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Les mutations sont essentielles pour la 
survie et l’adaptation de l’espèce, en 
permettant la sélection naturelle

Un excès de mutations est néfaste, le 
taux de mutations doit rester bas
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Nous avons besoin de systèmes de réparation de l’ADN : Prix Nobel de Chimie 2015
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1. L’ADN polymérase est hautement fidèle lors de la réplication 


➡ Proofreading de l’ADN polymerase


4 Chapter 1:  Cells and Genomes

existing strand bind to bases of the strand being synthesized, according to a strict 
rule de!ned by the complementary structures of the bases: A binds to T, and C 
binds to G. "is base-pairing holds fresh monomers in place and thereby con-
trols the selection of which one of the four monomers shall be added to the grow-
ing strand next. In this way, a double-stranded structure is created, consisting of 
two exactly complementary sequences of As, Cs, Ts, and Gs. "e two strands twist 
around each other, forming a DNA double helix (Figure 1–2E). 

"e bonds between the base pairs are weak compared with the sugar-phos-
phate links, and this allows the two DNA strands to be pulled apart without break-
age of their backbones. Each strand then can serve as a template, in the way just 
described, for the synthesis of a fresh DNA strand complementary to itself—a 
fresh copy, that is, of the hereditary information (Figure 1–3). In di#erent types 
of cells, this process of DNA replication occurs at di#erent rates, with di#erent 
controls to start it or stop it, and di#erent auxiliary molecules to help it along. But 
the basics are universal: DNA is the information store for heredity, and templated 
polymerization is the way in which this information is copied throughout the liv-
ing world.

All Cells Transcribe Portions of Their Hereditary Information into 
the Same Intermediary Form: RNA 
To carry out its information-bearing function, DNA must do more than copy itself. 
It must also express its information, by letting the information guide the synthesis 
of other molecules in the cell. "is expression occurs by a mechanism that is the 
same in all living organisms, leading !rst and foremost to the production of two 
other key classes of polymers: RNAs and proteins. "e process (discussed in detail 
in Chapters 6 and 7) begins with a templated polymerization called transcription, 
in which segments of the DNA sequence are used as templates for the synthe-
sis of shorter molecules of the closely related polymer ribonucleic acid, or RNA. 
Later, in the more complex process of translation, many of these RNA molecules 
direct the synthesis of polymers of a radically di#erent chemical class—the pro-
teins (Figure 1–4).

In RNA, the backbone is formed of a slightly di#erent sugar from that of DNA—
ribose instead of deoxyribose—and one of the four bases is slightly di#erent—ura-
cil (U) in place of thymine (T). But the other three bases—A, C, and G—are the 
same, and all four bases pair with their complementary counterparts in DNA—the 
A, U, C, and G of RNA with the T, A, G, and C of DNA. During transcription, the 
RNA monomers are lined up and selected for polymerization on a template strand 
of DNA, just as DNA monomers are selected during replication. "e outcome is a 
polymer molecule whose sequence of nucleotides faithfully represents a portion 
of the cell’s genetic information, even though it is written in a slightly di#erent 
alphabet—consisting of RNA monomers instead of DNA monomers. 

"e same segment of DNA can be used repeatedly to guide the synthesis of 
many identical RNA molecules. "us, whereas the cell’s archive of genetic infor-
mation in the form of DNA is !xed and sacrosanct, these RNA transcripts are 
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Figure 1–3 The copying of genetic 
information by DNA replication. In this 
process, the two strands of a DNA double 
helix are pulled apart, and each serves 
as a template for synthesis of a new 
complementary strand.
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Figure 1–4 From DNA to protein. 
Genetic information is read out and put 
to use through a two-step process. First, 
in transcription, segments of the DNA 
sequence are used to guide the synthesis 
of molecules of RNA. Then, in translation, 
the RNA molecules are used to guide the 
synthesis of molecules of protein.
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1. L’ADN polymérase est hautement fidèle lors de la réplication 


➡ Proofreading de l’ADN polymerase


2. Les cellules ont de nombreux moyens de détecter et corriger les dommages de l’ADN


➡ Réparation des erreurs de copie (MMR = mismatch repair)


➡ Excision de nucléotides (NER = nucleotide repair)


➡ Excision de base (BER = base excision repair)


➡ Jonction d’extrémités non-homologues (NHEJ: Non-homologous end-joining)


➡ Recombinaison homologue (HR: homologous recombination)
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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.

DNA REPLICATION MECHANISMS
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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.

T
A

T
A

T
A

T
A A A A A A

primer
strand

template
strand

C transiently base-pairs with A
and is incorporated by DNA 
polymerase into the primer
strand

unpaired 3′-OH end of primer
blocks further elongation of 
primer strand by DNA 
polymerase

3′-to-5′ exonuclease activity
attached to DNA polymerase 
chews back to create a base-
paired 3′-OH end on the primer
strand

DNA polymerase resumes
the process of adding
nucleotides to the base-paired
3′-OH end of the primer strand

MBoC6 m5.08/5.08

5′

3′

OH

OH

OHC

OH

T

T
A

T
A

T
A

T
A A A A A A

OH

OH

T
A

T
A

T
A

T
A A A A A A

OH

T
A

T
A

T
A

T C

A A A A A A

OH

T
A

T
A

T
A

T C

A A A A A A

OH

C

T

OH

T

T

  243

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 
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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 
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L’ADN polymerase possède une “activité de relecture”

1. Mauvais appariement en 3’

2. Blocage de l’élongation

3. Activité exonucléase 3’

4. Reprise d’activité de l’ADN 
polymérase

Si le mauvais appariement n’est pas corrigé par la relecture, il peut encore l’être jusqu’à la prochaine réplication
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244 Chapter 5:  DNA Replication, Repair, and Recombination

!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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Mécanisme de surveillance pour réparer des erreurs de 
réplication sur le brin nouvellement synthétisé

1. Les protéines MutS et MutL (chez les bactéries) détectent la 
distortion au niveau de l’ADN
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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 

DNA REPLICATION MECHANISMS
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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.)

3′
3′

5′ 5′

(A) (B)

if the DNA cannot rapidly
rotate, torsional stress
will build up lagging-strand

template

leading-strand
template

MBoC6 m5.21/5.20

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.

2. Elles détectent (ou créent) une coupure dans l’ADN

3. La portion du brin est supprimé et re-synthétisé

Comment savent-elles quel est le nouveau brin?
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• Chez les prokaryote, l’ADN est méthylé. Pendant un moment, le 
nouveau brin n’est pas méthylé tandis que l’ancien l’est. 


• Chez les eukaryotes:


• le lagging strand contient des coupures et est donc 
reconnaissable


• on ne sait pas comment le leading strand est reconnu
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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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Que se passe-t-il quand le MMR ne fonctionne pas?


Ex: syndrome de Lynch (mutation des protéines impliquées, autosomal dominant)

https://www.revmed.ch/
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Mécanisme de surveillance pour réparer des dommages à 
l’ADN, notamment causés par les UV

Pour rappel:

• Ultraviolets: formation de liaisons anormales entre 
dimères de pyrimidines. La déformation de la double 
hélice cause le mauvais appariement des bases et bloque 
l’ADN polymérase.

https://courses.lumenlearning.com/suny-microbiology/chapter/mutations/
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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.

1. Les protéines impliquées détectent une distortion au niveau de la 
double hélice (pas un changement de base)

2. Elles clivent le lien phosphodiester de part et d’autre

Mécanisme de surveillance pour réparer des dommages à 
l’ADN, notamment causés par les UV
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1. Les protéines impliquées détectent une distortion au niveau de la 
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Mécanisme de surveillance pour réparer des dommages à 
l’ADN, notamment causés par les UV
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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.

1. Les protéines impliquées détectent une distortion au niveau de la 
double hélice (pas un changement de base)

2. Elles clivent le lien phosphodiester de part et d’autre

3. Une ADN hélicase supprime la portion abimée

4. L’ADN polymérase et la ligase réparent l’ADN

Mécanisme de surveillance pour réparer des dommages à 
l’ADN, notamment causés par les UV
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Que se passe-t-il quand le NER ne fonctionne pas?


Ex: Xeroderma pigmentosum (mutation des protéines impliquées), 
autosomal récessif

• pas de réparation de l’ADN des dommages causés par les UVs


• risque élevé de cancer de la peau (50% à 10 ans)


• changement de pigmentation de la peau


• sensibilité des yeux aux UVs


• dommages neurologiques progressifs


• espérance de vie de 30-40 ans



Excision de bases (BER)

19

Mécanisme de surveillance pour réparer des modifications 
chimiques survenues au niveau d’une base individuelle

Mutations spontanées

Pour rappel

268 Chapter 5:  DNA Replication, Repair, and Recombination

human cell loses about 18,000 purine bases (adenine and guanine) every day 
because their N-glycosyl linkages to deoxyribose hydrolyze, a spontaneous reac-
tion called depurination. Similarly, a spontaneous deamination of cytosine to 
uracil in DNA occurs at a rate of about 100 bases per cell per day (Figure 5–38). 
DNA bases are also occasionally damaged by an encounter with reactive metab-
olites produced in the cell, including reactive forms of oxygen and the high-en-
ergy methyl donor S-adenosylmethionine, or by exposure to chemicals in the 
environment. Likewise, ultraviolet radiation from the sun can produce a covalent 
linkage between two adjacent pyrimidine bases in DNA to form, for example, 
thymine dimers (Figure 5–39). If left uncorrected when the DNA is replicated, 
most of these changes would be expected to lead either to the deletion of one or 
more base pairs or to a base-pair substitution in the daughter DNA chain (Figure 
5–40). !e mutations would then be propagated throughout subsequent cell gen-
erations. Such a high rate of random changes in the DNA sequence would have 
disastrous consequences.

The DNA Double Helix Is Readily Repaired
!e double-helical structure of DNA is ideally suited for repair because it carries 
two separate copies of all the genetic information—one in each of its two strands. 
!us, when one strand is damaged, the complementary strand retains an intact 
copy of the same information, and this copy is generally used to restore the correct 
nucleotide sequences to the damaged strand. 

An indication of the importance of a double-strand helix to the safe storage of 
genetic information is that all cells use it; only a few small viruses use single-strand 
DNA or RNA as their genetic material. !e types of repair processes described in 
this section cannot operate on such nucleic acids, and once damaged, the chance 
of a permanent nucleotide change occurring in these single-strand genomes of 
viruses is thus very high. It seems that only organisms with tiny genomes (and 
therefore tiny targets for DNA damage) can a"ord to encode their genetic infor-
mation in any molecule other than a DNA double helix.

Figure 5–38 Depurination and deamination. These reactions are two of the most frequent spontaneous chemical reactions that create serious 
DNA damage in cells. Depurination can release guanine (shown here), as well as adenine, from DNA. The major type of deamination reaction 
converts cytosine to an altered DNA base, uracil (shown here), but deamination occurs on other bases as well. These reactions normally take place 
in double-helical DNA; for convenience, only one strand is shown.
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Mutations induites

Pour rappel

1) Agents modificateurs 
de bases

Mutations induites: agents mutagènes

Pas nécessaire de connaître les structures et détails de l’appariement.

• déamination (enlève un groupe 
amine: -NH2): Acide nitreux

• hydroxylation (ajoute un groupe 
hydroxyl:  -OH ): hydroxylamine

• alkylation (ajoute un 
hydrocabone; par ex. un groupe 
methyl -CH3)

Mécanisme de surveillance pour réparer des modifications 
chimiques survenues au niveau d’une base individuelle
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1. En cas de déamination, la DNA glycosylase enlève la base modifiée

2. Une endonucléase AP et une phosphodiesterase coupent le brin 
d’ADN pour enlever les déoxyriboses et phosphates restant

270 Chapter 5:  DNA Replication, Repair, and Recombination

!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.

Mécanisme de surveillance pour réparer des modifications 
chimiques survenues au niveau d’une base individuelle

*Un site AP (site apurinique/apyrimidique), ou site abasique, est un 
emplacement de l’ADN où la base (purine ou pyrimidine) est 
manquante.

Site AP*
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1. En cas de déamination, la DNA glycosylase enlève la base modifiée
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d’ADN pour enlever les déoxyribose et phosphate restant

3. L’ADN polymérase et la ligase réparent l’ADN
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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.

Mécanisme de surveillance pour réparer des modifications 
chimiques survenues au niveau d’une base individuelle



Les mutations de l’ADN

23

1. L’ADN polymérase est hautement fidèle lors de la réplication 


➡ Proofreading de l’ADN polymerase


2. Les cellules ont de nombreux moyens de détecter et corriger les dommages de l’ADN


➡ Réparation des erreurs de copie (MMR = mismatch repair)


➡ Excision de nucléotides (NER = nucleotide repair)


➡ Excision de base (BER = base excision repair)


➡ Jonction d’extrémités non-homologues (NHEJ: Non-homologous end-joining)


➡ Recombinaison homologue (HR: homologous recombination)
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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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Problème: il n’y a pas de template intact pour réparer l’ADN

Lors de la division cellulaire (mitose), chaque 
chromosome est copié à l’identique pour que 
chaque cellule fille ait le même contenu génétique


Les 2 chromosomes identiques sont appelés 
chromatides-soeurs


La présence/absence d’une chromatide-soeur 
dépend de l’étape du cycle cellulaire
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Problème: il n’y a pas de template intact pour réparer l’ADN

• Jonction d’extrémités non homologues (NHEJ) - s’il n’y a pas de chromatide soeur (phase G1)


• Recombinaison homologue (HR) - s’il y a une chromatide soeur (phase S ou G2)



Jonction d’extrémités non homologues
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• Les extrémités d’ADN sont rapprochées


• Une ligase les assemble


➡ Perte d’une courte séquence d’ADN


➡ “Quick and dirty”


➡ Danger: réarrangement chromosomique car le  
système ne sait pas si les séquences étaient 
initialement liées


➡ Les télomères (=extrémités des chromosomes) sont 
protégés
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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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Problème: il n’y a pas de template intact pour réparer l’ADN

• Jonction d’extrémités non homologues (NHEJ) - s’il n’y a pas de chromatide soeur (phase G1)


• Recombinaison homologue (HR) - s’il y a une chromatide soeur (phase S ou G2)
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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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• Plus précis


• La chromatide soeur sert de template


• Chez l’humain, cela se passe seulement juste 
après la réplication de l’ADN, quand la 
chromatide soeur est disponible
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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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• Réparation fidèle d’une cassure double brin sans 
perte d’information


• Aussi utilisée pour favoriser la recombinaison 
entre les chromosomes homologues durant les 
crossing-overs pendant la prophase de la méiose I*

*Voir cycle cellulaire
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1. Digestion des extrémités de l’ADN par des nucléases pour 
produire des brins “overhanging” 


2. Echange de brin: l’extrémité 3’ cherche une séquence homologue
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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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3. L’ADN polymérase prolonge le brin “invasif” 


4. La ligation restore les deux duplex initiaux
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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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Ici, ce ne sont pas des chromatides soeurs 
mais des chromosomes homologues

282 Chapter 5:  DNA Replication, Repair, and Recombination

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 ȝm 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.)
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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.



Cross-overs de chromosomes

34

  283HOMOLOGOUS RECOMBINATION

Spo11 Mre11 nuclease
complex

5′
paired
homologous
chromosomes

3′

5′
3′

5′
3′

5′
3′

5′
3′

5′
3′

5′
3′

5′
3′

5′
3′

5′
3′

5′
3′

5′
5′

5′
3′ 3′

3′

5′
3′

5′
3′

5′
3′

5′
3′

5′
3′

5′
3′

5′
3′

5′
3′

RecA-like protein
catalyzes strand
exchange

DNA SYNTHESIS

CAPTURE OF
SECOND STRAND

DNA STRANDS CUT
AT ARROWS

RELEASE OF 
INVADING STRAND

ADDITIONAL
DNA SYNTHESIS

LIGATION

CHROMOSOMES WITH CROSSOVER

CHROMOSOMES WITHOUT CROSSOVER

MBoC6 m5.64/5.55

ONE CHROMOSOME
CUT AND ENDS PROCESSED

FURTHER PROCESSING
OF 5′ ENDS BY NUCLEASE

double
Holliday
junction

5′
3′

5′
3′

5′
3′

5′
3′

ADDITIONAL
DNA SYNTHESIS

ADDITIONAL DNA
SYNTHESIS FOLLOWED BY
DNA LIGATION

5′
3′

5′
3′

ALTERNATIVE PATHWAYS

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).

Ici, ce ne sont pas des chromatides soeurs 
mais des chromosomes homologues
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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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1. L’ADN polymérase est hautement fidèle lors de la réplication 


➡ Proofreading de l’ADN polymerase


2. Les cellules ont de nombreux moyens de détecter et corriger les dommages de l’ADN


➡ Réparation des erreurs de copie (MMR = mismatch repair)


➡ Excision de nucléotides (NER = nucleotide repair)


➡ Excision de base (BER = base excision repair)


➡ Jonction d’extrémités non-homologues (NHEJ: Non-homologous end-joining)


➡ Recombinaison homologue (HR: homologous recombination)
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xeroderma pigmentosum (XP), the a!icted individuals have an extreme sensitiv-
ity to ultraviolet radiation because they are unable to repair certain DNA photo-
products. "is repair defect results in an increased mutation rate that leads to seri-
ous skin lesions and an increased susceptibility to skin cancers. Finally, mutations 
in the Brca1 and Brca2 genes compromise a type of DNA repair known as homolo-
gous recombination and are a cause of hereditary breast and ovarian cancer. 

Without DNA Repair, Spontaneous DNA Damage Would Rapidly 
Change DNA Sequences 
Although DNA is a highly stable material—as required for the storage of genetic 
information—it is a complex organic molecule that is susceptible, even under 
normal cell conditions, to spontaneous changes that would lead to mutations if 
left unrepaired (Figure 5–37 and see Table 5–3). For example, the DNA of each 

DNA REPAIR
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Figure 5–37 A summary of spontaneous 
alterations that require DNA repair. 
The sites on each nucleotide modified 
by spontaneous oxidative damage (red 
arrows), hydrolytic attack (blue arrows), 
and methylation (green arrows) are shown, 
with the width of each arrow indicating the 
relative frequency of each event (see  
Table 5–3). (After T. Lindahl, Nature 
362:709–715, 1993. With permission from 
Macmillan Publishers Ltd.)

TABLE 5–3 Endogenous DNA Lesions Arising and Repaired in a Diploid 
Mammalian Cell in 24 Hours

DNA lesion Number repaired in 24 h

Hydrolysis

Depurination 18,000

Depyrimidination 600

Cytosine deamination 100

5-Methylcytosine deamination 10

Oxidation

8-oxo G 1500

Ring-saturated pyrimidines (thymine glycol, cytosine 
hydrates)

2000

Lipid peroxidation products (M1G, etheno-A, 
etheno-C)

1000

Nonenzymatic methylation by S-adenosylmethionine

7-Methylguanine 6000

3-Methyladenine 1200

Nonenzymatic methylation by nitrosated polyamines and peptides

O6-Methylguanine 20–100

The DNA lesions listed in the table are the result of the normal chemical reactions that take 
place in cells. Cells that are exposed to external chemicals and radiation suffer greater and more 
diverse forms of DNA damage. (From T. Lindahl and D.E. Barnes, Cold Spring Harb. Symp. 
Quant. Biol. 65:127–133, 2000.)

Pour information
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La dérégulation des mécanismes de réparation de l’ADN est associée, entre autres, à l’apparition de 
cancers



Maladies humaines associées avec des problèmes de 
réparation de l’ADN

39

266 Chapter 5:  DNA Replication, Repair, and Recombination

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

Pour information
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Dommage à l’ADN


Cassure double brin


Bloquage ADN polymérase

Senseurs 


ATM/ATR
BRCA1

P

Version simplifiée

BRCA2
Homologous 


recombination

• BRCA1 est phosphorylé par les kinases ATM/ATR qui détectent les 
cassures double brins et les blocages de la polymérase 


• BRCA2 est impliqué dans la recombinaison homologue
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Dommage à l’ADN


Cassure double brin


Bloquage ADN polymérase

BRCA1

P

Version simplifiée

• Arrêt du cycle cellulaire


• Inhibition NHEJ


• Activation HR

BRCA1


• régulateur central de nombreuses voies de contrôle du cycle 
cellulaire et de réparation de l’ADN


• agit sur plusieurs checkpoints (voir Cycle Cellulaire)


• activé par phosphorylation de plusieurs sérines


• inhibe la NHEJ et favorise la recombinaison homologue
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Dommage à l’ADN


Cassure double brin


Bloquage ADN polymérase

BRCA1

P

Version simplifiée

• Arrêt du cycle cellulaire moins efficace


• Activation NHEJ


• Activation HR

Quand BRCA1 ne fonctionne pas


• l’information sur le dommage à l’ADN n’est pas transmise 
efficacement


• le cycle cellulaire est moins freiné


• les mutations s’accumulent à cause des réparations NHEJ
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Dommage à l’ADN


Cassure double brin


Bloquage ADN polymérase

BRCA1

P

Version simplifiée

• Arrêt du cycle cellulaire moins efficace


• Activation NHEJ


• Activation HR

BRCA = breast cancer susceptibility gene


• sont des suppresseurs de tumeurs
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BRCA = breast cancer susceptibility gene


• 2 femmes sur 1000 sont porteuses de mutations dans BCRA1 ou 2 


• ces mutations augmentent le risque de développer un cancer du sein ou des ovaires
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Récapitulatif

https://www.youtube.com/watch?v=nx67I66qd6M



Belle journée à tous! 
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