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Plan

• Quick recap


• DNA replication mechanisms


• The initiation and completion of DNA replication in chromosomes


• DNA repair


• Transposition and conservative site-specific recombination
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Difficulties associated with DNA replications
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1. Errors

5

• Step 1 - Proofreading by DNA polymerase, incorrect nucleotides are harder to 
add to the chain (energetically less favorable) and are more likely to diffuse away


• Step 2- Exonucleic proofreading by DNA polymerase takes place when an 
incorrect nucleotide is inserted
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DNA polymerase performs the !rst proofreading step just before a new nucle-
otide is covalently added to the growing chain. Our knowledge of this mechanism 
comes from studies of several di"erent DNA polymerases, including one pro-
duced by a bacterial virus, T7, that replicates inside E. coli. #e correct nucleotide 
has a higher a$nity for the moving polymerase than does the incorrect nucleo-
tide, because the correct pairing is more energetically favorable. Moreover, after 
nucleotide binding, but before the nucleotide is covalently added to the grow-
ing chain, the enzyme must undergo a conformational change in which its “grip” 
tightens around the active site (see Figure 5–4). Because this change occurs more 
readily with correct than incorrect base-pairing, it allows the polymerase to “dou-
ble-check” the exact base-pair geometry before it catalyzes the addition of the 
nucleotide. Incorrectly paired nucleotides are harder to add and therefore more 
likely to di"use away before the polymerase can mistakenly add them.

#e next error-correcting reaction, known as exonucleolytic proofreading, 
takes place immediately after those rare instances in which an incorrect nucle-
otide is covalently added to the growing chain. DNA polymerase enzymes are 
highly discriminating in the types of DNA chains they will elongate: they require 
a previously formed, base-paired 3ʹ-OH end of a primer strand (see Figure 5–4). 
#ose DNA molecules with a mismatched (improperly base-paired) nucleotide 
at the 3ʹ-OH end of the primer strand are not e"ective as templates because the 
polymerase has di$culty extending such a strand. DNA polymerase molecules 
correct such a mismatched primer strand by means of a separate catalytic site 
(either in a separate subunit or in a separate domain of the polymerase molecule, 
depending on the polymerase). #is 3ʹ-to-5ʹ proofreading exonuclease clips o" any 
unpaired or mispaired residues at the primer terminus, continuing until enough 
nucleotides have been removed to regenerate a correctly base-paired 3ʹ-OH ter-
minus that can prime DNA synthesis. In this way, DNA polymerase functions as a 
“self-correcting” enzyme that removes its own polymerization errors as it moves 
along the DNA (Figure 5–8 and Figure 5–9).

#e self-correcting properties of the DNA polymerase depend on its require-
ment for a perfectly base-paired primer terminus, and it is apparently not pos-
sible for such an enzyme to start synthesis de novo, without an existing primer. 
By contrast, the RNA polymerase enzymes involved in gene transcription do not 
need such an e$cient exonucleolytic proofreading mechanism: errors in making 
RNA are not passed on to the next generation, and the occasional defective RNA 
molecule that is produced has no long-term signi!cance. RNA polymerases are 
thus able to start new polynucleotide chains without a primer.
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Figure 5–7 The structure of a DNA replication fork. Left, replication fork with newly synthesized 
DNA in red and arrows indicating the 5ʹ-to-3ʹ direction of DNA synthesis. Because both daughter 
DNA strands are polymerized in the 5ʹ-to-3ʹ direction, the DNA synthesized on the lagging strand 
must be made initially as a series of short DNA molecules, called Okazaki fragments, named after 
the scientist who discovered them. Right, the same fork a short time later. On the lagging strand, 
the Okazaki fragments are synthesized sequentially, with those nearest the fork being the most 
recently made.

Figure 5–8 Exonucleolytic proofreading by DNA polymerase during DNA 
replication. In this example, a C is accidentally incorporated at the growing 
3ʹ-OH end of a DNA chain. The part of DNA polymerase that removes the 
misincorporated nucleotide is a specialized member of a large class of 
enzymes, known as exonucleases, that cleave nucleotides one at a time from 
the ends of polynucleotides.
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!ere is an error frequency of about one mistake for every 104 polymerization 
events both in RNA synthesis and in the separate process of translating mRNA 
sequences into protein sequences. !is error rate is over 100,000 times greater 
than that in DNA replication, where, as we have seen, a series of proofreading 
processes makes the process unusually accurate (Table 5–1).

Only DNA Replication in the 5ʹ-to-3ʹ Direction Allows Efficient Error 
Correction
!e need for accuracy probably explains why DNA replication occurs only in the 
5ʹ-to-3ʹ direction. If there were a DNA polymerase that added deoxyribonucleo-
side triphosphates in the 3ʹ-to-5ʹ direction, the growing 5ʹ end of the chain, rather 
than the incoming mononucleotide, would have to provide the activating triphos-
phate needed for the covalent linkage. In this case, the mistakes in polymeriza-
tion could not be simply hydrolyzed away, because the bare 5ʹ end of the chain 
thus created would immediately terminate DNA synthesis (see Figure 5–3). It is 
therefore possible to correct a mismatched base only if it has been added to the 
3ʹ end of a DNA chain. Although the backstitching mechanism for DNA replica-
tion seems complex, it preserves the 5ʹ-to-3ʹ direction of polymerization that is 
required for exonucleolytic proofreading.

Despite these safeguards against DNA replication errors, DNA polymerases 
occasionally make mistakes. However, as we shall see later, cells have yet another 
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Figure 5–9 Editing by DNA polymerase. DNA polymerase complexed with the DNA template in 
the polymerizing mode (left) and the editing mode (right). The catalytic sites for the exonucleolytic (E) 
and the polymerization (P) reactions are indicated. In the editing mode, the newly synthesized DNA 
transiently unpairs from the template and enters the editing site where the most recently added 
nucleotide is catalytically removed.

TABLE 5–1 The Three Steps That Give Rise to High-Fidelity DNA Synthesis

Replication step Errors per nucleotide added

5ʹ → 3ʹ polymerization 1 in 105

3ʹ → 5ʹ exonucleolytic proofreading 1 in 102

Strand-directed mismatch repair 1 in 103

Combined 1 in 1010

The third step, strand-directed mismatch repair, is described later in this chapter. For the 
polymerization step, “errors per nucleotide added” describes the probability that an incorrect 
nucleotide will be added to the growing chain. For the other two steps, “errors per nucleotide 
added” describes the probability that an error will not be corrected. Each step therefore reduces 
the chance of a final error by the factor shown.
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• Step 3- Strand-directed mismatch repair detects 
distortion into mismatched DNA 


• It needs to recognise the new strand


• In E. coli, this depends on the methylation status of all 
adenines on the DNA (which takes some time)


• Similar system in Eukaryotes, that recognises nicks in 
the lagging strand before the action of the DNA ligase 
- not clear how it works on the leading strand
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and cells de!cient in mismatch proofreading therefore have a greatly enhanced 
chance of becoming cancerous. Fortunately, most of us inherit two good cop-
ies of each gene that encodes a mismatch proofreading protein; this protects us, 
because it is highly unlikely for both copies to become mutated in the same cell.

DNA Topoisomerases Prevent DNA Tangling During Replication
As a replication fork moves along double-strand DNA, it creates what has been 
called the “winding problem.” "e two parental strands, which are wound around 
each other, must be unwound and separated for replication to occur. For every 10 
nucleotide pairs replicated at the fork, one complete turn of the parental double 
helix must be unwound. In principle, this unwinding can be achieved by rapidly 
rotating the entire chromosome ahead of a moving fork; however, this is energet-
ically highly unfavorable (particularly for long chromosomes) and, instead, the 
DNA in front of a replication fork becomes overwound (Figure 5–20). "e over-
winding, in turn, is continually relieved by proteins known as DNA topoisomer-
ases.

A DNA topoisomerase can be viewed as a reversible nuclease that adds itself 
covalently to a DNA backbone phosphate, thereby breaking a phosphodiester 
bond in a DNA strand. "is reaction is reversible, and the phosphodiester bond 
re-forms as the protein leaves.

One type of topoisomerase, called topoisomerase I, produces a transient sin-
gle-strand break; this break in the phosphodiester backbone allows the two sec-
tions of DNA helix on either side of the nick to rotate freely relative to each other, 
using the phosphodiester bond in the strand opposite the nick as a swivel point 
(Figure 5–21). Any tension in the DNA helix will drive this rotation in the direction 
that relieves the tension. As a result, DNA replication can occur with the rotation 
of only a short length of helix—the part just ahead of the fork. Because the cova-
lent linkage that joins the DNA topoisomerase protein to a DNA phosphate retains 
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Figure 5–19 Strand-directed mismatch 
repair. (A) The two proteins shown are 
present in both bacteria and eukaryotic 
cells: MutS binds specifically to a 
mismatched base pair, while MutL scans 
the nearby DNA for a nick. Once MutL 
finds a nick, it triggers the degradation of 
the nicked strand all the way back through 
the mismatch. Because nicks are largely 
confined to newly replicated strands in 
eukaryotes, replication errors are selectively 
removed. In bacteria, an additional protein 
in the complex (MutH) nicks unmethylated 
(and therefore newly replicated) GATC 
sequences, thereby beginning the process 
illustrated here. In eukaryotes, MutL 
contains a DNA nicking activity that aids in 
the removal of the damaged strand.  
(B) The structure of the MutS protein bound 
to a DNA mismatch. This protein is a 
dimer, which grips the DNA double helix as 
shown, kinking the DNA at the mismatched 
base pair. It seems that the MutS protein 
scans the DNA for mismatches by testing 
for sites that can be readily kinked, which 
are those with an abnormal base pair.  
(PDB code: 1EWQ.)
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Figure 5–20 The “winding problem”  
that arises during DNA replication.  
(A) For a bacterial replication fork moving at 
500 nucleotides per second, the parental 
DNA helix ahead of the fork must rotate 
at 50 revolutions per second. (B) If the 
ends of the DNA double helix remain fixed 
(or difficult to rotate), tension builds up in 
front of the replication fork as it becomes 
overwound. Some of this tension can be 
taken up by supercoiling, whereby the DNA 
double helix twists around itself (see Figure 
6–19). However, if the tension continues to 
build up, the replication fork will eventually 
stop because further unwinding requires 
more energy than the helicase can provide. 
Note that in (A), the dotted line represents 
about 20 turns of DNA.

1. Errors



2. Preventing DNA tangling
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• For replication to occur, the double helix needs to unwind ahead of the replication fork (which is energetically 
unfavourable)
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(A) For a bacterial replication fork moving at 
500 nucleotides per second, the parental 
DNA helix ahead of the fork must rotate 
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Preventing DNA tangling
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the energy of the cleaved phosphodiester bond, resealing is rapid and does not 
require additional energy input. In this respect, the rejoining mechanism di!ers 
from that catalyzed by the enzyme DNA ligase, discussed previously (see Figure 
5–12).

A second type of DNA topoisomerase, topoisomerase II, forms a covalent 
linkage to both strands of the DNA helix at the same time, making a transient 

Figure 5–21 The reversible DNA nicking 
reaction catalyzed by a eukaryotic DNA 
topoisomerase I enzyme. As indicated, 
these enzymes transiently form a single 
covalent bond with DNA; this allows free 
rotation of the DNA around the covalent 
backbone bonds linked to the blue 
phosphate.
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• The overwinding is relieved by proteins known as DNA topoisomerases


• They have different mechanisms of action (one example here)



Eukaryotes vs. Prokaryotes
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• Most of what we know about replication derives from studies in bacteria and bacteriophages (viruses that infect 
bacteria)


• Most mechanisms have been conserved through evolution


• The mechanisms are typically more complex in Eukaryotes



Replication actors
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• DNA polymerase


• Primase


• Ligase


• Helicase


• ssDNA binding proteins


• Sliding clamp


• DNA topoisomerase

Test - Who is doing what?
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• Quick recap


• DNA replication mechanisms


• The initiation and completion of DNA replication in chromosomes


• DNA repair


• Transposition and conservative site-specific recombination
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DNA synthesis begins at replication origins
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• How does the whole process start?


• DNA double helix is very stable


• Initiator proteins bind to replication origins (more AT-rich sequences 
-held by less hydrogen bonds) and open the two strands by breaking the 
hydrogen bonds


• Those are specific DNA sequences that attract initiator proteins
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more elaborate controls. For example, the orderly maintenance of di!erent cell 
types and tissues in animals and plants requires that DNA replication be tightly 
regulated. Moreover, eukaryotic DNA replication must be coordinated with the 
elaborate process of mitosis, as we discuss in Chapter 17.

As we see in the next section, the eukaryotic replication machinery has the 
added complication of having to replicate through nucleosomes, the repeating 
structural unit of chromosomes discussed in Chapter 4. Nucleosomes are spaced 
at intervals of about 200 nucleotide pairs along the DNA, which, as we will see, 
explains why new Okazaki fragments are synthesized on the lagging strand at 
intervals of 100–200 nucleotides in eukaryotes, instead of 1000–2000 nucleotides 
as in bacteria. Nucleosomes may also act as barriers that slow down the move-
ment of DNA polymerase molecules, which may be why eukaryotic replication 
forks move only about one-tenth as fast as bacterial replication forks.

Summary
DNA replication takes place at a Y-shaped structure called a replication fork. A 
self-correcting DNA polymerase enzyme catalyzes nucleotide polymerization in a 
5ʹ-to-3ʹ direction, copying a DNA template strand with remarkable !delity. Since 
the two strands of a DNA double helix are antiparallel, this 5ʹ-to-3ʹ DNA synthesis 
can take place continuously on only one of the strands at a replication fork (the 
leading strand). On the lagging strand, short DNA fragments must be made by a 
“backstitching” process. Because the self-correcting DNA polymerase cannot start 
a new chain, these lagging-strand DNA fragments are primed by short RNA primer 
molecules that are subsequently erased and replaced with DNA.

DNA replication requires the cooperation of many proteins. "ese include (1) 
DNA polymerase and DNA primase to catalyze nucleoside triphosphate polymer-
ization; (2) DNA helicases and single-strand DNA-binding (SSB) proteins to help in 
opening up the DNA helix so that it can be copied; (3) DNA ligase and an enzyme 
that degrades RNA primers to seal together the discontinuously synthesized lagging-
strand DNA fragments; and (4) DNA topoisomerases to help to relieve helical wind-
ing and DNA tangling problems. Many of these proteins associate with each other 
at a replication fork to form a highly e#cient “replication machine,” through which 
the activities and spatial movements of the individual components are coordinated.

THE INITIATION AND COMPLETION OF DNA 
REPLICATION IN CHROMOSOMES
We have seen how a set of replication proteins rapidly and accurately generates 
two daughter DNA double helices behind a replication fork. But how is this rep-
lication machinery assembled in the "rst place, and how are replication forks 
created on an intact, double-strand DNA molecule? In this section, we discuss 
how cells initiate DNA replication and how they carefully regulate this process to 
ensure that it takes place not only at the proper positions on the chromosome but 
also at the appropriate time in the life of the cell. We also discuss a few of the spe-
cial problems that the replication machinery in eukaryotic cells must overcome. 
#ese include the need to replicate the enormously long DNA molecules found in 
eukaryotic chromosomes, as well as the di$culty of copying DNA molecules that 
are tightly complexed with histones in nucleosomes.

DNA Synthesis Begins at Replication Origins
As discussed previously, the DNA double helix is normally very stable: the two 
DNA strands are locked together "rmly by many hydrogen bonds formed between 
the bases on each strand. To begin DNA replication, the double helix must "rst 
be opened up and the two strands separated to expose unpaired bases. As we 
shall see, the process of DNA replication is begun by special initiator proteins that 
bind to double-strand DNA and pry the two strands apart, breaking the hydrogen 
bonds between the bases.

replication origin
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OF DNA HELIX

RNA PRIMER
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LEADING-STRAND
DNA SYNTHESIS
BEGINS

RNA PRIMERS START
LAGGING-STRAND
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of fork 1
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lagging strand 
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FORK 2

Figure 5–23 A replication bubble formed 
by replication-fork initiation. This diagram 
outlines the major steps in the initiation of 
replication forks at replication origins. The 
structure formed at the last step, in which 
both strands of the parental DNA helix have 
been separated from each other and serve 
as templates for DNA synthesis, is called a 
replication bubble.



In bacteria
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• Reminder: bacteria typically have one circular chromosome


• Replication starts at one origin of replication


• Initiation of replication is tightly regulated


• Because they are growing fast, bacteria replicate their DNA “continuously”

  255

!e positions at which the DNA helix is "rst opened are called replication ori-
gins (Figure 5–23). In simple cells like those of bacteria or yeast, origins are spec-
i"ed by DNA sequences several hundred nucleotide pairs in length. !is DNA 
contains both short sequences that attract initiator proteins and stretches of DNA 
that are especially easy to open. We saw in Figure 4–4 that an A-T base pair is held 
together by fewer hydrogen bonds than a G-C base pair. !erefore, DNA rich in 
A-T base pairs is relatively easy to pull apart, and regions of DNA enriched in A-T 
base pairs are typically found at replication origins.

Although the basic process of replication-fork initiation depicted in Figure 
5–23 is fundamentally the same for bacteria and eukaryotes, the detailed way in 
which this process is performed and regulated di#ers between these two groups 
of organisms. We "rst consider the simpler and better-understood case in bacte-
ria and then turn to the more complex situation found in yeasts, mammals, and 
other eukaryotes.

Bacterial Chromosomes Typically Have a Single Origin of DNA 
Replication
!e genome of E. coli is contained in a single circular DNA molecule of 4.6 × 106 
nucleotide pairs. DNA replication begins at a single origin of replication, and the 
two replication forks assembled there proceed (at approximately 1000 nucleotides 
per second) in opposite directions until they meet up roughly halfway around the 
chromosome (Figure 5–24). !e only point at which E. coli can control DNA rep-
lication is initiation: once the forks have been assembled at the origin, they syn-
thesize DNA at relatively constant speed until replication is "nished. !erefore, 
it is not surprising that the initiation of DNA replication is highly regulated. !e 
process begins when initiator proteins (in their ATP-bound state) bind in multiple 
copies to speci"c DNA sites located at the replication origin, wrapping the DNA 
around the proteins to form a large protein–DNA complex that destabilizes the 
adjacent double helix. !is complex then attracts two DNA helicases, each bound 
to a helicase loader, and these are placed around adjacent DNA single strands 
whose bases have been exposed by the assembly of the initiator protein–DNA 
complex. !e helicase loader is analogous to the clamp loader we encountered 
above; it has the additional job of keeping the helicase in an inactive form until it 
is properly loaded onto a nascent replication fork. Once the helicases are loaded, 
the loaders dissociate and the helicases begin to unwind DNA, exposing enough 
single-strand DNA for DNA primase to synthesize the "rst RNA primers (Figure 
5–25). !is quickly leads to the assembly of remaining proteins to create two rep-
lication forks, with replication machines that move, with respect to the replication 
origin, in opposite directions. !ey continue to synthesize DNA until all of the 
DNA template downstream of each fork has been replicated.

In E. coli, the interaction of the initiator protein with the replication origin is 
carefully regulated, with initiation occurring only when su%cient nutrients are 
available for the bacterium to complete an entire round of replication. Initiation is 
also controlled to ensure that only one round of DNA replication occurs for each 
cell division. After replication is initiated, the initiator protein is inactivated by 
hydrolysis of its bound ATP molecule, and the origin of replication experiences a 
“refractory period.” !e refractory period is caused by a delay in the methylation 
of newly incorporated A nucleotides in the origin (Figure 5–26). Initiation cannot 
occur again until the A’s are methylated and the initiator protein is restored to its 
ATP-bound state.

THE INITIATION AND COMPLETION OF DNA REPLICATION IN CHROMOSOMES

replication
begins

replication
origin

replication
completed

2 circular daughter DNA molecules
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Figure 5–24 DNA replication of a bacterial genome. It takes E. coli 
about 30 minutes to duplicate its genome of 4.6 × 106 nucleotide pairs. For 
simplicity, no Okazaki fragments are shown on the lagging strand. What 
happens as the two replication forks approach each other and collide at the 
end of the replication cycle is not well understood, although the replication 
machines are disassembled as part of the process. 
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1. Initiator proteins bind to the origin of replication


2. The helix is destabilized


3. DNA helicases are recruited


4. DNA primase synthesizes the primers
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Eukaryotic Chromosomes Contain Multiple Origins of Replication
We have seen how two replication forks begin at a single replication origin in bac-
teria and proceed in opposite directions, moving away from the origin until all of 
the DNA in the single circular chromosome is replicated. !e bacterial genome is 
su"ciently small for these two replication forks to duplicate the genome in about 
30 minutes. Because of the much greater size of most eukaryotic chromosomes, a 
di#erent strategy is required to allow their replication in a timely manner.

A method for determining the general pattern of eukaryotic chromosome 
replication was developed in the early 1960s. Human cells growing in culture are 
labeled for a short time with 3H-thymidine so that the DNA synthesized during 
this period becomes highly radioactive. !e cells are then gently lysed, and the 
DNA is stretched on the surface of a glass slide coated with a photographic emul-
sion. Development of the emulsion reveals the pattern of labeled DNA through 
a technique known as autoradiography. !e time allotted for radioactive label-
ing is chosen to allow each replication fork to move several micrometers along 
the DNA, so that the replicated DNA can be detected in the light microscope as 
lines of silver grains, even though the DNA molecule itself is too thin to be visible. 

Figure 5–25 The proteins that initiate 
DNA replication in bacteria. The 
mechanism shown was established 
by studies in vitro with mixtures of 
highly purified proteins. For E. coli DNA 
replication, the major initiator protein, the 
helicase, and the primase are the dnaA, 
dnaB, and dnaG proteins, respectively. 
In the first step, several molecules of 
the initiator protein bind to specific DNA 
sequences at the replication origin and 
destabilize the double helix by forming a 
compact structure in which the DNA is 
tightly wrapped around the protein. Next, 
two helicases are brought in by helicase-
loading proteins (the dnaC proteins), 
which inhibit the helicases until they are 
properly loaded at the replication origin. 
Helicase-loading proteins prevent the 
replicative DNA helices from inappropriately 
entering other single-strand stretches of 
DNA in the bacterial genome. Aided by 
single-strand binding protein (not shown), 
the loaded helicases open up the DNA, 
thereby enabling primases to enter and 
synthesize initial primers. In subsequent 
steps, two complete replication forks are 
assembled at the origin and move off in 
opposite directions. The initiator proteins 
are displaced as the left-hand fork moves 
through them (not shown).
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5. Creation of two replication forks that move in opposite directions


6. Inactivation of the initiator proteins


7. Refractory period until origin is methylated 
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Eukaryotic Chromosomes Contain Multiple Origins of Replication
We have seen how two replication forks begin at a single replication origin in bac-
teria and proceed in opposite directions, moving away from the origin until all of 
the DNA in the single circular chromosome is replicated. !e bacterial genome is 
su"ciently small for these two replication forks to duplicate the genome in about 
30 minutes. Because of the much greater size of most eukaryotic chromosomes, a 
di#erent strategy is required to allow their replication in a timely manner.

A method for determining the general pattern of eukaryotic chromosome 
replication was developed in the early 1960s. Human cells growing in culture are 
labeled for a short time with 3H-thymidine so that the DNA synthesized during 
this period becomes highly radioactive. !e cells are then gently lysed, and the 
DNA is stretched on the surface of a glass slide coated with a photographic emul-
sion. Development of the emulsion reveals the pattern of labeled DNA through 
a technique known as autoradiography. !e time allotted for radioactive label-
ing is chosen to allow each replication fork to move several micrometers along 
the DNA, so that the replicated DNA can be detected in the light microscope as 
lines of silver grains, even though the DNA molecule itself is too thin to be visible. 

Figure 5–25 The proteins that initiate 
DNA replication in bacteria. The 
mechanism shown was established 
by studies in vitro with mixtures of 
highly purified proteins. For E. coli DNA 
replication, the major initiator protein, the 
helicase, and the primase are the dnaA, 
dnaB, and dnaG proteins, respectively. 
In the first step, several molecules of 
the initiator protein bind to specific DNA 
sequences at the replication origin and 
destabilize the double helix by forming a 
compact structure in which the DNA is 
tightly wrapped around the protein. Next, 
two helicases are brought in by helicase-
loading proteins (the dnaC proteins), 
which inhibit the helicases until they are 
properly loaded at the replication origin. 
Helicase-loading proteins prevent the 
replicative DNA helices from inappropriately 
entering other single-strand stretches of 
DNA in the bacterial genome. Aided by 
single-strand binding protein (not shown), 
the loaded helicases open up the DNA, 
thereby enabling primases to enter and 
synthesize initial primers. In subsequent 
steps, two complete replication forks are 
assembled at the origin and move off in 
opposite directions. The initiator proteins 
are displaced as the left-hand fork moves 
through them (not shown).
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In this way, both the rate and the direction of replication-fork movement can 
be determined (Figure 5–27). From the rate at which tracks of replicated DNA 
increase in length with increasing labeling time, the eukaryotic replication forks 
are estimated to travel at about 50 nucleotides per second. !is is approximately 
twentyfold slower than the rate at which bacterial replication forks move, possibly 
re"ecting the increased di#culty of replicating DNA that is packaged tightly in 
chromatin.

An average-size human chromosome contains a single linear DNA molecule 
of about 150 million nucleotide pairs. It would take 0.02 seconds/nucleotide × 150 
× 106 nucleotides = 3.0 × 106 seconds (about 35 days) to replicate such a DNA mol-
ecule from end to end with a single replication fork moving at a rate of 50 nucleo-
tides per second. As expected, therefore, the autoradiographic experiments just 
described reveal that many forks, belonging to separate replication bubbles, are 
moving simultaneously on each eukaryotic chromosome.

Much faster and more sophisticated methods now exist for monitoring DNA 
replication initiation and tracking the movement of DNA replication forks across 
whole genomes. One approach uses DNA microarrays—grids the size of a post-
age stamp studded with hundreds of thousands of fragments of known DNA 
sequence. As we will see in detail in Chapter 8, each di%erent DNA fragment is 
placed at a unique position on the microarray, and whole genomes can thereby 
be represented in an orderly manner. If a DNA sample from a group of replicating 
cells is broken up and hybridized to a microarray representing that organism’s 
genome, the amount of each DNA sequence can be determined. Because a seg-
ment of a genome that has been replicated will contain twice as much DNA as 
an unreplicated segment, replication-fork initiation and fork movement can be 
accurately monitored across an entire genome (Figure 5–28).

Experiments of this type have shown the following: (1) Approximately 30,000–
50,000 origins of replication are used each time a human cell divides. (2) !e 
human genome has many more (perhaps tenfold more) potential origins than 
this, and di%erent cell types use di%erent sets of origins. !is may allow a cell to 
coordinate its active origins with other features of its chromosomes such as which 
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Figure 5–26 Methylation of the E. coli 
replication origin creates a refractory 
period for DNA initiation. DNA 
methylation occurs at GATC sequences, 
11 of which are found in the origin of 
replication (spanning approximately 250 
nucleotide pairs). In its hemimethylated 
state, the origin of replication is bound 
by an inhibitor protein (Seq A, not 
shown), which blocks the ability of the 
initiator proteins to unwind the origin 
DNA. Eventually (about 15 minutes after 
replication is initiated), the hemimethylated 
origins become fully methylated by a DNA 
methylase enzyme; Seq A then dissociates. 
     A single enzyme, the Dam methylase, 
is responsible for methylating all E. coli 
GATC sequences. A lag in methylation after 
the replication of GATC sequences is also 
used by the E. coli mismatch proofreading 
system to distinguish the newly synthesized 
DNA strand from the parental DNA strand; 
in that case, the relevant GATC sequences 
are scattered throughout the chromosome, 
and they are not bound by Seq A.
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Figure 5–27 The experiments that 
demonstrated the pattern in which 
replication forks are formed and move 
on eukaryotic chromosomes. The new 
DNA made in human cells in culture 
was labeled briefly with a pulse of highly 
radioactive thymidine ( 3H-thymidine). 
(A) In this experiment, the cells were 
lysed, and the DNA was stretched out 
on a glass slide that was subsequently 
covered with a photographic emulsion. 
After several months, the emulsion was 
developed, revealing a line of silver grains 
over the radioactive DNA. The brown DNA 
in this figure is shown only to help with 
the interpretation of the autoradiograph; 
the unlabeled DNA is invisible in such 
experiments. (B) This experiment was the 
same except that a further incubation in 
unlabeled medium allowed additional DNA, 
with a lower level of radioactivity, to be 
replicated. The pairs of dark tracks in (B) 
were found to have silver grains tapering 
off in opposite directions, demonstrating 
bidirectional fork movement from a central 
replication origin where a replication bubble 
forms (see Figure 5–23). A replication fork 
is thought to stop only when it encounters 
a replication fork moving in the opposite 
direction or when it reaches the end of the 
chromosome; in this way, all the DNA is 
eventually replicated.
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• Multiple origins of replication (~30 000 to ~50 000 for each cell 
division)


• The human genome has more potential origins than this; different 
cells use different origins


• Two replication forks are created at each origin and stop when they 
reach another one going in the opposite direction, or when they reach 
the end of a chromosome


• Replication only occurs during the S-phase of the cell cycle (~8h in 
mammalian cells)
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genes are being expressed. !e excess origins also provide “backups” in case a pri-
mary origin fails. (3) As in bacteria, replication forks are formed in pairs and create 
a replication bubble as they move in opposite directions away from a common 
point of origin, stopping only when they collide head-on with a replication fork 
moving in the opposite direction or when they reach a chromosome end. In this 
way, many replication forks operate independently on each chromosome and yet 
form two complete daughter DNA helices.

In Eukaryotes, DNA Replication Takes Place During Only One Part 
of the Cell Cycle
When growing rapidly, bacteria replicate their DNA nearly continuously. In con-
trast, DNA replication in most eukaryotic cells occurs only during a speci"c part of 
the cell-division cycle, called the DNA synthesis phase or S phase (Figure 5–29). In 
a mammalian cell, the S phase typically lasts for about 8 hours; in simpler eukary-
otic cells such as yeasts, the S phase can be as short as 40 minutes. By its end, each 
chromosome has been replicated to produce two complete copies, which remain 
joined together at their centromeres until the M phase (M for mitosis), which soon 
follows. In Chapter 17, we describe the control system that runs the cell cycle, and 
we explain why entry into each phase of the cycle requires the cell to have suc-
cessfully completed the previous phase.

In the following sections, we explore how chromosome replication is coordi-
nated within the S phase of the cell cycle.

Different Regions on the Same Chromosome Replicate at Distinct 
Times in S Phase
In mammalian cells, the replication of DNA in the region between one replica-
tion origin and the next should normally require only about an hour to complete, 
given the rate at which a replication fork moves and the largest distances mea-
sured between replication origins. Yet S phase usually lasts for about 8 hours in 
a mammalian cell. !is implies that the replication origins are not all activated 
simultaneously; indeed, replication origins are activated in clusters of about 50 
adjacent replication origins, each of which is replicated during only a small part of 
the total S-phase interval.

Figure 5–28 Use of DNA microarrays 
to monitor the formation and progress 
of replication forks. For this experiment, 
a population of cells is synchronized so 
that they all begin replication at the same 
time. DNA is collected and hybridized 
to the microarray; DNA that has been 
replicated once gives a hybridization 
signal (dark green squares) twice as high 
as that of unreplicated DNA (light green 
squares). The spots on these microarrays 
represent consecutive sequences along a 
segment of a chromosome arranged left 
to right, top to bottom. Only 81 spots are 
shown here, but the actual arrays contain 
hundreds of thousands of sequences 
that span an entire genome. As can be 
seen, replication begins at an origin and 
proceeds bidirectionally. For simplicity, only 
one origin is shown here. In human cells, 
replication begins at 30,000–50,000 origins 
located throughout the genome. Using 
this approach it is possible to observe the 
formation and progress of every replication 
fork across a genome.

Figure 5–29 The four successive phases 
of a standard eukaryotic cell cycle. 
During the G1, S, and G2 phases, the 
cell grows continuously. During M phase 
growth stops, the nucleus divides, and 
the cell divides in two. DNA replication is 
confined to the part of the cell cycle known 
as S phase. G1 is the gap between  
M phase and S phase; G2 is the gap 
between S phase and M phase.
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• Binding of a large multi-subunit initiator protein called ORC


• Phosphorylation of ORC by specific protein kinases to prevent it 
from accepting other helicases 


• This ensures only one replication per cell cycle

260 Chapter 5:  DNA Replication, Repair, and Recombination

!e protein kinases that trigger DNA replication simultaneously prevent 
assembly of new prereplicative complexes until the next M phase resets the entire 
cycle (for details, see pp. 974–975). !ey do this, in part, by phosphorylating ORC, 
rendering it unable to accept new helicases. !is strategy provides a single win-
dow of opportunity for prereplicative complexes to form (G1 phase, when kinase 
activity is low) and a second window for them to be activated and subsequently 
disassembled (S phase, when kinase activity is high). Because these two phases of 
the cell cycle are mutually exclusive and occur in a prescribed order, each origin 
of replication can "re once and only once during each cell cycle.

Features of the Human Genome That Specify Origins of 
Replication Remain to Be Discovered
Compared with the situation in budding yeast, the determinants of replication 
origins in other eukaryotes have been di#cult to discover. It has been possible to 
identify speci"c human DNA sequences, each several thousand nucleotide pairs 
in length, that are su#cient to serve as replication origins. !ese origins continue 
to function when moved to a di$erent chromosomal region by recombinant DNA 
methods, as long as they are placed in a region where the chromatin is relatively 
uncondensed. However, comparisons of such DNA sequences have not revealed 
speci"c DNA sequences that mark origins of replication.
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Figure 5–31 DNA replication initiation in 
eukaryotes. This mechanism ensures that 
each origin of replication is activated only 
once per cell cycle. An origin of replication 
can be used only if a prereplicative 
complex forms there in G1 phase. At the 
beginning of S phase, specialized kinases 
phosphorylate Mcm and ORC, activating 
the former and inactivating the latter. A new 
prereplicative complex cannot form at the 
origin until the cell progresses to the next 
G1 phase, when the bound ORC has been 
dephosphorylated. Note that the eukaryotic 
Mcm helicase moves along the leading-
strand template, whereas the bacterial 
helicase moves along the lagging-strand 
template (see Figure 5–25). As the forks 
begin to move, ORC is displaced, and new 
ORCs rapidly bind to the newly replicated 
origins.
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• Chromatin-remodelling complexes destabilize 
DNA-histones binding to allow the replication fork to 
move forward 


• Broken into a H3-H4 tetramer and H2A or H2B dimers


• New histones (as the total amount has to be doubled) 
are synthesised mostly in S-phase


• The assembly is promoted by histone chaperones
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!e orderly and rapid addition of new H3-H4 tetramers and H2A-H2B dimers 
behind a replication fork requires histone chaperones (also called chromatin 
assembly factors). !ese multisubunit complexes bind the highly basic histones 
and release them for assembly only in the appropriate context. !e histone chap-
erones, along with their cargoes, are directed to newly replicated DNA through 
a speci"c interaction with the eukaryotic sliding clamp called PCNA (see Figure 
5–32B). !ese clamps are left behind moving replication forks and remain on the 
DNA long enough for the histone chaperones to complete their tasks.

Telomerase Replicates the Ends of Chromosomes
We saw earlier that synthesis of the lagging strand at a replication fork must occur 
discontinuously through a backstitching mechanism that produces short DNA 
fragments. !is mechanism encounters a special problem when the replication 
fork reaches an end of a linear chromosome. !e "nal RNA primer synthesized 
on the lagging-strand template cannot be replaced by DNA because there is no 
3ʹ-OH end available for the repair polymerase. Without a mechanism to deal with 
this problem, DNA would be lost from the ends of all chromosomes each time a 
cell divides.

Bacteria solve this “end-replication” problem by having circular DNA mole-
cules as chromosomes (see Figure 5–24). Eukaryotes solve it in a di#erent way: 
they have specialized nucleotide sequences at the ends of their chromosomes 
that are incorporated into structures called telomeres (discussed in Chapter 4). 
Telomeres contain many tandem repeats of a short sequence that is similar in 
organisms as diverse as protozoa, fungi, plants, and mammals. In humans, the 
sequence of the repeat unit is GGGTTA, and it is repeated roughly a thousand 
times at each telomere. 

Telomere DNA sequences are recognized by sequence-speci"c DNA-bind-
ing proteins that attract an enzyme, called telomerase, that replenishes these 
sequences each time a cell divides. Telomerase recognizes the tip of an existing 
telomere DNA repeat sequence and elongates it in the 5ʹ-to-3ʹ direction, using 
an RNA template that is a component of the enzyme itself to synthesize new cop-
ies of the repeat (Figure 5–33). !e enzymatic portion of telomerase resembles 
other reverse transcriptases, proteins that synthesize DNA using an RNA template, 
although, in this case, the telomerase RNA also contributes functional groups to 
make the catalysis more e$cient. After extension of the parental DNA strand by 
telomerase, replication of the lagging strand at the chromosome end can be com-
pleted by the conventional DNA polymerases, using these extensions as a tem-
plate to synthesize the complementary strand (Figure 5–34).

Figure 5–32 Formation of nucleosomes 
behind a replication fork. Parental  
H3-H4 tetramers are distributed at random  
to the daughter DNA molecules, with 
roughly equal numbers inherited by each 
daughter. In contrast, H2A-H2B dimers  
are released from the DNA as the 
replication fork passes. This release 
begins just in front of the replication fork 
and is facilitated by chromatin remodeling 
complexes that move with the fork.  
Histone chaperones (NAP1 and  
CAF1) restore the full complement of 
histones to daughter molecules using both 
parental and newly synthesized histones. 
Although some daughter nucleosomes 
contain only parental histones or only newly 
synthesized histones, most are hybrids of 
old and new. For simplicity, the DNA double 
helix shown as a single red line. (Adapted 
from J.D. Watson et al., Molecular Biology 
of the Gene, 5th ed. Cold Spring Harbor: 
Cold Spring Harbor Laboratory Press, 
2004.)
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• At the lagging strand, the last RNA primer cannot be replaced by 
DNA (no primer for the DNA polymerase)


• Specific sequences at the end of the chromosomes = telomeres


• They contain repeats of a short sequence (~ 1000 times)


• In human, the sequence is GGGTTA


• In somatic cells, telomeres get smaller and smaller, which 
contributes to cell aging (death)


• In other cells (germ cells, stem cells, cancer cells,…), this is 
recognised by a telomerase that replenishes this sequence


• It uses an RNA template that it part of the telomerase itself
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Telomeres Are Packaged Into Specialized Structures That Protect 
the Ends of Chromosomes
!e ends of chromosomes present cells with an additional problem. As we will 
see in the next part of this chapter, when a chromosome is accidently broken, 
the break is rapidly repaired (see Figure 5–45). Telomeres must clearly be distin-
guished from these accidental breaks; otherwise the cell will attempt to “repair” 
telomeres, causing chromosome fusions and other genetic abnormalities. Telo-
meres have several features to prevent this from happening.

A specialized nuclease chews back the 5ʹ end of a telomere leaving a protrud-
ing single-strand end. !is protruding end—in combination with the GGGTTA 
repeats in telomeres—attracts a group of proteins that form a protective chromo-
some cap known as shelterin. In particular, shelterin “hides” telomeres from the 
cell’s damage detectors that continually monitor DNA. When human telomeres 
are arti"cially cross-linked and viewed by electron microscopy, structures known 
as “t-loops” are observed in which the protruding end of the telomere loops back 
and tucks itself into the duplex DNA of the telomere repeat sequence (Figure 
5–35). It is believed that t-loops are regulated by shelterin and provide additional 
protection for the ends of chromosomes.
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Figure 5–33 Structure of a portion of 
telomerase. Telomerase is a large protein–
RNA complex. The RNA (blue) contains 
a templating sequence for synthesizing 
new DNA telomere repeats. The synthesis 
reaction itself is carried out by the reverse 
transcriptase domain of the protein, shown 
in green. A reverse transcriptase is a 
special form of polymerase enzyme that 
uses an RNA template to make a DNA 
strand; telomerase is unique in carrying 
its own RNA template with it. Telomerase 
also has several additional protein domains 
(not shown) that are needed to assemble 
the enzyme at the ends of chromosomes. 
(Modified from J. Lingner and T.R. Cech, 
Curr. Opin. Genet. Dev. 8:226–232, 1998. 
With permission from Elsevier.)
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Figure 5–34 Telomere replication. Shown 
here are the reactions that synthesize 
the repeating sequences that form the 
ends of the chromosomes (telomeres) of 
diverse eukaryotic organisms. The 3ʹ end 
of the parental DNA strand is extended 
by RNA-templated DNA synthesis; this 
allows the incomplete daughter DNA 
strand that is paired with it to be extended 
in its 5ʹ direction. This incomplete, lagging 
strand is presumed to be completed by 
DNA polymerase α, which carries a DNA 
primase as one of its subunits (Movie 5.6). 
The telomere sequence illustrated is that 
of the ciliate Tetrahymena, in which these 
reactions were first discovered. 
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• Similar to reverse transcriptases which make DNA 
using RNA templates


• Then, a DNA primase/polymerase finishes strand 
synthesis
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Telomeres Are Packaged Into Specialized Structures That Protect 
the Ends of Chromosomes
!e ends of chromosomes present cells with an additional problem. As we will 
see in the next part of this chapter, when a chromosome is accidently broken, 
the break is rapidly repaired (see Figure 5–45). Telomeres must clearly be distin-
guished from these accidental breaks; otherwise the cell will attempt to “repair” 
telomeres, causing chromosome fusions and other genetic abnormalities. Telo-
meres have several features to prevent this from happening.

A specialized nuclease chews back the 5ʹ end of a telomere leaving a protrud-
ing single-strand end. !is protruding end—in combination with the GGGTTA 
repeats in telomeres—attracts a group of proteins that form a protective chromo-
some cap known as shelterin. In particular, shelterin “hides” telomeres from the 
cell’s damage detectors that continually monitor DNA. When human telomeres 
are arti"cially cross-linked and viewed by electron microscopy, structures known 
as “t-loops” are observed in which the protruding end of the telomere loops back 
and tucks itself into the duplex DNA of the telomere repeat sequence (Figure 
5–35). It is believed that t-loops are regulated by shelterin and provide additional 
protection for the ends of chromosomes.
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Figure 5–33 Structure of a portion of 
telomerase. Telomerase is a large protein–
RNA complex. The RNA (blue) contains 
a templating sequence for synthesizing 
new DNA telomere repeats. The synthesis 
reaction itself is carried out by the reverse 
transcriptase domain of the protein, shown 
in green. A reverse transcriptase is a 
special form of polymerase enzyme that 
uses an RNA template to make a DNA 
strand; telomerase is unique in carrying 
its own RNA template with it. Telomerase 
also has several additional protein domains 
(not shown) that are needed to assemble 
the enzyme at the ends of chromosomes. 
(Modified from J. Lingner and T.R. Cech, 
Curr. Opin. Genet. Dev. 8:226–232, 1998. 
With permission from Elsevier.)
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Figure 5–34 Telomere replication. Shown 
here are the reactions that synthesize 
the repeating sequences that form the 
ends of the chromosomes (telomeres) of 
diverse eukaryotic organisms. The 3ʹ end 
of the parental DNA strand is extended 
by RNA-templated DNA synthesis; this 
allows the incomplete daughter DNA 
strand that is paired with it to be extended 
in its 5ʹ direction. This incomplete, lagging 
strand is presumed to be completed by 
DNA polymerase α, which carries a DNA 
primase as one of its subunits (Movie 5.6). 
The telomere sequence illustrated is that 
of the ciliate Tetrahymena, in which these 
reactions were first discovered. 

With primase activity
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• Tens of thousands random changes in DNA per human cell every day; less than 0.02% accumulate as permanent 
mutations


• The rest is repaired - very important function 


• Initially studied in bacteria


• Double helix is ideally suited for repair (one strand remains intact)


• In general, 


1. Damage is excised


2. Original DNA sequence is restored by a DNA polymerase


3. DNA is sealed by DNA ligase
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• Human diseases associated with decreased repair
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polymerizing enzyme called telomerase. Telomerase extends one of the DNA strands 
at the end of a chromosome by using an RNA template that is an integral part of the 
enzyme itself, producing a highly repeated DNA sequence that typically extends for 
thousands of nucleotide pairs at each chromosome end. Telomeres have specialized 
structures that distinguish them from broken ends of chromosomes, ensuring that 
they are not mistakenly repaired.

DNA REPAIR
Maintaining the genetic stability that an organism needs for its survival requires 
not only an extremely accurate mechanism for replicating DNA, but also mecha-
nisms for repairing the many accidental lesions that DNA continually su!ers. Most 
such spontaneous changes in DNA are temporary because they are immediately 
corrected by a set of processes that are collectively called DNA repair. Of the tens 
of thousands of random changes created every day in the DNA of a human cell by 
heat, metabolic accidents, radiation of various sorts, and exposure to substances 
in the environment, only a few (less than 0.02%) accumulate as permanent muta-
tions in the DNA sequence. "e rest are eliminated with remarkable e#ciency by 
DNA repair.

"e importance of DNA repair is evident from the large investment that cells 
make in the enzymes that carry it out: several percent of the coding capacity of 
most genomes is devoted solely to DNA repair functions. "e importance of DNA 
repair is also demonstrated by the increased rate of mutation that follows the 
inactivation of a DNA repair gene. Many DNA repair proteins and the genes that 
encode them—which we now know operate in a wide range of organisms, includ-
ing humans—were originally identi$ed in bacteria by the isolation and charac-
terization of mutants that displayed an increased mutation rate or an increased 
sensitivity to DNA-damaging agents. 

Recent studies of the consequences of a diminished capacity for DNA repair 
in humans have linked many human diseases with decreased repair (Table 5–2). 
"us, we saw previously that defects in a human gene whose product normally 
functions to repair the mismatched base pairs resulting from DNA replication 
errors can lead to an inherited predisposition to cancers of the colon and some 
other organs, re%ecting an increased mutation rate. In another human disease, 

TABLE 5–2 Some Inherited Human Syndromes with Defects in DNA Repair

Name Phenotype Enzyme or process affected

MSH2, 3, 6, MLH1, PMS2 Colon cancer Mismatch repair

Xeroderma pigmentosum (XP) 
groups A–G

Skin cancer, UV sensitivity, neurological 
abnormalities

Nucleotide excision repair

Cockayne syndrome UV sensitivity; developmental abnormalities Coupling of nucleotide excision repair to 
transcription

XP variant UV sensitivity, skin cancer Translesion synthesis by DNA polymerase ν
Ataxia telangiectasia (AT) Leukemia, lymphoma, γ-ray sensitivity, genome 

instability
ATM protein, a protein kinase activated by 
double-strand breaks

BRCA1 Breast and ovarian cancer Repair by homologous recombination

BRCA2 Breast, ovarian, and prostate cancer Repair by homologous recombination

Werner syndrome Premature aging, cancer at several sites, 
genome instability

Accessory 3ʹ-exonuclease and DNA 
helicase used in repair

Bloom syndrome Cancer at several sites, stunted growth, 
genome instability

DNA helicase needed for recombination

Fanconi anemia groups A–G Congenital abnormalities, leukemia, genome 
instability

DNA interstrand cross-link repair

46 BR patient Hypersensitivity to DNA-damaging agents, 
genome instability

DNA ligase I
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!e second major repair pathway is called nucleotide excision repair. !is 
mechanism can repair the damage caused by almost any large change in the 
structure of the DNA double helix. Such “bulky lesions” include those created by 
the covalent reaction of DNA bases with large hydrocarbons (such as the carcino-
gen benzopyrene, found in tobacco smoke, coal tar, and diesel exhaust), as well as 
the various pyrimidine dimers (T-T, T-C, and C-C) caused by sunlight. In this path-
way, a large multienzyme complex scans the DNA for a distortion in the double 
helix, rather than for a speci"c base change. Once it "nds a lesion, it cleaves the 
phosphodiester backbone of the abnormal strand on both sides of the distortion, 
and a DNA helicase peels away the single-strand oligonucleotide containing the 
lesion. !e large gap produced in the DNA helix is then repaired by DNA poly-
merase and DNA ligase (see Figure 5–41B).

An alternative to base and nucleotide excision repair processes is direct chemi-
cal reversal of DNA damage, and this strategy is selectively employed for the rapid 

hydrogen-bonded
base pairs

G  C  T  U  A  T  C  C

C  G  A  G  T  A  G  G

G  C  T      A  T  C  C

C  G  A  G  T  A  G  G

G  C  T      A  T  C  C

C  G  A  G  T  A  G  G

U
URACIL DNA
GLYCOSYLASE

AP ENDONUCLEASE AND 
PHOSPHODIESTERASE
REMOVE SUGAR PHOSPHATE

DNA helix
with missing
base

DNA POLYMERASE ADDS NEW
NUCLEOTIDE, DNA LIGASE
SEALS NICK

MBoC6 m5.48/5.42

deaminated C

DNA helix
with single-
nucleotide gap

G  A  T  G  C  C  A  G  A  T  G  A  T  A  C  C

C  T  A  C  G  G  T  C  T  A  C  T  A  T  G  G  

pyrimidine dimer

hydrogen-bonded
base pairs

G  A  T  G  C  C  A  G  A  T  G  A  T  A  C  C

C  T  A

 C  G  G  T  C  T  A  C  T  A  T  G

G

5'

3'

5'

3'

EXCISION
NUCLEASE

DNA
HELICASE

DNA POLYMERASE
PLUS DNA LIGASE

DNA helix
with 12-
nucleotide gap

(A)   BASE EXCISION REPAIR (B)   NUCLEOTIDE EXCISION REPAIR

G  A  T  G  C  C  A  G  A  T  G  A  T  A  C  C

C  T  A  C  G  G  T  C  T  A  C  T  A  T  G  G  

G  A  T  G  C  C  A  G  A  T  G  A  T  A  C  C

C  T  A  C  G  G  T  C  T  A  C  T  A  T  G  G  

G  C  T  C  A  T  C  C

C  G  A  G  T  A  G  G

Figure 5– 41 A comparison of two major DNA repair pathways. (A) Base excision repair. This pathway starts with a DNA 
glycosylase. Here, the enzyme uracil DNA glycosylase removes an accidentally deaminated cytosine in DNA. After the action 
of this glycosylase (or another DNA glycosylase that recognizes a different kind of damage), the sugar phosphate with the 
missing base is cut out by the sequential action of AP endonuclease and a phosphodiesterase. (These same enzymes begin 
the repair of depurinated sites directly.) The gap of a single nucleotide is then filled by DNA polymerase and DNA ligase. The 
net result is that the U that was created by accidental deamination is restored to a C. AP endonuclease is so-named because 
it recognizes any site in the DNA helix that contains a deoxyribose sugar with a missing base; such sites can arise either by 
the loss of a purine (apurinic sites) or by the loss of a pyrimidine (apyrimidinic sites). (B) Nucleotide excision repair. In bacteria, 
after a multienzyme complex has recognized a lesion such as a pyrimidine dimer (see Figure 5–39), one cut is made on each 
side of the lesion, and an associated DNA helicase then removes the entire portion of the damaged strand. The excision repair 
machinery in bacteria leaves the gap of 12 nucleotides shown. In humans, once the damaged DNA is recognized, a helicase is 
recruited to unwind the DNA duplex locally. Next, the excision nuclease enters and cleaves on either side of the damage, leaving 
a gap of about 30 nucleotides. The nucleotide excision repair machinery in both bacteria and humans can recognize and repair 
many different types of DNA damage.

• Base-excision repair: altered bases are detected and removed
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• The chemistry of the bases facilitates damage detection


• E.g. Every deamination leads to an unnatural base
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Figure 5–43 The deamination of DNA nucleotides. In each case, the oxygen atom that is 
added in this reaction with water is colored red. (A) The spontaneous deamination products of 
A and G are recognizable as unnatural when they occur in DNA and thus are readily found and 
repaired. The deamination of C to U was also illustrated in Figure 5–38; T has no amino group to 
remove. (B) About 3% of the C nucleotides in vertebrate DNAs are methylated to help in controlling 
gene expression (discussed in Chapter 7). When these 5-methyl C nucleotides are accidentally 
deaminated, they form the natural nucleotide T. However, this T will be paired with a G on the 
opposite strand, forming a mismatched base pair.
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!e second major repair pathway is called nucleotide excision repair. !is 
mechanism can repair the damage caused by almost any large change in the 
structure of the DNA double helix. Such “bulky lesions” include those created by 
the covalent reaction of DNA bases with large hydrocarbons (such as the carcino-
gen benzopyrene, found in tobacco smoke, coal tar, and diesel exhaust), as well as 
the various pyrimidine dimers (T-T, T-C, and C-C) caused by sunlight. In this path-
way, a large multienzyme complex scans the DNA for a distortion in the double 
helix, rather than for a speci"c base change. Once it "nds a lesion, it cleaves the 
phosphodiester backbone of the abnormal strand on both sides of the distortion, 
and a DNA helicase peels away the single-strand oligonucleotide containing the 
lesion. !e large gap produced in the DNA helix is then repaired by DNA poly-
merase and DNA ligase (see Figure 5–41B).

An alternative to base and nucleotide excision repair processes is direct chemi-
cal reversal of DNA damage, and this strategy is selectively employed for the rapid 
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Figure 5– 41 A comparison of two major DNA repair pathways. (A) Base excision repair. This pathway starts with a DNA 
glycosylase. Here, the enzyme uracil DNA glycosylase removes an accidentally deaminated cytosine in DNA. After the action 
of this glycosylase (or another DNA glycosylase that recognizes a different kind of damage), the sugar phosphate with the 
missing base is cut out by the sequential action of AP endonuclease and a phosphodiesterase. (These same enzymes begin 
the repair of depurinated sites directly.) The gap of a single nucleotide is then filled by DNA polymerase and DNA ligase. The 
net result is that the U that was created by accidental deamination is restored to a C. AP endonuclease is so-named because 
it recognizes any site in the DNA helix that contains a deoxyribose sugar with a missing base; such sites can arise either by 
the loss of a purine (apurinic sites) or by the loss of a pyrimidine (apyrimidinic sites). (B) Nucleotide excision repair. In bacteria, 
after a multienzyme complex has recognized a lesion such as a pyrimidine dimer (see Figure 5–39), one cut is made on each 
side of the lesion, and an associated DNA helicase then removes the entire portion of the damaged strand. The excision repair 
machinery in bacteria leaves the gap of 12 nucleotides shown. In humans, once the damaged DNA is recognized, a helicase is 
recruited to unwind the DNA duplex locally. Next, the excision nuclease enters and cleaves on either side of the damage, leaving 
a gap of about 30 nucleotides. The nucleotide excision repair machinery in both bacteria and humans can recognize and repair 
many different types of DNA damage.

• Nucleotide-excision repair: 


• Detects distortions of the double helix (rather than specific base-change)


• Cleaves the phosphodiester backbone on both sides


• A DNA helicase removes the damaged strand


• DNA polymerase and ligase repair the DNA
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• How to direct DNA repair machineries to “important” DNA regions?


• Coupled with RNA polymerase (in charge of transcription)


• When RNA polymerase stalls at DNA lesions, it recruits DNA repair


• People that lack this coupled action (Cockayne Syndrome) have RNA polymerase permanently stalled on their DNA
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polymerizing enzyme called telomerase. Telomerase extends one of the DNA strands 
at the end of a chromosome by using an RNA template that is an integral part of the 
enzyme itself, producing a highly repeated DNA sequence that typically extends for 
thousands of nucleotide pairs at each chromosome end. Telomeres have specialized 
structures that distinguish them from broken ends of chromosomes, ensuring that 
they are not mistakenly repaired.

DNA REPAIR
Maintaining the genetic stability that an organism needs for its survival requires 
not only an extremely accurate mechanism for replicating DNA, but also mecha-
nisms for repairing the many accidental lesions that DNA continually su!ers. Most 
such spontaneous changes in DNA are temporary because they are immediately 
corrected by a set of processes that are collectively called DNA repair. Of the tens 
of thousands of random changes created every day in the DNA of a human cell by 
heat, metabolic accidents, radiation of various sorts, and exposure to substances 
in the environment, only a few (less than 0.02%) accumulate as permanent muta-
tions in the DNA sequence. "e rest are eliminated with remarkable e#ciency by 
DNA repair.

"e importance of DNA repair is evident from the large investment that cells 
make in the enzymes that carry it out: several percent of the coding capacity of 
most genomes is devoted solely to DNA repair functions. "e importance of DNA 
repair is also demonstrated by the increased rate of mutation that follows the 
inactivation of a DNA repair gene. Many DNA repair proteins and the genes that 
encode them—which we now know operate in a wide range of organisms, includ-
ing humans—were originally identi$ed in bacteria by the isolation and charac-
terization of mutants that displayed an increased mutation rate or an increased 
sensitivity to DNA-damaging agents. 

Recent studies of the consequences of a diminished capacity for DNA repair 
in humans have linked many human diseases with decreased repair (Table 5–2). 
"us, we saw previously that defects in a human gene whose product normally 
functions to repair the mismatched base pairs resulting from DNA replication 
errors can lead to an inherited predisposition to cancers of the colon and some 
other organs, re%ecting an increased mutation rate. In another human disease, 

TABLE 5–2 Some Inherited Human Syndromes with Defects in DNA Repair

Name Phenotype Enzyme or process affected

MSH2, 3, 6, MLH1, PMS2 Colon cancer Mismatch repair

Xeroderma pigmentosum (XP) 
groups A–G

Skin cancer, UV sensitivity, neurological 
abnormalities

Nucleotide excision repair

Cockayne syndrome UV sensitivity; developmental abnormalities Coupling of nucleotide excision repair to 
transcription

XP variant UV sensitivity, skin cancer Translesion synthesis by DNA polymerase ν
Ataxia telangiectasia (AT) Leukemia, lymphoma, γ-ray sensitivity, genome 

instability
ATM protein, a protein kinase activated by 
double-strand breaks

BRCA1 Breast and ovarian cancer Repair by homologous recombination

BRCA2 Breast, ovarian, and prostate cancer Repair by homologous recombination

Werner syndrome Premature aging, cancer at several sites, 
genome instability

Accessory 3ʹ-exonuclease and DNA 
helicase used in repair

Bloom syndrome Cancer at several sites, stunted growth, 
genome instability

DNA helicase needed for recombination

Fanconi anemia groups A–G Congenital abnormalities, leukemia, genome 
instability

DNA interstrand cross-link repair

46 BR patient Hypersensitivity to DNA-damaging agents, 
genome instability

DNA ligase I
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• What about double strand breaks? No intact template DNA


1. Non-homologous end joining


• Broken ends are brought together


• Ligated


• Lost of a small DNA sequence


• “Quick and dirty”


• Danger: chromosome rearrangement as the system 
has no way to know if the sequences were together 
initially


• Telomeres are protected from this
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types of aberrant chromosomes are missegregated during cell division. As previ-
ously discussed, the specialized structure of telomeres prevents the natural ends 
of chromosomes from being mistaken for broken DNA and “repaired” in this way.

A much more accurate type of double-strand break repair occurs in newly rep-
licated DNA (Figure 5–45B). Here, the DNA is repaired using the sister chromatid 
as a template. !is reaction is an example of homologous recombination, and we 
consider its mechanism later in this chapter. Most organisms employ both non-
homologous end joining and homologous recombination to repair double-strand 
breaks in DNA. Nonhomologous end joining predominates in humans; homol-
ogous recombination is used only during and shortly after DNA replication (in  
S and G2 phases), when sister chromatids are available to serve as templates.

DNA REPAIR

Figure 5–45 Two ways to repair double-
strand breaks. (A) Nonhomologous end 
joining alters the original DNA sequence 
when repairing a broken chromosome. The 
initial degradation of the broken DNA ends 
is important because the nucleotides at the 
site of the initial break are often damaged 
and cannot be ligated. Nonhomologous 
end joining usually takes place when 
cells have not yet duplicated their DNA. 
(B) Repairing double-strand breaks by 
homologous recombination is more difficult 
to accomplish but restores the original DNA 
sequence. It typically takes place after the 
DNA has been duplicated (when a duplex 
template is available) but before the cell 
has divided. Details of the homologous 
recombination pathway are presented in 
the following section (see Figure 5–48).

Figure 5–46 Nonhomologous end 
joining. (A) A central role is played by the 
Ku protein, a heterodimer that grasps 
the broken chromosome ends. The 
additional proteins shown are needed 
to hold the broken ends together while 
they are processed and eventually joined 
covalently. (B) Three-dimensional structure 
of a Ku heterodimer bound to the end of 
a duplex DNA fragment. The Ku protein is 
also essential for V(D)J joining, a specific 
recombination process through which 
antibody and T cell receptor diversity is 
generated in developing B and T cells 
(discussed in Chapter 24). V(D)J joining and 
nonhomologous end joining show many 
similarities in mechanism but the former 
relies on specific double-strand breaks 
produced deliberately by the cell.  
(B, from J.R. Walker, R.A. Corpina, and  
J. Goldberg, Nature 412:607–614, 2001. 
With permission from Macmillan  
Publishers Ltd.)
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• What about double strand breaks? No intact template DNA


2. Homologous recombination


• More accurate


• The sister chromatid is used as a template


• In human, only occurs shortly after DNA replication 
when sister chromatids are available to serve as 
template


• More info later
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types of aberrant chromosomes are missegregated during cell division. As previ-
ously discussed, the specialized structure of telomeres prevents the natural ends 
of chromosomes from being mistaken for broken DNA and “repaired” in this way.

A much more accurate type of double-strand break repair occurs in newly rep-
licated DNA (Figure 5–45B). Here, the DNA is repaired using the sister chromatid 
as a template. !is reaction is an example of homologous recombination, and we 
consider its mechanism later in this chapter. Most organisms employ both non-
homologous end joining and homologous recombination to repair double-strand 
breaks in DNA. Nonhomologous end joining predominates in humans; homol-
ogous recombination is used only during and shortly after DNA replication (in  
S and G2 phases), when sister chromatids are available to serve as templates.

DNA REPAIR

Figure 5–45 Two ways to repair double-
strand breaks. (A) Nonhomologous end 
joining alters the original DNA sequence 
when repairing a broken chromosome. The 
initial degradation of the broken DNA ends 
is important because the nucleotides at the 
site of the initial break are often damaged 
and cannot be ligated. Nonhomologous 
end joining usually takes place when 
cells have not yet duplicated their DNA. 
(B) Repairing double-strand breaks by 
homologous recombination is more difficult 
to accomplish but restores the original DNA 
sequence. It typically takes place after the 
DNA has been duplicated (when a duplex 
template is available) but before the cell 
has divided. Details of the homologous 
recombination pathway are presented in 
the following section (see Figure 5–48).

Figure 5–46 Nonhomologous end 
joining. (A) A central role is played by the 
Ku protein, a heterodimer that grasps 
the broken chromosome ends. The 
additional proteins shown are needed 
to hold the broken ends together while 
they are processed and eventually joined 
covalently. (B) Three-dimensional structure 
of a Ku heterodimer bound to the end of 
a duplex DNA fragment. The Ku protein is 
also essential for V(D)J joining, a specific 
recombination process through which 
antibody and T cell receptor diversity is 
generated in developing B and T cells 
(discussed in Chapter 24). V(D)J joining and 
nonhomologous end joining show many 
similarities in mechanism but the former 
relies on specific double-strand breaks 
produced deliberately by the cell.  
(B, from J.R. Walker, R.A. Corpina, and  
J. Goldberg, Nature 412:607–614, 2001. 
With permission from Macmillan  
Publishers Ltd.)
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Homologous recombination is the exchange of DNA strands between a pair of homologous duplex DNA sequences

• Can repair many types of DNA damage (e.g. double strand 
breaks)


• Versatile mechanism conserved in all cells 


• During meiosis, plays a key role in gamete production 
(exchange of bits maternal and paternal genetic material) to 
create new combinations to be passed on to the offspring


• Most of what we know derives from bacteria and viruses
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mutations in their genes lead to a greatly increased frequency of breast cancer. 
Because these mutations cause ine!cient repair by homologous recombination, 
accumulation of DNA damage can, in a small proportion of cells, give rise to a 
cancer. Brca1 regulates an early step in broken-end processing; without it, such 
ends are not processed correctly for homologous recombination and instead are 
repaired inaccurately by the nonhomologous end-joining pathway (see Figure 
5–45). Brca2 binds to the Rad51 protein, preventing its polymerization on DNA, 
and thereby maintaining it in an inactive form until it is needed. Normally, upon 
DNA damage, Brca2 helps to bring Rad51 protein rapidly to sites of damage and, 
once in place, to release it in its active form onto single-strand DNA.

Homologous Recombination Is Crucial for Meiosis 
We have seen that homologous recombination comprises a group of reactions—
including broken-end processing, strand exchange, limited DNA synthesis, and 
ligation—to exchange DNA sequences between two double helices of similar 
nucleotide sequence. Having discussed its role in accurately repairing damaged 
DNA, we now turn to homologous recombination as a means to generate DNA 
molecules that carry novel combinations of genes as a result of the deliberate 
exchange of material between di"erent chromosomes. Although this occasionally 
occurs by accident in mitotic cells (and is often detrimental), it is a frequent and 
necessary part of meiosis, which occurs in sexually reproducing organisms such 
as fungi, plants, and animals. 

Here, homologous recombination occurs as an integral part of the process 
whereby chromosomes are parceled out to germ cells (sperm and eggs in ani-
mals). We discuss the process of meiosis in detail in Chapter 17; in the following 
sections, we discuss how homologous recombination during meiosis produces 
chromosome crossing-over and gene conversion, resulting in hybrid chromosomes 
that contain genetic information from both the maternal and paternal homologs 
(Figure 5–53). Crossing-over and gene conversion are both generated by homolo-
gous recombination mechanisms that, at their core, resemble those used to repair 
double-strand breaks.

Meiotic Recombination Begins with a Programmed Double-Strand 
Break
Homologous recombination in meiosis starts with a bold stroke: a specialized 
protein (called Spo11 in budding yeast) breaks both strands of the DNA double 
helix in one of the recombining chromosomes (Figure 5–54). Like a topoisomer-
ase, Spo11, after catalyzing this reaction, remains covalently bound to the broken 

Figure 5–52 Experiment demonstrating 
the rapid localization of repair proteins 
to DNA double-strand breaks. Human 
fibroblasts were x-irradiated to produce DNA 
double-strand breaks. Before the x-rays 
struck the cells, they were passed through 
a microscopic grid with x-ray-absorbing 
“bars” spaced 1 μm apart. This produced a 
striped pattern of DNA damage, allowing a 
comparison of damaged and undamaged 
DNA in the same nucleus. (A) Total DNA in 
a fibroblast nucleus stained with the dye 
DAPI. (B) Sites of new DNA synthesis due 
to repair of DNA damage, indicated by 
incorporation of BudR (a thymidine analog) 
and subsequent staining with fluorescently 
labeled antibodies to BudR (green).  
(C) Localization of the Mre11 complex to 
damaged DNA as visualized by antibodies 
against the Mre11 subunit (red). Mre11 is a 
nuclease that processes damaged DNA in 
preparation for homologous recombination 
(see Figure 5–48). (A), (B), and (C) were 
processed 30 minutes after x-irradiation. 
(From B.E. Nelms et al., Science 280:590–
592, 1998. With permission from AAAS.)

1 µm
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cells with chromosomes

that have crossed over and
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Figure 5–53 Chromosome crossing-over 
occurs in meiosis. Meiosis is the process 
by which a diploid cell gives rise to four 
haploid germ cells, as described in detail 
in Chapter 17. Meiosis produces germ 
cells in which the paternal and maternal 
genetic information (red and blue) has 
been reassorted through chromosome 
crossovers. In addition, many short regions 
of gene conversion occur, as indicated.
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Homologous recombination is the exchange of DNA strands between a pair of homologous duplex DNA sequences

• Only occurs between DNA duplexes that have extensive regions of sequence similarity (homology)


• Concept of DNA hybridization:
278 Chapter 5:  DNA Replication, Repair, and Recombination

DNA hybridization can create a region of DNA double helix consisting of 
strands that originate from two di!erent duplex DNA molecules as long as they 
are complementary, or nearly so. As we will see shortly, the formation of such a 
hybrid molecule, known as a heteroduplex, is an essential feature of homologous 
recombination. DNA hybridization and heteroduplex formation is also the basis 
for many of the methods used to study cells, and we will discuss these uses in 
Chapter 8. 

"e DNA in a living cell is almost all in the stable double-helical form, so the 
reaction depicted in Figure 5–47 rarely occurs in vivo. Instead, as we shall see, 
homologous recombination is brought about through a carefully controlled set of 
reactions that allow two DNA duplexes to sample each other’s sequences without 
fully dissociating into single strands. 

Homologous Recombination Can Flawlessly Repair Double-Strand 
Breaks in DNA
We saw in the previous section that nonhomologous end-joining occurs without a 
template and usually leaves a mutation at the site at which a double-strand break 
is repaired. In contrast, homologous recombination can repair double-strand 
breaks accurately, without any loss or alteration of nucleotides at the site of repair. 
For homologous recombination to do this repair job, the broken DNA has to be 
brought into proximity with homologous but unbroken DNA, which can serve as a 
template for repair. For this reason, homologous recombination often occurs just 
after DNA replication, when the two daughter DNA molecules lie close together 
and one can serve as a template for repair of the other. As we shall see, the process 
of DNA replication itself creates a special risk of accidents requiring this sort of 
repair.

"e simplest pathway through which homologous recombination can repair 
double-strand breaks is shown in Figure 5–48. In essence, the broken DNA duplex 
and the template duplex carry out a “strand dance” so that one of the damaged 
strands can use the complementary strand of the intact DNA duplex as a tem-
plate for repair. First, the ends of the broken DNA are chewed back, or “resected,” 
by specialized nucleases to produce overhanging, single-strand 3ʹ ends. "e next 
step is strand exchange (also called strand invasion), during which one of the 
single-strand 3ʹ ends from the damaged DNA molecule worms its way into the 
template duplex and searches it for homologous sequences through base-pair-
ing. We describe this remarkable reaction in detail in the next section. Once sta-
ble base-pairing is established (which completes the strand exchange step), an 
accurate DNA polymerase extends the invading strand by using the information 
provided by the undamaged template molecule, thus restoring the damaged 
DNA. "e last steps—strand displacement, further repair synthesis, and liga-
tion—restore the two original DNA double helices and complete the repair pro-
cess. Homologous recombination resembles other DNA repair reactions in that a 
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Figure 5–47 DNA hybridization. DNA 
double helices can re-form from their 
separated strands in a reaction that 
depends on the random collision of 
two complementary DNA strands. The 
vast majority of such collisions are not 
productive, as shown on the left, but 
a few result in a short region where 
complementary base pairs have formed 
(helix nucleation). A rapid zippering then 
leads to the formation of a complete double 
helix. Through this trial-and-error process, 
a DNA strand will find its complementary 
partner even in the midst of millions of 
nonmatching DNA strands.
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1. The ends of the broken DNA are chewed back by nucleases to 
produce overhanging single-strand 3’ ends


2. Strand exchange then happens: the single-strand 3’ end 
searches for a homologous sequence through base-pairing

  279

DNA polymerase utilizes a pristine template to restore damaged DNA. However, 
instead of using the partner complementary strand as a template, as occurs in 
most DNA repair pathways, homologous recombination exploits a complemen-
tary strand from a separate DNA duplex. 

Strand Exchange Is Carried Out by the RecA/Rad51 Protein
Of all the steps of homologous recombination, strand exchange is the most di!-
cult to imagine. How does the invading single strand rapidly sample a DNA duplex 
for homology? Once the homology is found, how does the exchange occur? How 
is the inherent stability of the template double helix overcome?

"e answers to these questions came from biochemical and structural stud-
ies of the protein that carries out these feats, called RecA in E. coli and Rad51 in 
virtually all eukaryotic organisms. To catalyze strand exchange, RecA #rst binds 
cooperatively to the invading single strand, forming a protein–DNA #lament 
that forces the DNA into an unusual con#guration: groups of three consecutive 
nucleotides are held as though they were in a conventional DNA double helix 
but, between adjacent triplets, the DNA backbone is untwisted and stretched out 
(Figure 5–49). "is unusual protein–DNA #lament then binds to duplex DNA 
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DNA SYNTHESIS CONTINUES USING STRANDS
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Figure 5–48 Mechanism of double-
strand break repair by homologous 
recombination. This is the preferred 
method for repairing DNA double-strand 
breaks that arise shortly after the DNA has 
been replicated, while the daughter DNA 
molecules are still held close together. In 
general, homologous recombination can be 
regarded as a flexible series of reactions, 
with the exact pathway differing from one 
case to the next. For example, the length 
of the repair “patch” can vary considerably 
depending on the extent of 5ʹ processing 
and new DNA synthesis, indicated in green. 
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3. DNA polymerase extends the invading strand


4. Ligation restore the two initial DNA duplexes

  279

DNA polymerase utilizes a pristine template to restore damaged DNA. However, 
instead of using the partner complementary strand as a template, as occurs in 
most DNA repair pathways, homologous recombination exploits a complemen-
tary strand from a separate DNA duplex. 

Strand Exchange Is Carried Out by the RecA/Rad51 Protein
Of all the steps of homologous recombination, strand exchange is the most di!-
cult to imagine. How does the invading single strand rapidly sample a DNA duplex 
for homology? Once the homology is found, how does the exchange occur? How 
is the inherent stability of the template double helix overcome?

"e answers to these questions came from biochemical and structural stud-
ies of the protein that carries out these feats, called RecA in E. coli and Rad51 in 
virtually all eukaryotic organisms. To catalyze strand exchange, RecA #rst binds 
cooperatively to the invading single strand, forming a protein–DNA #lament 
that forces the DNA into an unusual con#guration: groups of three consecutive 
nucleotides are held as though they were in a conventional DNA double helix 
but, between adjacent triplets, the DNA backbone is untwisted and stretched out 
(Figure 5–49). "is unusual protein–DNA #lament then binds to duplex DNA 
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Figure 5–48 Mechanism of double-
strand break repair by homologous 
recombination. This is the preferred 
method for repairing DNA double-strand 
breaks that arise shortly after the DNA has 
been replicated, while the daughter DNA 
molecules are still held close together. In 
general, homologous recombination can be 
regarded as a flexible series of reactions, 
with the exact pathway differing from one 
case to the next. For example, the length 
of the repair “patch” can vary considerably 
depending on the extent of 5ʹ processing 
and new DNA synthesis, indicated in green. 
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Homologous recombination during meiosis can generate chromosome crossovers  283HOMOLOGOUS RECOMBINATION
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Figure 5–54 Homologous recombination 
during meiosis can generate 
chromosome crossovers. Once the 
meiosis-specific protein Spo11 and the 
Mre11 complex break the duplex DNA 
and process the ends, homologous 
recombination can proceed along 
alternative pathways. One (right side of 
figure) closely resembles the double-strand 
break repair reaction shown in Figure 5–48 
and results in chromosomes that have been 
“repaired” but have not crossed over. The 
other (left side with strand breaks as shown 
by the blue arrows) proceeds through a 
double Holliday junction and produces 
two chromosomes that have crossed over. 
During meiosis, homologous recombination 
takes place between maternal and paternal 
chromosome homologs when they are held 
tightly together (see Figure 17–54).
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Homologous recombination during meiosis can generate chromosome crossovers

  283HOMOLOGOUS RECOMBINATION
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Figure 5–54 Homologous recombination 
during meiosis can generate 
chromosome crossovers. Once the 
meiosis-specific protein Spo11 and the 
Mre11 complex break the duplex DNA 
and process the ends, homologous 
recombination can proceed along 
alternative pathways. One (right side of 
figure) closely resembles the double-strand 
break repair reaction shown in Figure 5–48 
and results in chromosomes that have been 
“repaired” but have not crossed over. The 
other (left side with strand breaks as shown 
by the blue arrows) proceeds through a 
double Holliday junction and produces 
two chromosomes that have crossed over. 
During meiosis, homologous recombination 
takes place between maternal and paternal 
chromosome homologs when they are held 
tightly together (see Figure 17–54).



What is homologous recombination ?

37



Other examples that use site-specific homologous recombination
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1. Insertion of mobile genetic elements/viruses
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• For other types of mobile genetic elements 


• Breakage and joining happens a specific sequences


• DNA integration, excision or inversion can occur


• Also used by some viruses
  293

molecule. Depending on the positions and relative orientations of the two recom-
bination sites, DNA integration, DNA excision, or DNA inversion can occur (Fig-
ure 5–64). Conservative site-speci!c recombination is carried out by specialized 
enzymes that break and rejoin two DNA double helices at speci!c sequences on 
each DNA molecule. "e same enzyme system that joins two DNA molecules can 
often take them apart again, precisely restoring the sequence of the two original 
DNA molecules (see Figure 5–64A). 

Conservative site-speci!c recombination is often used by DNA viruses to move 
their genomes in and out of the genomes of their host cells. When integrated into 
its host genome, the viral DNA is replicated along with the host DNA and is faith-
fully passed on to all descendent cells. If the host cell su#ers damage (for example, 
by UV irradiation), the virus can reverse the site-speci!c recombination reaction, 
excise its genome, and package it into a virus particle. In this way, many viruses 
can replicate themselves passively as a component of the host genome, but can 
also “leave the sinking ship” by excising their genomes and packaging them in a 
protective coat until a new, healthy host cell is encountered.

Several features distinguish conservative site-speci!c recombination from 
transposition. First, conservative site-speci!c recombination requires specialized 
DNA sequences on both the donor and recipient DNA (hence the term site-spe-
ci!c). "ese sequences contain recognition sites for the particular recombinase 
that will catalyze the rearrangement. In contrast, transposition requires only that 
the transposon have a specialized sequence; for most transposons, the recipient 
DNA can be of any sequence. Second, the reaction mechanisms are fundamen-
tally di#erent. "e recombinases that catalyze conservative site-speci!c recombi-
nation resemble topoisomerases in the sense that they form transient high-energy 
covalent bonds with the DNA and use this energy to complete the DNA rearrange-
ments (see Figure 5–21). "us, all the phosphate bonds that are broken during a 
recombination event are restored upon its completion (hence the term conser-
vative). Transposition, in contrast, does not proceed through a covalently joined 
protein–DNA intermediate, and this process leaves gaps in the DNA that must be 
repaired by DNA polymerases. 
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Figure 5–64 Two types of DNA rearrangement produced by conservative site-specific 
recombination. The only difference between the reactions in (A) and (B) is the relative orientation of 
the two short DNA sites (indicated by arrows) at which a site-specific recombination event occurs.  
(A) Through an integration reaction, a circular DNA molecule can become incorporated into a 
second DNA molecule; by the reverse reaction (excision), it can exit to re-form the original DNA 
circle. Many bacterial viruses move in and out of their host chromosomes in this way.  
(B) Conservative site-specific recombination can also invert a specific segment of DNA in a 
chromosome. A well-studied example of DNA inversion through site-specific recombination occurs 
in the bacterium Salmonella typhimurium, an organism that is a major cause of food poisoning in 
humans; as described in the following section, the inversion of a DNA segment changes the type of 
flagellum that is produced by the bacterium.

Differences with transposition


• Specific end-sequences on both donor and recipient DNA


• Reaction mechanism are different



2. Phase variation (mostly in bacteria)
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• Can be used to switch genes on and off in bacteria 
(phenomenon called phase variation)


• Inversion of piece of DNA that includes the promoter


• Alters the expression of gene (e.g. cell surface flagellin for 
which bacteria have two genes, H1 and H2)


• Protects bacteria from immune response

294 Chapter 5:  DNA Replication, Repair, and Recombination

Conservative Site-Specific Recombination Can Be Used to Turn 
Genes On or Off
Many bacteria use conservative site-speci!c recombination to control the expres-
sion of particular genes. A well-studied example occurs in Salmonella bacteria 
and is known as phase variation. "e switch in gene expression results from the 
occasional inversion of a speci!c 1000-nucleotide-pair piece of DNA, brought 
about by a conservative site-speci!c recombinase encoded in the Salmonella 
genome. "is change alters the expression of the cell-surface protein #agellin, for 
which the bacterium has two di$erent genes (Figure 5–65). "e DNA inversion 
changes the orientation of a promoter (a DNA sequence that directs transcription 
of a gene) that is located within the inverted DNA segment. With the promoter in 
one orientation, the bacteria synthesize one type of #agellin; with the promoter 
in the other orientation, they synthesize the other type. "e recombination reac-
tion is reversible, allowing bacterial populations to switch back and forth between 
the two types of #agellin. Inversions occur only rarely, and because such changes 
in the genome will be copied faithfully during all subsequent replication cycles, 
entire clones of bacteria will have one type of #agellin or the other.

Phase variation helps protect the bacterial population against the immune 
response of its vertebrate host. If the host makes antibodies against one type of 
#agellin, a few bacteria whose #agellin has been altered by gene inversion will still 
be able to survive and multiply.

Bacterial Conservative Site-Specific Recombinases Have Become 
Powerful Tools for Cell and Developmental Biologists
Like many of the mechanisms used by cells and viruses, site-speci!c recombina-
tion has been put to work by scientists to study a wide variety of problems. To 
decipher the roles of speci!c genes and proteins in complex multicellular organ-
isms, genetic engineering techniques are used to produce worms, #ies, and mice 
carrying a gene encoding a site-speci!c recombination enzyme plus a carefully 
designed target DNA with the DNA sites that this enzyme recognizes. At an appro-
priate time, the gene encoding the enzyme can be activated to rearrange the target 
DNA sequence. Such a rearrangement is widely used to delete a speci!c gene in a 
particular tissue of a multicellular organism (Figure 5–66). It is particularly useful 
when the gene of interest plays a key role in the early development of many tis-
sues, and a complete deletion of the gene from the germ line would cause death 
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Figure 5–65 Switching gene expression 
by DNA inversion in bacteria.  
Alternating transcription of two flagellin 
genes in a Salmonella bacterium is 
caused by a conservative site-specific 
recombination event that inverts a small 
DNA segment containing a promoter.  
(A) In one orientation, the promoter 
activates transcription of the H2 flagellin 
gene as well as that of a repressor protein 
that blocks the expression of the H1 
flagellin gene. Promoters and repressors 
are described in detail in Chapter 7; here 
we note simply that a promoter is needed 
to express a gene into protein and that 
a repressor blocks this from happening. 
(B) When the promoter is inverted, it no 
longer turns on H2 or the repressor, and 
the H1 gene, which is thereby released 
from repression, is expressed instead. 
The inversion reaction requires specific 
DNA sequences (red) and a recombinase 
enzyme that is encoded in the invertible 
DNA segment. This site-specific 
recombination mechanism is activated 
only rarely (about once in every 105 cell 
divisions). Therefore, the production of one 
or the other flagellin tends to be faithfully 
inherited in each clone of cells. 
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• The Cre-loxP system is a genetic tool used in molecular biology to control gene expression in a precise, targeted way. It 
comes from bacteriophage P1, which naturally uses this system to recombine its DNA.


• It is made of 

✓ Cre recombinase ("causes recombination”)


• An enzyme that recognizes loxP sites in DNA

• It cuts and rejoins DNA at these sites


✓ loxP sites

• Short DNA sequences (34 base pairs long) 

• The orientation and location of these sites determine the outcome


• How it Works

• If loxP sites are in the same orientation (→ →): Cre deletes the DNA sequence between them, leaving a single loxP 

behind 
(Used for conditional knockouts).

• If loxP sites are in opposite orientations (→ ←): Cre inverts the DNA between them (Used to flip a gene on/off).

• If loxP sites are on different DNA molecules: Cre can cause recombination and exchange DNA segments
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• The Cre-loxP system is a powerful tool for 
developmental biologists

  295

very early in development. !e same strategy can also be used to inappropriately 
express any speci"c gene in a tissue of interest; here, the triggered deletion joins 
a strong transcriptional promoter to the gene of interest. With this tool one can in 
principle determine the in#uence of any protein in any desired tissue of an intact 
animal.

Summary
!e genomes of nearly all organisms contain mobile genetic elements that can move 
from one position in the genome to another by either transpositional or conserva-
tive site-speci"c recombination processes. In most cases, this movement is random 
and happens at a very low frequency. Mobile genetic elements include transposons, 
which move within a single cell (and its descendants), plus those viruses whose 
genomes can integrate into the genomes of their host cells. 

!ere are three classes of transposons: the DNA-only transposons, the retrovi-
ral-like retrotransposons, and the nonretroviral retrotransposons. All but the last 
have close relatives among the viruses. Although viruses and transposable elements 
can be viewed as parasites, many of the new arrangements of DNA sequences that 
their site-speci"c recombination events produce have played an important part in 
creating the genetic variation crucial for the evolution of cells and organisms.
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Figure 5–66 How a conservative site-specific recombination enzyme from bacteria is used 
to delete specific genes from particular mouse tissues. This approach requires the insertion 
of two specially engineered DNA molecules into the animal’s germ line. The first contains the gene 
for a recombinase (in this case, the Cre recombinase from the bacteriophage P1) under the control 
of a tissue-specific promoter, which ensures that the recombinase is expressed only in that tissue. 
The second DNA molecule contains the gene of interest flanked by recognition sites (in this case, 
LoxP sites) for the recombinase. The mouse is engineered so that this is the only copy of this gene. 
Therefore, if the recombinase is expressed only in the liver, the gene of interest will be deleted there, 
and only there. The reaction that excises the gene is the same as that shown in Figure 5–64A. 
As described in Chapter 7, many tissue-specific promoters are known; moreover, many of these 
promoters are active only at specific times in development. Thus, it is possible to study the effect  
of deleting specific genes at different times during the development of each tissue. WHAT WE DON’T KNOW

• How does DNA replication contend 
with all the other processes that occur 
simultaneously on chromosomes, 
including DNA repair and gene 
transcription?

• What is the basis for the low 
frequency of errors in DNA replication 
observed in all cells? Is this the best 
that cells can do given the speed of 
replication and the limits of molecular 
diffusion? Was this mutation rate 
selected in evolution to provide genetic 
variation?

• Cells have only one fundamental way 
of replicating DNA but many different 
ways of repairing it. Are there still 
other, undiscovered ways that cells 
have for repairing DNA?

• Do the many “dead” transposons 
in the human genome provide any 
benefits to humans?

3. Cre-loxP system



Have a nice day! 
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