene duplications are usually attributed to rare accidents catalyzed by ome of 
th enzymes that mediate normal recombination processes. Higher eucaryote , 
however, contain an efficient enzymatic system that join the two ends of a bro­
ken DNA molecule together, so that duplications (as well as inversion , deletion , 
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, ina much as the large amount 
of matching sequence provides an ideal sub trate for g neral recombination 
(Figure 8-73). D A duplication followed by sequential un qual crossing-over 
underlies DNA amplification, a process thal often contributes to the formation 
of cancer by increasing the number of copie of gene (pro to-oncogene ) that 
promote cancer (see Figure 24-27). 
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Tandemly repeated genes both increa e and de rea e in number due to 
unequal er sing-over ( ee Figure 8-73). They therefor would be expected to be 
maintain d by natural election in large numbers only if the extra copi w r 
b neficial to the organi m. We have already discussed the hundr d of tandemly 
r peated genes that code for the vertebrate large ribo omal R A pr cur or; th s 
are n eded lo k ep up with a growing cell's demand for new ribo ome . Similarly, 
ertebrat have cluster of tandemly repeat d gene that encode other tructural 

R As, including 5S rRNA and the Ul and U2 snRNAs, as well a lu ters of re­
p ated histone genes, which produ e the large amounts of hi ton required 
during each S phase. 

One might expect that in the course of evolution the equ n of the gene 
in a tandem array-and of the nontran cribed spacer DNA b tw en th m-would 
drift apart. With many copies of the arne gene there hould be littl selection 
against random mutations that alter one or a few of th copie , and most nucle­
otide hanges in the long nontranscrib d spac r regi n would have no func 
tional consequence. In fact, however, the equence of the tand mly repeatec 
gene and their spacer D A are g nerally alma t identical. Two m chani ms are 
thought to account for tl1i . Fir t, recurring un qual cro ing-ov r ev nts will 
cause the continued expan ion and contraction of tand m array , and omputer 
simulations show that thi wi.U tend to keep the equ nee the arne (Figure 8-
74A). econd, related D A sequence can b come homog nized through gene 
conversion-the proce whereby a portion of the D A equence is changed by 
copying a closely imilar qu nee pr nt at a different it in the genome, as 
described in Chapter 6 (Figure 8-74B). Although g ne conversion do s nm require 
that the genes be landemly repeated, in high r eucaryote it em to occur 
mainly b tween gene that are clo e to each other. 

The movement of one gene opy in a tand m array to a n w hromo omal 
location will protect it from both of the above homogenizing influence . Thu , 
in higher eucaryote accidental gene tran location is an important tep in the 
evolution of new gene : il allow· the tran located D A equence to begin to 
evolve independently, o that it can acquire n w function that might benefit the 
organism. 

The Evolution of the Globin G n Family Shows 
How Random DNA Duplications Contribute 
to the Evolution of Organism 7 

In addition to gen rating a number f ts of tandemly repeated gene . D A 
duplication have play d a more important gen ral role in the evolution of new 

tandemly 
~--------repeated--------~ 

genes 

~ 
expansion J mutation 

expansion 

contraction l 
~ 

etc. 

(A) HOMOGENIZATION BY UNEQUAL CROSSOVERS 
BETWEEN SISTER CHROMOSOMES 

conversion 

r7 
mutation conversion 

conversion 

conversion 

(B) HOMOGENIZATION BY 
GENE CONVERSION 
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etc. 

tandemly repeated DNA 
/ 

I RECOMBINATION 

+ 

Figure 8-73 A family of tandemly 
repeated gene frequently lose and 
gains gene copies due to unequal 
cro sing-over between sister 
chromo omes containing the gene . 
This type of event is frequem because 
the long regions of homologous DNA 
equence are good uh lrates for the 

general genetic recombination 
process (discus ed in Chapter 6). 

Figure 8-74 vo type of events that 
help to keep alJ D A equence lo a 
tandem array very Lmllar to one 
another. {Al The continual xpansion 
and contra lion of the number of 
gen copies in a tandem array caus d 
by unequal cro ing-over ( ee Figur 
8-73) tends Lo homogenize all of th 
gen sequ nces in the array. (Bl In 
g n convcr ion one g ne copy act 
a a templat that pas e aU or part of 
its DNA sequence to another gene 
copy. In higher eucaryote this 
proce s ~eem to b • confined largely 
ro g nes that are next 10 each other 
on the chromosome; in lower 
cucaryote uch a fungi. where g n 
conver ion is mo t readily tudied, it 
is not confined to neighboring g ne . 
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proteins. The globing ne family provides a good exampl becau e iL evolution­
ary history ha been worked out parti ularlywell. The unmistakabl homologie 
in amino acid equen and stru ture among the present-day globin gene in­
dicat that they all mu t derive from a common anc tral g n , v n though 
ome now occupy widely parat d locations in the mammalian g name. 

We can reconstruct ome of the past events that produ ecl th variou typ s 
of oxygen-can ing hemoglobin molecules by con id ring the diff rent forms of 
the protein in organi m at different I vels on the phylogen de cal . A molecule 
Like hemoglobin was nee s ary to allow multicellular animal to grow to a large 
size, ince large animal ould no longer r l}' on th imple diffu ion of oxygen 
through the body urfa e to oxyg nate their ti ue adequate! . on equently, 
hemoglobinlik molecules ar found in all v nebrate and in many invert brate . 
The most primitiv oxyg n-carrying molecule in animal .i a globin pol peptide 
chain of about 150 amino acids, which is found in many marine worm , in e ts, 
and primitiv fi h. The hemoglobin mole ule in high r vertebrate , however, i 
omposed of two kind of globin chains. Jt app ars that about 500 million years 

ago, during th voludon of higher fish, a serie, of g ne mu lat ion and duplica­
tion occurr d. Thes event stablish d two lightly diff r nl globin genes, cod­
ing or th a- nd J3-globin hain in the genome of each individual. In modern 
high r ven brate ach hemoglobin moJecul i a complex of Lwo a chain and 
two 13 chain ( igur 8-75). he four oxygen binding ite in the u2132 molecule 
inter t, ,11lowing a cooperative allost ric change in th mol culc a it binds and 
relea e ox g n. which enables hemoglobin Lo take up and to rclea e oxygen 

fficiently than the ingle-chain ver ion. 
till later, during th evolution of mammal , the 13-chain gen apparently 

und n nt mutation and duplication to gi"c ri. to as cond 13-lik chain that is 
syn the izcd sp cificalJ in the fetus. he r uJling hemoglobin molecule ha a 
high r affinity for oxygen than adult hemoglobin a, d lhu h Ip in the transfer 
or oxygen from the mother to the fetu . The gene for the new 13-like chain ub­
s qucntly mutated and duplicated again to produce two new genes. E and y, the 
e chain b ing produced earlier in developm nt (to form a 2e2) than the fetal y 
chain, which form a.2"(2 ( ee Hgur 9-52). A duplication or the adult !3-chain gene 
occurred till lat r, during primate evolution, lo giv ris to a 6-globin gene and 
thu t a min r form of hemoglobin (a 26z) found only in adult primates (Figur 
8-76). ach of thes duplicated g ne has be n modlfied by poim mutations Lhat 
affe t the properties of the final hemoglobin mol culc, a weU as by changes jn 
r gul to region that determin the timing and lev I of expression of th gene. 

Th end re uh of the g ne duplication pro es that have given ri e to th 
diver ity of giobin chains is een clearly in th gene that arose from the origi­
nal 13 gen , whicb are arranged a a erie of homologous D A equ nee lo ated 
within 50,000 nucleotide pair of one anolh r. imilar clu ter of a-globin g nes 
i to at d on a eparate human chroma ome. B cau e the a- and ~-globin gene 
clusters are on eparate chromo ome in bird and mammal but are together 
in th frog Xenopus, it i believ d that a tran I cati n event eparated th two 
gen about 30 million years ago ( e Hgur 8- 76). A previou ly di cu ed, uch 
translocations probably help tabiliz duplicated genes with distinct functions 
by prole ting them from rh homogenizing pro e ses that act on lo ly link d 
genes of similar DNA equencc (see ·igur 8-74). 

Ther ar everal duplicated gl bin DNA quence in th a- and P-gl bin 
gene clu ter that are not fun lional gene,. They ar examples of pseudogenes. 

he e have a close homology LO the functional gene but have been disabled by 
muta1ions that pr vent th ir expr ssi n. Th exist nee of uch pseudog n 
houJd not be surprising sin e not every D A duplication would b expected to 

I ad to an w functional gene. oreovcr, nonfunctional D A equencc ar not 
rapi ly di carded, a indicat db the larg ex of noncoding D A in mam­
malian g names, di. u , d previ u ly. 
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A great d al four volutionary W tory will b discernible in our chromo­
ome once th D As quenc of many gene families have been ompared in 

different animal (se al o Figure 7--4). 

Gene Encoding ew Proteins Can B Created by the 
Recombination of Tumns 45 

The rol ofD A duplication in evolution i not confined to Lhe generation of gene 
familie . Jt can al ob important in gen rating n w ingle gene . The proteins 
encod d by g ne generated in this way can b recognized by the presence of 
r p ating, imilar protein domains, whi hare covalently linked to one another 
in seri . Tbe immunoglobulins (Figure 8-77) and albumin , for example, as well 
a mo I fibrous proteins (such as the collagens) are encoded by genes that have 
evolv d by repeal d duplication of a primordial DNA sequence. 

In genes that have evolved in this way, a w LI as in many other gene , each 
parat exon often encodes an individual protein folding unit, or domain. It 

i b lie d that the organization of D A oding - quenc as a eries of uch 
xon cparat d by long intron ha greatly facilitated the volulion of new pro­

t in . The dupli ations necessary to form a ingle gene coding for a protein with 
repeating domains, fore ample, can o ur by breaking and rejoining the DNA 
anywh re in the long introns on either id of an ·on encoding a useful prot in 
domain; withoul introns there would be only a few sil in the original gene 
at which a recombinational exchange b twe n i ter DNA molecule could 
dupli ate the domain. By enabling the duplication too cur at many potential 
r combination ites rather than al ju ta few, intrans increa e the probability of 
a favorable duplication event. 

For the same reason, the pr nc of intron gr ally increase the probability 
that a hance r combination v nl will g nerat a functional hybrid g n by 
joining two initially separated DNA sequ nee that code for different protein 
domain in uch a way that both domain are pr served in the new protein that 
the hybrid gene encode ( ee Figur 8-81. fore ample). The presumed re ult of 
uch recombinations ar een in many pr sent-day proteins (se Figure 3--43). 

Thus the large eparation betw n th xon en oding individual domain in 
hlgher ucaryote i thought to a celerat the proce s by which random g n tic­
recombination events g nerat u efuJ n w proteins. Thls could help to xplain 
the ucce sful e olution of tbes very complex organism . 

Most Proteins Probably Originated 
from Highly Split Gene 8 

The discovery in 1977 of gen plit up by intron was unexpected. Pr viou ly all 
genes analyzed in detaiJ were bacterial genes, which lack intron . Bacteria al o 
lack nuclei and internal membrane and have mailer genome than eucaryotic 
cells, and traditionally th y were considered to resemble th simpl r cell from 
which ucaryotic cell must have b en d rived. Not surpri ingly, mo t biologi 
initially assumed that intron wer a bizarre and late evolutionary adilition to the 
eucaryotic line. It now seem lik ly, however, that split g nes ar the anci nt 
condition and that bact ria lo t their intrans only after mo t of their protein had 
evolved. 

The idea that intron are v ry old is consistent with urr nt cone pt of pro­
tein evolution by the crial-and-error recombination of separate exon that encode 
distinct protein domain . oreov r, evidence for the ancient origin of intron ha 
been obtained by xamination of the gene that encod th ubiquitous enzyme 
triosephosphale isomerase. Trio ephosphate isom ras h an e ential role in lhe 
metaboli m of all cell , catalyzing the interconver ion of gl cerald hyde-3 phos­
phate and dihydro ya cone pho phate-a central tep in gly oly i and gluco­
neogen sis ( e Figure 2-21). By omparing the amino a id qu n ofthi en-
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Flgur 8-76 An evolutionary cheme 
for the globln chain that carry 
oxygen In the blood of animals. The 
chem• mphasizc the ~-like globin 

gene famil . A relatively recent gen 
dupli ation of they-chain gene 
produc dye and yA, which are fetaJ 
~-like hain of identical function. 
The lo ation of the globin gene in 
the human genome is hown at the 
top of the figrne. 
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lgure 8- 77 chemaUc vi w of an 
antibody (lmmunoglobuHn) 
molecule. This molecule I a omplex 
of two identical heavy chain and two 
identical light chain . Each h avy 
chain contain four imilar, covalently 
linked domain , whil each light 
chain onrains two such domains. 
Each domain i en oded by a eparate 
e on, and all of the exon are thought 
to have valved by the riaJ 
duplication fa ingl anc traJ exon. 
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zym in variou organism , it is po ible to deduce that the enzyme ev lved 
before the divergence of procaryotes and ucaryote from a common ance tor; 
the human and bact rial amino acid equences are 46% identical. he gene 
enc ding the enzym contains six intrans in vertebrates (chicken and humans), 
and five of th are in precisely the ame po ition in maize. This implie that 
the e five intron were pr enl in the gene before plant and animal diverg d 
in the eu ryoti lin age, an estimated 109 years ago (Figure 8-78). 

ln gen ral, mall unic llular organisms are under a trong election pressure 
t reproduce by cell division at the maximum rate permitted by th lev Is of 
nutri nt .in th environment. To do this, they mu t minimiz th amount f 
unnece ary D A !hat they have to synthesize in each ell-division cycle. For 
larger organisms that live by predation, where size is an advantage, and for 
mulli ellular organism in general, where rate of ell divi ion ar on tr ined 
by other r quir ment , there will not be such trong ele tion pre ure to elimi­
nate upertluou D A from the genome. This argument may help to xplain why 
bacteria should hav lo t their intrans while ucaryote have r tain d them. fl 

al o helps toe plain why the multicellular fungus A pergillus has fiv intron in 
its trios pho phate i omerase gene, whereas it unicellular relativ , the yeast 

accharomyces, has none. 
What is the mechani m by whi h intron are lo t? Pr ci e lo f intrnn 

would occur only rarely by piecemeal random deletion of short cgm nts of 
D , yet precise and selective lo s of intrans em not uncommon in eucary­
otic cells (and perhaps was also frequent in the anc stars ofbacleria). Wh reas 
most vert brat contain only a ingle in ulin g ne with two intron qu nc , 
rat , for xampJe contain a econd, neighboring in ulin g n with only one in­
tron. h second gene appar ntly aro e by g n duplication relativ ly r ently 
and ubs quently lo tone of its intron . Becau t: inlr n lo the xacl 
rejoining of D A coding equenc , the mo Jik ly our f the in~ rmation 
needed for such an event i an mRNA tran ripl ofth original gen , from which 
the intron equence , ill have been pr ci ely rcmo d. W kn w Lhat me en­
ger R As may be copied back into D A through th activity of reverse tran­
scriptases (seep. 282), and it i thought that r ombinati n nzym on o asion 
allow the e D A copies to b m pair d with the original equ n e, whi h i 

Figure B-78 The ancient origin or 
split genes. (Al A compari on of Lh 
e on tructure of the triosephosphate 
isomerase g ne in planr and animal . 

he intron po ition that are identical 
in maize (corn) and vertebrate are 
marked with green arrowheads. whil 
the inLron position tbat differ are 
marked with blue arrowheads. ince 
plants and animal are U1ought to 
have diverged from a common 
ancest0r about a billion year ago, the 
intron that Lhey hare mu t b of 
very ancient origin. (BJ An outline or 
how a particular g ne may ha e 
evolved. The exon equences are 
hown in red and th intron 
equences in gray. The g ne 

illustrat d here codes for a 
hypotheli al prot in that is rcquir d 
in all cells. Llk trio ephosphate 
isomeras , this prot in i a sum d to 
hav valved to lt final thr -

eubacterial, archaebactcrial, and 
ucaryotic !in age plit off from a 

common an e tor cell--d ignaled 
h re a a "progenote." Th dotted 
green line mark th approximate 
time of the endo ymbiotic event 
that gave ri to mitochondria and 
chloropla t ( ee pp. 20-21). (A, after 
W. Gilbert, M. Marchionni, a:nd 

.McKnight, CeJ/46:151-154, 1987. 
© Cell Pr s.) 
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then " orrect d" to an intronles form by a gene- onver ion type of vent. Thi 
pathway of intron lo has been demon trated in the laboratory u ing th p , -
rful genetic tools available in the yea t . cerevisiae. 

R ver e tran criptases are not needed for the central g n ti pathways, but 
they ar produced in cell by spe:cific transposable element ( Table 8-4) a 
well a by all retroviruses. The generation of DNA copi of egm nt of the g -
nome by reverse tran cription ha contributed in ev ral way to th olution 
of th genome of higher organisms, as we discus lat r. 

A Major Fraction of the DNA of Higher Eucaryotes Consi t 
of Repeated, Noncoding Nucleotide equences 49 

Eucaryotic genomes contain not only intron but al o large number of copi s 
of other eemingly nonessential D A sequ nee that don L cod for protein. Th 
presence of uch repeated D A equen e in higher eu ary te wa fir t reveal d 
by a h bridlzalion technique thatt mea ur th numb r of gen opi ". ln this 
procedure the genome is broken mechanicall into hort fragment of D A 
double helix about 1000 nucleotid pair long, and th fragm nt ar then de­
natured to produce D A ingl crand . Th peed with which the ingl -
tranded fragment in the mixlrur reanneal under condition in which the 

double-helical conformation i stable depend on how long it takes each frag­
ment to find a complementary fragment to pair with, which in tum depend on 
the concentration of uitable fragment in the mixtur . For the most part, the 
reaction is very slow. The haploid g nom of a mammalian c 11, for example, i 
represented by about 6 million dif~ rent 1000-nucleotid -long D A fragment , 
and any fragment who e quen e i pr ent in nly one copy must randomly 
collid with 6 million noncom pl mentary trand for every complementary part­
ner trand that it happen to find. 

When the D A from a human ll i analyzed in thi way under conditions 
that r quire near p rfe t m tching (high tringency condition , ee Figure 7-17), 
about 70% of the DNA strand reanneal a lowly as one would expect for a large 
colle tion of unique (nonr p at •d) DNA quence , requiring day for complete 
annealing. But most of the r maining 30% of the D A strands anneal much more 
quickly. The e strand contain 8 qu nee that are repeated many times in the 
genom , and they thu collide with a complementary partner relatively rapidly. 
Mo t of the highly r p al d DINA sequences do not encode proteins, and they 
are of two type : about on -third ar the tandemJy repeated satellite DNAs, to be 
discu ed next; th r tar interspersed repeated DNAs. A we shall ee, most of 
the latter D A deriv from a few tran po able DNA equence that have mul­
tiplied toe p dally high copy number in the human genome. 

SatelliteD quence: Have No Known Function 50 

The mo t rapidly ann aling D A trand in an experiment of the type just de-
cribed u uall con i t of v ry I ng tandem eries of repetition of a short 

nucle Lide quen (Figur 8-719). The r p at unit in a sequence of thi type may 
be compo d of only one or two nucleotides, but most repeats are longer, and 
in mammal they ar typically ompo ed of variants of a hart equence 
orga jz d into a rep at of a ~ w hundred nucleotides. These tandem r peat of 
a impl equence are call d atelllte D becau e the first D A of thi typ 
to b di ov red had an unu ual ratio of nucleotides that made it po ibl to 
epara them by d n ity-gradient centrifugation from the bulk of the LI' DNA 

a a minor ompon nt (or" atellitc''). Satellite D A equence generally are not 
transcrib d and ar located mo t often in the heterochromatin a social d with 
the cenlrom ric regions of chromo ome . In ome mammal a ingl type of 
at !lit D A equence constitutes 10% or mor o the D A and may v n 

o cupy a wh le chromo ome arm, o that the ell amain millions of opi of 
the ba i r p at d equen . 

The Organization and Evolution ,::if the uclear G nome 391 
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DNA 
ATAAACTATAAACTATAAACT 

5' ________ __. ______ _..._~------ 3' 
= = - = = ~ - - = - = = = = = = = = 3' _......_ ____ __._..__ ___ _._ _____ .__ ... 5' 

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 equences usually are found arranged in a strikingly 
different manner on th two chroma omes. Moreover, in contrast to the high 
degree of conservation of DNA equences elsewhere in the genome, generally 
there are marked differences in the satellite DNA sequences of two closely related 
species. No function has yet b en found for satellite DNA sequences: tests de­
signed to demonstrate a role in chromosome pairing or nuclear organization have 
failed thus far to reveaJ 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 r tention in the genome but which do nothing to help the 
urvival of the cells containing them. Other sequences that are commonly viewed 

a selfish are the transposable elements, whkh we discuss next. 

The Evolution of Genomes Has Been Accelerated by 
Transposable Elements 51 

Genomes generally contain many varieties of transposable elements. These seg­
ments of DNA were fir t di covered in maize, where several have been sequenced 
and characterized. Eucaryotic transposable elements have been studied most 
xten ively 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 
copie per diploid cell. 

At lea t three broad classes of transposable elements can be distingui hed 
by the peculiarities of their equence organization (Table 8-4). ome elements 
move from place co place within chromosomes directly as D A, while many oth­
ers move via an RNA intermediate, as described in Chapter 6. ln either ca e they 

Table 8-4 Three Major Families of Transposable Elements 

Genes in Complete 
Structure Element Mode of Movement 

Figure 8-79 Satellite D A. A simpl 
atellHe D A sequence from 

Drosophila is hown. It consists of 
many seriaJly arranged repetitions of 
a sequence seven nucleotide pairs 
long, and it occur miJlions of times in 
the Drosophila haploid genome. 

Examples 

encodestransposase move as D A, either excising or P element (Drosophila) 

short inverted repeats following a replicative pathway Ac-Ds (maize) 
at each end Tn3 and ISl (E. coli) 

Tarn3 (snapdragon) 

encodes reverse moves via an RNA intermediate Copia (Drosophila) 

directly repeated long terminal transcripta e and produced by promoter in LTR Ty (yeast) 
repeats (LTRs) at ends resembles retrovirus THE-I (human) 

Bsl (maize) 

AAAA encodes revers move via an RNA intermediate F element (Drosophila) TTTT 

Poly A at 3' end of RNA transcriptase that i pre umably produced L1 (human) 
transcript; 5' end is often from a n ighboring promotor Cin4 (maize) 

truncated 

Thes element range in length from 2000 lo about 12,000 nucl olide pair i ach family ontain many members, only a few of which are Ii ted 
here. 
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transposable 
chromosome element 

123456789 + ABCDEF 

INSERTION OF TRANSPOSABLE ELEMENT 
INTO NEW CHROMOSOME SITE 

123456ABCDEF56789 

target-site _J l SEQUENCE CHANGES CATALYZED BY 
duplication TRANSPOSABLE ELEMENT 

123456A56789 12345656789 1234566556789 1256789 
or or 

r 
or 

incomplete excision of precise excision excision with extra excision with 
transposable element leaving duplication target site inverted deletion 

can muJtiply and spread from one iLe in a genome to a multitude of other ite., 
ometirne behaving a di ruptive para ite . 

Transpo able elements eem to make up at lea t 10% of high r ucaryotic 
genomes. Although most of the e el ment move only very rar ly, th re are o 
many elements that their m v ment has a major eff ct on th variability of a 
p cies. More than half of th spontaneou mutation amin din Dro ophila, 

for example, are due to th in ertion of a tran po abl elem nt in or n ar th 
mutant gene. 

Mutations can occur eitJ1 r when an el m nt in ert into a gene or when it 
exits to move elsewhere. All known tran posable elements cau e a hart "target­
site duplication" becau of their me hanism of in nion ( e Figure 6-70); when 
they exit, they generally leav behind pan of 1hi duplication-often ,,vilh other 
local sequence change a weU (Figur 8-80). hu , a tran posable el ment 
move in and out of chroma ome , Lh y caus a vari ty of short additions and 
del tions of nucleotide equ nces. 

Tran po able element have al o ntribut d to g nome diver ity in another 
way. When two rran po abl cl m nl that ar recognized by th am site-spe­
cifi recombination nzym (Lranspo ase) integral into neighboring chromo­
somal site , the DNA bctw n Lhem can become ubj t to tran position by the 
transposas . Becau this provides a p rticularly effe Live pathway for th dupli­
cation and movement of exon (exon shuffiing), these elements can help lo create 
ne gene (Figur 8-81). 

Trans po able El ment Often Affect Gene Regulation 52 

A D A scquen e r arrangem nt au d by a transpo able element is often ob­
rv d to alter the timing, lev 1, or patial pallern of cxpre sion of a nearby gene 

fragment of 
GENE A 

transposable elements 

axon 2A 

axon 3A 
I 

GENE A containing two similar 
transposable elements In introns 

ANOMALOUS EXCISION OF EXON 2A 
BYTRANSPOSASE RECOGNIZING 
TERMINAL REPEATS 

axon 1B exon 28 exon 3B 
/ 

• -----1 normal 
GENE B 

'YSERTION INTO MIDDLE OF GENE B 

exon 1 B axon 2B 1 'N axon 2A axon 3B 

I ■ 
/ I GENE B with 

extra axon 

The Organization and Evolution of th uclear Genom 

Figur · 8-80 ome change in 
chromo omal D equences caused 
by tran po able elemen . The 
in nion of a 1ran po able element 
alway produce a short target- ite 
duplication of lhe chromo omal 
equ n e, which i generally 3 to 12 

nucleotide pair in length depending 
on th identily of lhe elemenr. The 
ite- p cific recombination enzyme 

associated with the element can al o 
cau e i ubsequent exci ion, \ hich 
often fails ro restore the original 
chromo omal DNA sequence, as in 
the four exampl s shown. 

Figure 8--8 l An exam pl of lh ex n 
shuffling that can be cau ed by 
tran po able I ment . When two 
el m nt of th' ame typ (r d DNA) 
happen to in ert near a h oth r in a 
chromo om , th tran po ition 
m hani m mayo ca ionally u e th 
ends of two diff •rent el m nl 
(inst ad of th 1wo ends or the am 
el m nt) and th reby move th 
chroma omal DNA b twe n them 10 

a ncv chromo omal it . ince 
intron are v ry larger lative to 
exon -, U1e illu trat d insertion of a 
n w exon into a preexi ting intron i a 
frequ nt outcom . 
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without affecting the equence of the protein or RNA molecule that the gene 
encode . 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 reguJa­
tion would be expected to be detrimental to an organism, some of them will bring 
benefit and therefore tend to pread through the popuJation by natural selec­
tion. 

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

The organization of higher eucaryotic genome , with long noncoding DNA 
sequences interspersed with comparatively hort coding equence , provides an 
accommodating' playground" for the integration and excision of mobile DNA 
equences. Becau e gene transcription can be reguJated from distance that are 

ten 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 exon that contain the 
coding equeoces. 

Might the va t excess of noncoding D A in higher eucaryote have been 
favored by selection during evolution because of the regulatory flexibility that it 
has provided to organism with a large variety of transpo able elements? What 
i known about the regulatory systems that control higher eucaryotic gene is 
consistent with thi po ibility. Enhancers, like exons, eem to function as sepa­
rate modules, and the activity of a gene depends on a ummation of the influ­
ence received at its promoter from a set of enhancers (see Figure 9-44). Trans­
posable element , by moving such enhancer modules around in a genome, may 
allow gene reguJation to be optimized for the long-term urvival of the organism. 

Transposition Bursts Cause Cataclysmic Changes in 
Genomes and Increase Biological Diversity 53 

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 transpo able 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, the may on o casion act a usefuJ ymbiont that aid the long-term sur­
vivaJ of the speci who e genome they inhabit. 

About 10% of the Human Genome Con ist of Two 
Familie of Tran po able Elem nt 54 

Primate D pect: it contain a remarkably large 
number of copi o bl que thal seem to have over-
run our chrom m es ces mo y an R -mectialed pro-
ce that requir a Ir ·pt nc i th transpo able element, 
which re emble he • rosophila and th 4 I ment in maize and 
encode a reve tr e Table 8--4, p. 392). Transpo able el ment 
hav generally evol ck control system thaL everely limit their 
number in ea h ce her a ing th cell from potential di ast r); the Ll 
clement in human , however, con titute about 4% of the ma of the genom . 

Even more abu • the Al nee, which i ery h rt (ab ut 300 
nu I oli air d like m nt, creating target-site du-
plication e was r, from an internally del t d 
ho t-ceU ( ich e 01 of the ignal-rec-
ognition partic RP) thal funcl o l e Figur 12-39); it 
• ore not ~ r the n id r d a tran po -

nt or an u lly mo o . It· tin about 500,000 
c the haploid me a ut bout 5% of human D ; thu 
i nt on avera out o u I otid pair . The Alu D A 
i b d from L R A r, a polymera -III promoter that i 
internal to the tran cripl, so that information n c or its own 
tran ription wh re • move . rev r e tran cripta od d el -
where, howev r, to po . 

ompari on of quence and locatio Ll- and Alu-like equen e 
in different mamm e t that Lhe e qu ha e multiplied to high copy 
numbers rela • tly (Figure 8-82). It i to imagin that th c hjghly 
abundant q ttered throughout our genome not had major ef-
fe t on th e ion of many n arby gene . How many uruquel human 
quaJities, fore le, do w owe to the para icic ele ? 

Summary 

The functional D '.A sequences in the genome of higher eucaryoles appear to be con­
structed from small genetic modules of at least two kinds. Modules of coding seque,we 
are combined i,i many ways to produce proteins, whereas modules of regulatory e­
quences are scattered throughout long stretches of rwncoding equences and regu­
late the expression of genes. Both the coding sequences and the regulatory sequences 
are typically pre ent in modules that are Jess 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 trans location of DNA sequences. ome of these changes create 
duplicates of entire gene , 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 D ~ equence slmff1-ing, which i of great im­
portance for the evolution of organisnlS, is greatly facilitated by the split structure of 
higher eucaryotic genes and by the fact that these genes are often controlletl 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 Dro ophila and vertebrate genomes. 
Occasionally, transposition bursts occur in germ cells and cause many heritable 
changes in gene expression in the same individual. Transpo able e/emellts are 
thought to have had a special evolutionary role in the generation of organlsmal di­
versity. 

The Orgaruzation and Evolution of the uclear G nom 

human Alu 
sequences 

500,000 
copies 

mouse 81 
sequences ,--, 

100,000 
copies 

igur 8-82 The propo ed paltern of 
evolutlon oflhe abundant Alu 
equence found In the human 

genome. Ar lated tran po able 
el m nt, Bl, is found in th mou 
genom . Both of the e tran po able 
D .equen are thought to have 
evolved from the ssential 7 L RNA 
gene. pecie 
di tri uencc homology 
of the ated el ment , 
howe r xpan ion in opy 
mun have occurred 
independently in mice and humans. 
(Adapt d from P.L. D ining rand 
G.R. Daniel . Trend Gen. 2:76--80, 
1986.) 
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(A) 

(D) 

Position-dependent patterns of gene expression in four different transgenic Drosophila 
embryos. Each embryo has a single copy of a bacterial ~-galactosidase gene inserted into 
its genome. Depending on the chromosomal in ertion 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.) 




