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F-13009 Marseille, France

Correspondence: robert.fuchs@inserm.fr

The presence of unrepaired lesions in DNA represents a challenge for replication. Most, but
not all, DNA lesions block the replicative DNA polymerases. The conceptually simplest
procedure to bypass lesions during DNA replication is translesion synthesis (TLS),
whereby the replicative polymerase is transiently replaced bya specialized DNA polymerase
that synthesizes a short patch of DNA across the site of damage. This process is inherently
error prone and is the main source of point mutations. The diversity of existing DNA lesions
and the biochemical properties of Escherichia coli DNA polymerases will be presented. Our
main goal is to deliver an integrated view of TLS pathways involving the multiple switches
between replicative and specialized DNA polymerases and their interaction with key acces-
sory factors. Finally, a brief glance at how other bacteria deal with TLS and mutagenesis is
presented.

Within the context of this review, we will
limit the notion of DNA lesions to chem-

ically altered bases, although the sugar-phos-
phodiester backbone is also subject to various
types of chemical attack leading, for example, to
single-strand breaks. Lesions may be spontane-
ous (e.g., depurinations), induced endogenous-
ly (e.g., by reactive oxygen species), induced by
radiations (UV light, X rays) or by chemicals.
Treatments that induce DNA lesions cause mu-
tations and cancer and are therefore referred to
as mutagens or carcinogens. Carcinogens fall
into large chemical families of compounds

such as aromatic amides, polycyclic hydrocar-
bons, and nitrosamines. Carcinogens are not
necessarily synthetic; for example, some are
natural plant metabolites (e.g., Aflatoxin B1,
aristolochic acid, etc.). In addition, some drugs
used in cancer chemotherapy such as platinum
derivatives form covalent DNA adducts and
as such are also carcinogens. Drugs from the
thiopurine family, such as azathioprine widely
used as immunosuppressants in organ trans-
plant patients, form DNA adducts upon inter-
action with sunlight and promote skin cancer
(Zhang et al. 2007).
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HOW DNA DAMAGE INTERFERES WITH
REPLICATION: NONCODING VERSUS
MISCODING LESIONS

Replicative DNA polymerases are highly spe-
cialized enzymes capable of accurately copying
DNA templates that contain the four “normal”
nucleotides A, G, C, or T. In contrast, replicative
DNA polymerases fail to insert a dNTPopposite
many damaged bases present in the template.
Modified bases that impair the progression of
ongoing replication are referred to as noncoding
or replication-blocking lesions. Cells have devel-
oped tolerance pathways to deal with replica-
tion-blocking lesions as discussed throughout
this review. On the other hand, there are lesions
that do not significantly affect the progression of
replicative DNA polymerases. These lesions, re-
ferred to as miscoding lesions, are usually small
base modifications induced by reactive oxygen
species (8-oxo-G) or alkylating agents (O6-
meG, O4-meT). Replicative DNA polymerases
are able to insert a specific nucleotide opposite
these lesions producing a nonconventional base
pair compatible with the double helix structure
(Fig. 1B). As a consequence, these miscoding
lesions induce point mutations with high effi-
ciency (Fig. 1B).

The pairing properties of some common
miscoding lesions are shown in Figure 1B. Dur-
ing replication, when 8-oxoG is present in the
DNA template, replicative DNA polymerases

frequently insert A (anti) across 8-oxoG (syn)
leading to a GC!TA transversion in the next
replication cycle. Similarly, replicative DNA po-
lymerases efficiently misinsert a Tresidue across
an O6-meG lesion in template DNA thus lead-
ing to GC!AT transitions. Likewise, O4-meT
template lesions readily pair with G during rep-
lication leading to TA!CG transitions. It
should also be noted that a damaged dNTP,
such as 8-oxo-dGTP, can readily be incorporat-
ed by replicative DNA polymerases opposite a
template A residue, thus leading to AT!CG
transversions. In contrast to replication-block-
ing lesions, miscoding lesions efficiently induce
mutations in a process that only involves repli-
cative DNA polymerases. Consequently, dedi-
cated repair systems have evolved to efficiently
remove these extremely hazardous lesions (refer
to the literature).

LESION-TOLERANCE PATHWAYS:
THE CHALLENGE OF DUPLICATING DNA
CONTAINING REPLICATION-BLOCKING
LESIONS

To overcome the challenge of replicating dam-
aged DNA, cells have developed lesion-tolerance
mechanisms that enable the replication machin-
ery to bypass sites of damaged DNA. The con-
ceptually simplest procedure of bypassing a le-
sion that blocks a replication fork is translesion

Figure 1. Diversity of DNA lesions and properties of common miscoding lesions. (A) A glance at the huge
diversity of chemical lesions in DNA: Lesions are highlighted by the pink area. (1) Abasic site, a common lesion
that can be formed in a variety of ways: spontaneous or alkylation-induced depurination, repair intermediates.
(2, 3) G and C etheno-type adducts are formed by various chemicals such as vinyl chloride, lipid peroxidation:
A new cycle is formed by double adduction at an exocyclic and an intracyclic nitrogen atom. (4, 5) TT-
cyclobutane dimer (CPD) and T(6–4)T photoproduct formed by UV light. (6) dG-C8-AAF is a major adduct
formed by an aromatic amine N-2-acetylaminofluorene (AAF), a strong liver carcinogen. (7) B(a)P-N2-dG, the
major guanine adduct formed by benzo(a)pyrene, a common polycyclic hydrocarbon found in cigarette smoke
and other combustion residues. (8) dA-N6-Aristolactam, an adduct formed by a metabolite of Aristolochia
clematitis, a plant that often grows in cultivated fields where its seeds comingle with wheat grain during harvest
(Grollman et al. 2007). (9) dG-N7-AFB1 is the major guanine adduct of a potent hepatocarcinogen. Aflatoxin
B1, a metabolite produced by a mold that grows on peanuts. (10) cis-Pt-d(GpG) is an intrastrand cross-link
produced by the drug cisplatin that is used in human cancer chemotherapy. (B) Examples of direct miscoding
lesions. These lesions do not block replicative DNA polymerases. Instead, replicative DNA polymerases effi-
ciently insert a nucleotide opposite these lesions forming a noncanonical base pair that leads to a base
substitution at the next replication cycle, as discussed in the text. The nucleotides introduced during replication
are shown in red.
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synthesis (TLS), whereby the blocked replicative
DNA polymerase is transiently replaced by a spe-
cialized DNA polymerase that can extend the
nascent strand and synthesize across the site of
damage (Fig. 2). This process, although not al-
ways mutagenic, is inherently error prone. On
the other hand, error-free bypass of DNA le-
sions is possible by using the information pre-
sent in the undamaged sister chromatid (Pra-
kash 1989; Frampton et al. 2006; Rudolph et al.
2008; Daigaku et al. 2010; Karras and Jentsch
2010). These processes, collectively referred to
as damage avoidance (DA), embrace several
pathways related to homologous recombination
such as replication fork restart or fork regression
(Fig. 2). These pathways are poorly defined
both genetically as well as biochemically. Failure
to properly achieve these tolerance pathways can
lead to replication fork collapse that in turn may
result in genetic rearrangements or cell death
(Fig. 2).

DEVELOPMENT OF METHODOLOGIES
TO MONITOR LESION-TOLERANCE
PATHWAYS

Initially, most studies on the consequences of
lesions in DNA in vivo have been limited to
the analysis of mutations induced in a given
gene. For instance, commonly used mutation
assays involve the determination of the frequen-
cy of bacteria that become resistant to a given
antibiotic following treatment with a mutagen.
For instance, resistance to rifampicin or to nali-
dixic acid is conferred by point mutations in the
rpoB or gyrB gene, respectively (Fig. 3A). Such
assays only monitor a subfraction of mutagenic
TLS events, namely, those that give rise to phe-
notypically detectable events. Silent and error-
free TLS events escape detection. Assays able to
monitor all TLS events resulted from the devel-
opment of single-adducted plasmids in bacte-
ria, yeast, and mammalian cells. Single-adduct-
ed, single-stranded plasmids (Fig. 3B) detect all

Blocked fork

Damage tolerance

Damage avoidanceTLS

Restart Regression

m

?

Fork collapse

Gap filling
by HR

Excision repair or
template switch

Error-prone Error-free Error-free

Genetic
instability,
cell death?

Figure 2. Outline of DNA damage-tolerance pathways as triggered by lesions that block the replicative DNA
polymerase. There are two DNA damage-tolerance strategies: error-prone translesion synthesis (the topic of the
present review) and error-free damage avoidance (DA). DA pathways are still poorly defined and involve either
gap filling by homologous recombination or fork regression. If all DNA damage strategies fail, it is likely that the
fork collapses leading to gross genetic rearrangements or to cell death.

R.P. Fuchs and S. Fujii

4 Cite this article as Cold Spring Harb Perspect Biol 2013;5:a012682



TLS events, the relative frequency of mutagenic
and error-free events being subsequently deter-
mined by sequence (Banerjee et al. 1988; Napo-
litano and Fuchs 1997; Napolitano et al. 1997).
The major drawback of single-stranded (or
gapped plasmid [Gibbs et al. 1995; Paz-Elizur
et al. 1996]) assays relates to the fact that TLS
does not occur within the context of a bona
fide replication fork. Single-adducted double-
stranded plasmids (Koehl et al. 1989) represent
more adequate tools as they involve actual rep-
lication forks (Fig. 3C); however, undamaged
strand replication (USR) leads to progeny that
cannot be distinguished from error-free TLS
unless a genetic marker is introduced. The im-
plementation of double-stranded plasmids with
a genetic marker (heteroduplexed plasmids; Fig.
3D) allows the fractions of mutagenic, error-free
TLS and USR to be monitored independently
(Koffel-Schwartz et al. 1996).

Importantly, plasmid assays are not suitable
tools for the determination of DA events. In-
deed, plasmid replication patterns show ex-
tensive replication fork uncoupling as the USR
becomes separated from damaged strand repli-
cation in vivo (Pagès and Fuchs 2003; Pagès et al.
2012) and in vitro (Higuchi et al. 2003). Uncou-
pling of plasmid replication prevents the fork
from coming to an arrest, thus precluding DA
pathways from taking place (see Fig. 2). As a
consequence, to monitor specific DA events re-
quires the introduction of a single replication-
blocking lesion into a large replicon such as the
E. coli chromosome itself (Pagès et al. 2012).

DISCOVERY AND BIOCHEMICAL
PROPERTIES OF E. coli DNA POLYMERASES

Since the discovery of the chemical nature of
DNA and its double-helical structure, the exis-

A

B

C

D

Chromosomal mutation assay

Only a small fraction of TLS
events are detected

m_TLS and ef_TLS
are detected

m_TLS is detected but ef_TLS and
undamaged strand replication (USR)
cannot be distinguished

m_TLS and ef_TLS, as well as USR
are detected

Single-stranded plasmid TLS assay

Double-stranded plasmid TLS assay

Heteroduplexed plasmid TLS assay

Figure 3. Methodologies to monitor mutagenesis and TLS. Chromosomal mutation assays (A) monitor, usually
within a single target gene, a subset of mutagenic TLS events following the treatment of a cell culture with a
mutagen. Several plasmid-based single adduct assays allow mutagenic (m_TLS) and error-free (ef_TLS) TLS
events to be monitored quantitatively as well as qualitatively. The specific characteristics of the different assays
(B–D) are outlined in the text.
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tence of enzymes able to duplicate the genetic
material was predicted (Watson and Crick
1953). In 1956, Kornberg and colleagues suc-
ceeded in purifying an E. coli enzyme, DNA
polymerase I (Pol I), satisfying these predictions
(Bessman et al. 1956; Lehman et al. 1958). Ini-
tially, Pol I was believed to be the replicative
polymerase until 1969 when Cairns and col-
leagues isolated a viable Pol I-deficient strain,
thus providing evidence that Pol I could not
be the main replicative polymerase (De Lucia
and Cairns 1969). Thereafter, Kornberg’s group
tried and succeeded in purifying two other DNA
polymerases from E. coli in the early 1970s,
named DNA polymerase II (Pol II) and DNA
polymerase III (Pol III) (Kornberg and Gefter
1970, 1971, 1972). Based on genetics and bio-
chemistry, Pol III was found to be the main rep-
licative polymerase, whereas Pol I was recog-
nized to process Okazaki fragments. On the
other hand, the physiological function of Pol II
still remains to be fully elucidated. From the dis-
covery of Pol III and for about 30 years it was
believed that E. coli only possesses these three
polymerases. During that period, the origin of
point mutations induced by the action of DNA-
damaging agents known as mutagens, were be-
lieved to result from the effect of factors that
could transiently modify the fidelity of the
known DNA polymerases.

Epoch-making discoveries occurred in 1999,
when E. coli was shown to encode two additional
DNA polymerases, respectively named accord-
ing to their order of discovery, DNA polymerase
IV (Pol IV) (Wagner et al. 1999) and DNA po-
lymerase V (Pol V) (Reuven et al. 1999; Tang
et al. 1999). DNA polymerases are categorized
into families based on similarities between do-
main structures. Pol I, II, and III belong to the A,
B, and C families, respectively. On the other
hand, Pol IV and V showed no similarity to
any known family, but had similarities to each
other establishing the so-called Y family (Oh-
mori et al. 2001). Simultaneously, many new
DNA polymerases belonging to the Y family
were discovered in eukaryotes, including hu-
mans, as described in this collection. Typical
features of Y-family polymerases are low fidelity,
low processivity, and lack of 30!50 exonucle-

ase activity (proofreading function); these po-
lymerases are also nonessential for viability.
Y-family DNA polymerases were found to be
involved in TLS pathways in vivo; they are thus
called specialized or TLS polymerase. Thanks
to the discovery of these DNA polymerases, re-
search on TLS became more straightforward
and the understanding of the molecular mech-
anisms of TLS has deeply progressed, although
there remain many unanswered questions.

First, we will briefly present the properties of
the initially characterized “classical” DNA poly-
merases Pol I, Pol II, and Pol III. Second, the two
Y-family DNA polymerases Pol IVand Pol V will
be presented in greater detail.

The Initially Characterized “Classical” DNA
Polymerases Pol I, Pol II, and Pol III

Pol I

Pol I from E. coli is the first identified DNA po-
lymerase among any kind of species. It is encod-
ed by the polA gene and contains three enzy-
matic activities: a DNA polymerase, a 30!50

exonuclease (proofreading function), and a
50!30 exonuclease. Its physiological function
is Okazaki fragment maturation and DNA repair
synthesis during nucleotide excision repair
(NER). Before 1999, many biochemical studies
involving Pol I in the context of TLS were con-
ducted. For example, Pol I was found to be able
to bypass APsites more efficiently than Pol III. In
particular, the proofreading-deficient form of
Pol I was found to efficiently bypass in vitro
templates containing AP sites, thymine glycol,
and G-AAF adducts making it a potential can-
didate for bypassing lesions in vivo (Clark and
Beardsley 1989; Shibutani and Grollman 1993;
Belguise-Valladier et al. 1994, 1996; Paz-Elizur
et al. 1997). However, there is no genetic evi-
dence to support such a possibility.

Pol II

The role of Pol II remains enigmatic as cells de-
ficient in polB/dinA lack any clear phenotype
under normal growth conditions. Pol II possess-
es a DNA polymerase and a 30!50 exonuclease
activity (proofreading function). In contrast to

R.P. Fuchs and S. Fujii
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Pol I/III, its expression increases about seven-
fold during SOS induction (Qiu and Goodman
1997), suggesting a potential role under stress
conditions. There are two interesting polB phe-
notypes: Although polB cells are not UV sen-
sitive, replication following UV irradiation is
essentially blocked during �50 min, whereas
replication resumes gradually during that peri-
od in wild-type cells (Rangarajan et al. 1999,
2002). In addition, polB mutants show a severe
reduction in fitness when incubated in station-
ary phase together with wild-type bacteria (Ye-
iser et al. 2002). The precise mechanisms under-
lying both phenomena are unknown.

With respect to TLS activity, Pol II shows
efficient bypass across AP sites compared with
Pol I/III (Paz-Elizur et al. 1996). It was thus
proposed that Pol II is responsible for AP-site
bypass although there is no clear genetic evi-
dence. The first example that Pol II acts as a
TLS polymerase both in vivo and in vitro comes
from the bypass of a single G-AAF adduct locat-
ed within a particular 22 frameshift hot spot
sequence (Napolitano et al. 2000; Becherel and
Fuchs 2001). This bypass pathway is almost ex-
clusively dependent on Pol II, and a recent crys-
tal structure of Pol II (Wang and Yang 2009)
reveals that this polymerase can accommodate
the 22 frameshift intermediate despite Pol II
being a high-fidelity polymerase (see below).
In this pathway, Pol II absolutely requires inter-
action with the processivity factor (b-clamp) in
vivo but not in vitro (Becherel and Fuchs 2001;
Becherel et al. 2002; Fujii and Fuchs 2007). The
3,N4-ethenocytosine lesion (1C) (Fig. 1A) is
bypassed by Pol II in vitro as well as in vivo. In
vivo, 1C bypass requires Pol II to interact with
the b-clamp (Al Mamun and Humayun 2006).

Pol III

Pol III is the replicative polymerase duplicating
most genomic DNA and one of the largest stable
protein complexes that can be purified homoge-
neously from E. coli extracts. Pol III has several
different names (Pol III core, Pol III0, Pol III�,
and Pol III-HE) depending on the combination
of participating subunits. The largest complex,
called Pol III holoenzyme (HE), is composed of

10 different subunits, including the clamp load-
er (the so-called DnaX complex: either g com-
plex or t complex) and the processivity factor
(b-clamp). This form, which represents the
physiologically relevant functional complex,
contains either two Pol III-core subcomplexes
(Pol III core) when assembled with the g com-
plex, or three Pol III cores when the assembly
contains the t complex instead (McHenry
2011b). Pol III-HE possesses DNA polymer-
ase activity and 30!50 exonuclease activity
(proofreading function). The two core subunits
ensure simultaneous leading and lagging strand
synthesis at the replication fork in vivo. During
replication, when a lesion is present in one of the
two template strands, Pol III is obviously the first
DNA polymerase to encounter the DNA dam-
age. In the early days, extensive genetic studies
revealed a set of key genes essential for induced
mutagenesis, namely, RecA, UmuD, UmuC, and
Pol III. However, purified Pol III has essentially
no capacity to bypass bulky DNA lesions (e.g.,
UV dimers) in vitro. It was thus believed for
many years that the genetically identified pro-
teins (i.e., RecA, UmuD0 derived from UmuD,
UmuC) somehow modify the stringency of Pol
III to allow it to copy damage-containing tem-
plates. This hypothesis turned out to be wrong
when the umuDC locus was found to encode a
DNA polymerase (see below). It should, howev-
er, be stressed that there is a category of lesions,
the so-called miscoding lesions, that are effi-
ciently bypassed by Pol IIIwith a high propensity
of induced mutations (8-oxo-G, O6-alkyl-G,
and O4-alkyl-T) (see Fig. 1B). As lesions such
as 8-oxo-G form endogenously, bypass of such
lesions largely contributes to what is usually re-
ferred to as “spontaneous mutagenesis.” Anoth-
er class of spontaneous mutations is owing to
genuine replication errors that escape proof-
reading. Proofreading is mediated by the 30-50

exonuclease activity associated with replicative
DNA polymerases. Proofreading requires melt-
ing to the nascent primer-template extremity to
allow the primer strand to migrate from poly-
merase to exonuclease activity sites. Distortions
in the primer template caused either by a termi-
nal mismatch or by a misalignment in repetitive
sequences delay the next nucleotide addition

TLS DNA Synthesis and Mutagenesis in Prokaryotes
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step and provide a necessary time frame for
proofreading to occur. Proofreading thus limits
the occurrence of both base substitutions and
frameshift mutations within repetitive sequenc-
es (Johnson et al. 2003; Hsu et al. 2004).

The “Specialized” DNA Polymerases
Pol IV and Pol V

Since 1970 and for about 30 years, it was strongly
believed that all E. coli DNA polymerases had
been discovered, as there was neither biochem-
ical, nor bioinformatic evidence to support
the existence of additional DNA polymerases.
Genetics of induced mutagenesis highlighted
the absolute requirement of both recA and the
umuDC operon to support induced mutagen-
esis in vivo. As none of the purified DNA po-
lymerases could efficiently copy in vitro tem-
plates containing UV-induced photoproducts
or AP sites, it was assumed that UmuDC and
RecA help Pol III replicate through lesions. The
dogma that the umuDC locus encodes factors
that modify Pol III became overwhelmingly
strong and prevented many scientists involved
in this field to consider that UmuDC could ac-
tually be a DNA polymerase per se. This situa-
tion changed when it was shown that the dinB
gene product shares strong local sequence ho-
mologies with UmuC-like proteins, including
REV1 protein from Saccharomyces cerevisiae
(Larimer et al. 1989; Ohmori et al. 1995; Kulaeva
et al. 1996). Woodgate and his colleagues (Ku-
laeva et al. 1996) also noted that “the high level of
sequence conservation between UmuC-like pro-
teins from bacteria, archaea and eukaryotes sug-
gests that these proteins may have an enzymatic
activity, the nature of which remains to be deter-
mined.” This prediction was first supported by
the discovery that the REV1 protein was en-
dowed with a highly specific deoxycitidyl trans-
ferase activity in vitro (Nelson et al. 1996).

Pol IV

Pol IV, encoded by the SOS-controlled dinB/
dinP gene, possesses DNA polymerase activity
but lacks 30!50 proofreading exonuclease activ-
ity. During SOS induction, its expression level
increases about 10-fold, from about 250 to 2500

molecules/cell (Kim et al. 2001). In contrast to
umuDC, before the formal demonstration that
dinB encodes a DNA polymerase, it was not
regarded as a factor directly involved in TLS.
Instead it was known to be involved in a process
known as untargeted phage l mutagenesis
(Brotcorne-Lannoye and Maenhaut-Michel
1986). Later on, it was found that robust over-
expression of DinB leads to an increase in 21
frameshift mutations within short repeats of G
residues, a property known as the dinB-mutator
phenotype (Kim et al. 1997). When DinB was
recognized as a DNA polymerase (Wagner et al.
1999), its potential function as a TLS polymer-
ase was documented in vivo and in vitro. From
biochemical experiments, Pol IV is reported to
bypass various lesions (e.g., 8-oxo-dG, O6-
medG, AP site, AAF, AF, CPD, 6-4 PP, BaP,
NFZ, and 4-NQO) either efficiently or ineffi-
ciently (Tang et al. 2000; Suzuki et al. 2001;
Shen et al. 2002; Maor-Shoshani et al. 2003).
However, genetic evidence for the bypass of
only a few N2-guanine adducts (e.g., BaP, NFZ,
or 4-NQO) by Pol IV has been obtained so far
(Lenne-Samuel et al. 2000; Napolitano et al.
2000; Kim et al. 2001; Shen et al. 2002; Yin
et al. 2004; Jarosz et al. 2006; Seo et al. 2006).
It should be stressed that these lesions have in
common their location in the minor groove of
DNA. Polymerization activity of Pol IV per se is
distributive (one nucleotide insertion per bind-
ing event), its processivity highly increases
(�30–400 nucleotides) upon interaction with
the b-clamp (Wagner et al. 2000). Under phys-
iological levels of expression, Pol IV was shown
not to contribute to chromosomal mutation
rates (Kuban et al. 2004; Wolff et al. 2004). In
contrast, upon Pol IV overexpression (.10,000
molecules/cell), cells show minor growth de-
fects (Kuban et al. 2005); under these condi-
tions, a decrease in replication fidelity has been
observed (Kim et al. 1997; Wagner and Nohmi
2000; Kuban et al. 2005). Kuban and colleagues
suggest that under high levels of expression, Pol
IV may specifically extend replication errors
made by Pol III in the lagging strand (Kuban
et al. 2005). Massive overproduction of Pol IV
(.100,000 molecules/cell) was shown to arrest
replication forks and to be lethal (Uchida et al.
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2008). In vitro, Pol IV can mediate a dynamic
DNA polymerase exchange replacing Pol III on
the sliding clamp (Indiani et al. 2005; Furukohri
et al. 2008). As for Pol II, it was shown that the
interaction of Pol IV with the b-clamp is essen-
tial to support its TLS activity in vivo (Becherel
et al. 2002). Until recently, it was thought that
Pol III only contacts a single monomer of the
dimeric b-clamp as shown in vitro (Sutton
et al. 2010). Together these observations ap-
peared to comfort the so-called tool-belt model
predicting simultaneous binding to the clamp of
the replicative polymerase and a specialized po-
lymerase (Pagès and Fuchs 2002; Indiani et al.
2005). However, two recent papers showed that
under normal conditions Pol III occupies both
b-clamp-binding pockets, one being occupied
by the a subunit and the other by the 1 proof-
reading subunit (Jergic et al. 2013; Toste Rêgo
et al. 2013). It is suggested that the 1-b interac-
tion selected during evolution is weak, and thus
suited for transient disruption allowing, for in-
stance, the recruitment of a specialized DNA
polymerase such as Pol IV or Pol V. In addition
to its role in lesion bypass, Pol IV appears to be
involved in several other physiological func-
tions. First, under stress conditions, the expres-
sion of Pol IV is up-regulated and plays an es-
sential role in adaptive mutagenesis (McKenzie
et al. 2001; Slechta et al. 2003). Second, Pol IV (as
well as Pol V), confers a competitive fitness
advantage during the stationary phase of the
bacterial life cycle (Yeiser et al. 2002). Third,
although the molecular mechanism remains un-
known, Pol IV contributes to the recovery of
arrested transcription events caused by DNA
damage through its interaction with NusA (Co-
hen et al. 2010). Fourth, Pol IV is an essential
factor to prevent hydroxyurea-induced cell
death in a umuC122 (a mutant allele of the cat-
alytic subunit of Pol V) background in vivo (Go-
doy et al. 2006). Interestingly, this phenomenon
not only requires UmuD0 (a subunit of Pol V)
but also UmuD (the precursor of UmuD0).
Thus, besides their role in TLS, Y-family poly-
merases play distinct role(s) under stress condi-
tions. Fifth, it is reported that Pol IV (and also
Pol V) possess an intrinsic AP lyase activity, al-
though there is no genetic evidence related to

their participation in the base excision repair
(BER) pathway (Shen et al. 2005).

Pol V

Genetically, Pol V is clearly the main TLS poly-
merase in E. coli as umuDC strains show a dra-
matic decrease of UV-induced mutation fre-
quency (Kato and Shinoura 1977; Steinborn
1978). Surprisingly though, umuDC strains
show only moderate UV sensitivity. Even triple
TLS polymerase strains umuDC, dinB, and polB
are not very UV sensitive (Courcelle et al. 2005),
strongly suggesting that TLS plays a minor role
in terms of survival to genotoxic agents (see be-
low). In contrast to Pol II and Pol IV, Pol V could
not be detected biochemically in non-SOS-in-
duced E. coli strains. In addition, there is no
functional evidence for the presence of Pol V
in non-SOS-induced cells. Indeed, the level
of bypass of a single TT(6-4) lesion is similarly
low in a DumuDC (0.26%) and in a wild-type
(0.35%) strain (Becherel and Fuchs 1999) sug-
gesting that there is no functional Pol V mole-
cule in non-SOS-induced E. coli cells. Expres-
sion of Pol V is SOS controlled and occurs
�50 min after UV irradiation. As for Pol II
and Pol IV, the interaction of Pol V with the b-
clamp is essential for Pol V-mediated TLS activ-
ities (Becherel et al. 2002). Pol V, the UmuD02C
heterotrimer encoded by the SOS-controlled
umuDC operon, contains UmuC and a UmuD0

homodimer, an accessory subunit derived from
UmuD (Reuven et al. 1999; Tang et al. 1999).
Livneh and colleagues showed that a soluble
form of UmuC, amino-terminal fusion to the
maltose-binding domain, possesses weak DNA
polymerase activity (Reuven et al. 1999). Unfor-
tunately, the MBP-UmuC fusion turned out to
lack important properties of native Pol V as it
fails to be stimulated by the b-clamp (Reuven
et al. 1999). Pol V lacks 30!50 exonuclease ac-
tivity (proofreading function). Strikingly, un-
der optimal conditions in the presence of both
RecA and the b-clamp, its velocity is only �0.3
nucleotide(s) (Fujii and Fuchs 2004). It is thus
the slowest E. coli polymerase (e.g., Pol III-HE,
.650 nucleotides(s); Pol IV with the b-clamp,
�2 nucleotides(s) [Wagner et al. 2000]). On a
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lesion-free template, its average processivity, in
the presence of theb-clamp, is�25 nucleotides.
Although this value slightly decreases in the
presence of DNA damage, Pol V appears to be
able to replicate across many different lesions
with efficiencies similar to replication of un-
damaged DNA (Fujii and Fuchs 2004).

Historically,UV-induceddamageandAPsites
are regarded asthemost representative DNAdam-
age. Consequently, there was a lot of interest in the
study of umuDC mutants because these mutants
were isolated as UV nonmutable strains (Kato and
Shinoura 1977; Steinborn 1978). In contrast to
polB and dinB, the two other SOS-inducible
E. coli DNA polymerases, there is essentially no
expression of Pol V in the absence of SOS induc-
tion (see above). Such tight regulation is achieved
by the following successive control steps: at the
level of transcription, the promoter being strongly
repressed by LexA; at the posttranslational level, as
UmuDneedstobeprocessedintoUmuD0 (Burck-
hardt et al. 1988; Nohmi et al. 1988; Shinagawa
et al. 1988); and at the level of protein degrada-
tion by limiting their half-life (Goodman 2002;
Jarosz et al. 2007). When UmuD02C was recog-
nized as a DNA polymerase, its biochemical
properties triggered a lot of interest.

The laboratories of Goodman and Wood-
gate, and our own team, succeeded in purifying
native Pol V. The two studies led to rather dis-
tinct models for the mode of action of Pol V
during TLS; we will thus carefully review the
main conclusions that emerged from both lab-
oratories as reported in the literature.

Pol V Works from the Goodman and Wood-
gate Laboratories. Over the years, these investi-
gators proposed a series of models, which they
referred to as “evolution of translesion synthesis
models” describing various models as to how Pol
V may function (Schlacher et al. 2006). Most of
their efforts aimed at finding experimental con-
ditions where Pol V shows robust polymerase
activity despite the fact that Pol V is expected
to have only weak activity in vivo. Here we sum-
marize the trajectory of the successive Pol V
working models as published over the years:

1. In 1999, it was proposed that, for the bypass
of an AP site, Pol V requires single-stranded

binding protein (SSB), the b-clamp, and the
presence of an RecA-nucleoprotein filament
in the presence of ATP (Tang et al. 1999).
Although the requirements of RecA and the
b-clamp are in good agreement with genetic
data, there is no genetic evidence for the re-
quirement of SSB.

2. In 2000, the same group showed that the b-
clamp is dispensable for Pol V-mediated TLS
provided ATP-gS, a poorly hydrolyzable ATP
analog, is used instead of ATP (Tang et al.
2000). This ATP analog is known to “freeze”
the otherwise dynamic structure of the RecA
filament. It is possible that the more rigid
RecA-ATP-gS complex can somehow “com-
pensate” for the absence of b-clamp by pro-
viding to Pol V the additional stability that is
normally conferred by the b-clamp. Geneti-
cally, however, the interaction of Pol V with
the b-clamp is an absolute requirement for
TLS (Becherel et al. 2002).

3. In 2001, the same laboratory showed that ef-
ficient Pol V-mediated TLS requires the b-
clamp, SSB, RecA, and ATP-gS. To explain
the role of SSB, a novel model, the “cowcatch-
er” model was proposed (Pham et al. 2001).
In this model, SSB directly interacts with Pol
Vand actively dissociates the RecA molecules
from the RecA filament formed on the front
of the Pol V-SSB complex. In the same paper,
it was shown that DNA synthesis by Pol Von
normal template DNA is highly stimulated by
the presence of SSB or SSB withb-clamp even
in the absence of RecA. This paper clearly
showed that Pol V itself is active as a DNA
polymerase on nondamaged template and
that the role of RecA is likely to endow Pol V
with additional propertiesto function inTLS.

4. In 2002, using a short hairpin template oli-
gonucleotide that contains only a 3-nucleo-
tide single-stranded overhang downstream
from an AP site, Pol V-mediated TLS was
shown to require RecA-ATP-gS but no SSB
and no b-clamp. RecA1730, a recA allele
known to be defective in SOS-induced mu-
tagenesis in vivo, was shown to support the
insertion step opposite the AP site but not the
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extension steps, suggesting that the process
of Pol V-mediated TLS may be dividable
into two steps: insertion and extension.
From these biochemical observations, a novel
model was proposed inwhich Pol V functions
as a TLS polymerase when two RecA mono-
mers individually interact with Pol V. It also
suggested that the role of the RecA filament is
to supply RecA monomers to Pol V (Pham
et al. 2002). This hypothesis is in good agree-
ment with genetic data proposing that the 30

tip of the RecA filament is directly required
for Pol V-mediated TLS (the so-called third
role of RecA in mutagenesis) (Blanco et al.
1982; Dutreix et al. 1989; Sweasy et al. 1990).

5. In 2005, the same group reported that Pol
V interacts with RecA independently of
ATP, and that both UmuD and UmuD0 inter-
act with RecA depending on ATP-gS and
DNA. From that difference in interaction
with RecA, a so-called “minimal mutasome”
model, similar to the 2002 model, was pro-
posed (Schlacher et al. 2005). In this model,
UmuC and UmuD0 individually interact
with a single RecA monomer each. The re-
sulting complex between Pol Vand two RecA
monomers is necessary and sufficient to sup-
port Pol V-mediated TLS. As a consequence,
the requirements of both SSB and the b-
clamp disappeared from the new model.

6. In 2006, the Pol V TLS model further evolved
when it was shown that Pol V behaves as a TLS
polymerase provided it is preincubated with
the free 30 end of a RecA filament formed on
single-stranded DNA. Note that this RecA
filament, referred to as the “trans-RecA fila-
ment,” does not serve as the template for syn-
thesis but merely acts as a Pol V-activating
factor. Neither SSB nor the b-clamp is re-
quired. ATP-gS appears to be a nearly essen-
tial cofactor in the formation of the “trans-
RecA filament.” A novel model, referred to as
the “transactivation model,” was thus pro-
posed (Schlacher et al. 2006). However, the
physiological source of “trans-RecA fila-
ments” with free 30 ends to activate Pol V in
vivo fully remains to be determined. In con-
trast to the transactivation model, when Pol V

interacts with the RecA filament assembled
downstream from the replication-blocking
lesion, it is referred to as the “cis-activation
model.” Using molecular modeling, Chan-
dani and Loechler have recently suggested a
model of Pol Vactivation by the addition of a
RecA monomer that is more likely to origi-
nate from a RecA filament in cis rather than
trans (Chandani and Loechler 2013).

7. In 2009, Goodman and Woodgate reported
the isolation of a Pol V-RecA complex with a
1:1 stoichiometry upon incubation of Pol V
with a “trans-RecA filament” under ATP-gS
condition. This complex, referred to as the
“minimal mutasome” behaves as a TLS po-
lymerase (Jiang et al. 2009). It also suggests
that the RecA filament itself is not an essen-
tial factor.

8. Interestingly in 2012, the same group pub-
lished a paper showing that Pol V lesion by-
pass can be mediated by either cis- or trans-
RecA filaments (Karata et al. 2012). Using a
single-stranded circular substrate, Pol V was
shown to bypass a single TT-CPD lesion in
the presence of both the b-clamp and a cis-
RecA filament in good agreement with pre-
viously published data (Fujii et al. 2004; Fujii
and Fuchs 2009). On the other hand, efficient
lesion bypass was also possible when Pol V
was activated with trans-RecA provided ATP-
gS was added to stabilize the trans-RecA fil-
ament.
Pol V Work from the Fuchs/Fujii Team. Be-

yond the mere purification of Pol V and the
determination of its intrinsic biochemical prop-
erties, our main goals were (1) to reconstitute
the whole pathway of Pol V-mediated TLS in-
cluding the polymerase switches from Pol III to
Pol V and back to Pol III, and (2) to mimic as
much as possible the physiological conditions
taking into account the requirements for essen-
tial accessory factors as uncovered over the years
by numerous genetic studies.

Our team reported the purification of native
Pol V in 2004 (Fujii et al. 2004) and aimed at
obtaining an integrated picture for Pol V-medi-
ated TLS in the presence of Pol III (Fujii and
Fuchs 2004). Using a primed, large single-
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stranded circular plasmid template, Pol V was
shown to possess TLS activities across several
replication-blocking lesions in the presence of
RecA filament. The presence of the loaded
form of the b-clamp dramatically stimulated
the TLS activity. SSB is not required under ATP
conditions, although it is an essential factor un-
der ATP-gS conditions most likely because SSB
assists dissociation of RecA molecules from the
RecA/ATP-gS filament. In good agreement with
known genetic requirements, it was shown that
indeed Pol V becomes a TLS polymerase provid-
ed both the b-clamp (Becherel et al. 2002) and a
correctly formed RecA filament are present
(Blanco et al. 1982; Dutreix et al. 1989; Sweasy
et al. 1990).

Main Factors in Pol V-Mediated TLS: RecA�

and the b-Clamp

Based on genetic evidence, the overall scenario
of TLS can be viewed as follows. When the rep-
licative DNA polymerase (i.e., Pol III) encoun-
ters a replication-blocking lesion, it either stops
one nucleotide before the lesion or it may even-
tually idle at the lesion site, performing futile
cycles of insertion/excision (see below). When
Pol III stops at the lesion site and dissociates
from the template, the replicative DNA helicase
(DnaB) continues to open the parental duplex
for some distance generating a stretch of single-
stranded DNA downstream from the lesion. The
stretch of single-stranded DNA may first be cov-
ered by SSB. The SSB-DNA filament is then con-
verted into a RecA-nucleoprotein filament
(called RecA�) by means of the action of the
recombination mediator proteins (RecFOR;
see below). RecA� possesses the following func-
tions: (1) up-regulation of a number of SOS-
induced gene products through enhancing the
autocleavage reaction of LexA; (2) activation of
Pol V through the autocleavage of UmuD into
UmuD0 (Burckhardt et al. 1988; Nohmi et al.
1988; Shinagawa et al. 1988); (3) activation of
Pol Vas a TLS polymerase through direct contact
with the 30 tip of the RecA filament (the third
role of RecA); (4) activation of the damage
avoidance (DA) pathways possibly via its ho-
mologous recombination function; and (5) in-

hibition of cellular division via the SOS-induced
gene products (e.g., SfiA) thus giving time for
cells to recover from stress (George et al. 1975). If
Pol Vengages in TLS, it accesses the 30-OH end of
the nascent strand freed by the dissociating Pol
III. Following a short patch of synthesis by Pol V
(TLS patch), Pol III regains access to the nascent
strand and resumes elongation.

Based on the present scenario, we attempted
to reconstitute Pol V-mediated TLS in the pres-
ence of Pol III (Fujii and Fuchs 2004). In this
experiment, Pol III was found not to function
as a passive player; rather, it actively takes part in
the process (Fig. 4). A striking feature of Pol III
transpires in its capacity to recognize the inter-
nal distortion induced by the lesion in nascent
primer-template DNA. If the TLS patch made by
Pol V extends beyond the lesion site by �4 nu-
cleotides, Pol III degrades the nascent strand by
means of its proofreading activity despite the
presence of three correct base pairs at the termi-
nus. In contrast, when the TLS patch is �5 nu-
cleotides long, Pol III extends the primer and
thus successfully completes the TLS pathway.
Similarly, Walker and colleagues observed that
efficient bypass of an N2-furfuryl-guanine ad-
duct by Pol IV requires both insertion across the
lesion and subsequent extension by at least four
bases to prevent degradation by proofreading
(Jarosz et al. 2009; Foti and Walker 2011). It
should thus be stressed that the most important
factor that determines success or failure of a TLS
pathway resides in the length of the TLS patch
given that polymerase is able to synthesize under
single-hit conditions. It turns out that the b-
clamp endows TLS polymerases with sufficient
stability to synthesize a TLS patch that is long
enough to resist degradation by the proofread-
ing function associated with Pol III. Additional-
ly, proofreading is attenuated by dNTP pool size
increase during the DNA damage response as
discussed below. Under single-hit conditions,
in the presence of RecA and the b-clamp, the
bypass of a G-AAF adduct by Pol V leads to an
average TLS patch size of �18 nucleotides.
About 75% of the bypass products are beyond
the critical size for efficient elongation by Pol III.
In the absence of b-clamp, Pol V appears to be
entirely distributive in vitro, thus substantiat-
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ing the genetic requirement of the b-clamp for
TLS in vivo. It is likely that theb-clamp that will
be used by Pol V originates from the b-clamp
initially bound by Pol III-HE before its disso-
ciation. Therefore, under SOS-induced condi-
tions, all components (the b-clamp and RecA�)
required for Pol V-mediated TLS appear to be
prepositioned before Pol Vaccesses to the prim-
er terminus.

Secondary Factors Involved in TLS: RecFOR
and dNTP Pool Size

The so-called recombination mediator proteins
RecFOR are instrumental in converting SSB-
bound single-stranded DNA to RecA-bound
single-stranded DNA (Beernink and Morrical
1999). Genetically, it was shown that recFOR

gene products are quasi-essential factors to sup-
port UV-induced mutagenesis (Schaaper et al.
1982; Wood and Stein 1986). Biochemically, Pol
V-mediated TLS is completely abolished in the
presence of SSB and RecA in amounts able to
fully cover the available single-stranded tem-
plate DNA (Fujii et al. 2004). The addition of
optimal amounts of RecFOR fully restores Pol
V-mediated TLS (Fujii et al. 2006). Thus, in
good agreement with the genetic requirements
of recFOR for Pol V-dependent mutagenesis,
RecFOR-mediated formation of a RecA filament
in cis fully supports Pol V-mediated TLS in vitro.
The role of the RecA filament in Pol V-mediated
TLS is thought to supply RecA monomers from
the 30 tip of the filament to Pol V (the so-called
third role of RecA). However, we suggest that the
RecA filament itself contributes to Pol V-medi-

TLS pathway scenario

Trial and error

hi dNTP

(1)

(2)

(3)

(4)

(5)

(6)

TLS patch

Figure 4. An integrated view of TLS pathways: (1) The replicative polymerase dissociates from the primer
template upon encounter with a noncoding template base. (2) The vacant primer template becomes the
substrate for binding by specialized DNA polymerases; to the best of our present knowledge, there is no active
selection process for the binding of a specific polymerase; binding is stochastic and obeys classical mass-action
law. (3, 4) The successful specialized polymerase is one that is able to synthesize, in a single binding event, a patch
long enough to resist proofreading. The interaction of the TLS polymerase with the loaded b-clamp is essential
for that purpose. For all three SOS polymerases (Pol II, Pol IV, and Pol V), mutations that inactivate theb-clamp-
binding motif abrogate their TLS activity in vivo. (5, 6) Upon dissociation of the TLS polymerase, the “TLS
patch” is extended upon reloading of the replicative polymerase. The balance between exonucleolytic degrada-
tion and polymerization by the replicative DNA polymerase is modulated by the dNTP pool size. Increased
dNTP pools that arise as a consequence of genotoxic stress favor elongation over proofreading.
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ated TLS by insuring smooth elongation across
natural DNA sequences that otherwise trigger
strong pause sites. This “fourth role” of RecA
allows successful TLS events to occur in all se-
quence contexts (Fujii and Fuchs 2009).

More recently, the role of dNTP pool size
in TLS was highlighted. It has been known for
many years that, following genotoxic stress such
as UV irradiation, cells increase the expression
level of their ribonucleotide reductase gene
(nrdAB) resulting in a three- to fourfold increase
in dNTP pool size. The mechanism of transcrip-
tional activation of nrdAB by UV irradiation
is not controlled by the SOS response and re-
mains to be established (Courcelle et al. 2001).
We have shown that the increase in dNTP pool
size strongly synergizes with the expression of
the TLS polymerases to promote TLS (Gon
et al. 2011). The increase of dNTP pool size is
likely to act at the level of Pol III by attenuation
of its proofreading function. We suggest that
the increase in dNTP pool size shifts the inter-
nal exo/pol equilibrium within Pol III toward
more synthesis (i.e., less proofreading). Indeed,
it is shown that inactivation by a point muta-
tion of Pol III’s proofreading function mimics
the dNTP pool increase by strongly stimulating
TLS across many different lesions without alle-
viating the requirements for the TLS polymerase
per se. It should also be noted that either a slight
increase in dNTP pool size (via modest overex-
pression of NrdAB), or an imbalance in dNTP
pools as in ndk or dcd mutant strains increases
spontaneous mutation rates (Miller et al. 2002;
Wheeler et al. 2005; Nordman and Wright 2008;
Gon et al. 2011; Schaaper and Mathews 2012).
Conversely, a slight decrease in dNTP pool size
as in ndh strains decreases spontaneous muta-
tion rates (Laureti et al. 2013).

Pol III Actively Shapes the Nature of TLS
Events Produced In Vivo

Let us focus on a Pol II-mediated frameshift
mutation hot spot induced within (GpC)2 se-
quences by many chemical carcinogens that
bind to the C8 position of guanine. In vivo, Pol
II is an essential factor for the production of the
22 frameshift mutation hot spot triggered by a

single G-AAF adduct located within a specific
sequence context (i.e., GGCGAAFCC, the NarI
site) (Fig. 5) (Fuchs et al. 1981; Koffel-Schwartz
et al. 1984). It is also known that the interaction
of Pol II with theb-clamp is essential for the 22
frameshift pathway in vivo (Becherel et al. 2002).

In vitro, Pol II possesses the capacity to pro-
duce 22 frameshifts within the NarI containing
the G-AAF adduct sequence, but unexpectedly,
Pol II also produces a significant amount of 21
frameshifts that are not detected in vivo (Fuchs
et al. 1981; Koffel-Schwartz et al. 1984). Another
surprising observation is that the presence of
the b-clamp strongly stimulates the production
of 21 frameshift mutations but not 22 frame-
shifts (Fujii and Fuchs 2007). Consequently, in
vitro in the presence of the b-clamp, Pol II pro-
duces more 21 than 22 frameshifts, in striking
contrast with in vivo results. Interestingly, these
inconsistencies between in vitro/in vivo results
are fixed by the addition of Pol III to the in vitro
reaction mixture. Indeed, Pol III was found to
suppress Pol II-mediated 21 frameshifts but
not 22 frameshifts (Fujii and Fuchs 2007).
Our data show that the 21 frameshifts result
from misincorporation by Pol II of G across
GAAF followed by slippage. It turns out that
this intermediate is suppressed by the proof-
reading activity of Pol III (Fig. 5). In contrast,
Pol III enhances the production of 22 frame-
shift intermediates in view of its capacity to in-
sert C opposite GAAF. Moreover, under single-
hit conditions, the processivity of Pol II to ex-
tend the slipped 22 frameshift intermediate is
increased from 2, in the absence of b-clamp, to
3 nucleotides in its presence. The additional
nucleotide, conferred by the presence of the b-
clamp, is shown to be critical to support further
extension of the slipped intermediate by Pol III
rather than its degradation. The fact that Pol II,
a “classical” DNA polymerase, is directly in-
volved in lesion bypass despite its proficient
proofreading activity appears to be puzzling.
However, recent structural studies showed that
DNA Pol II possesses small cavities outside of
the active site that can accommodate looped out
template nucleotides of up to two base pairs,
supporting the 22 frameshift pathway (Wang
and Yang 2009). In conclusion, we were able to
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derive experimental conditions allowing the in
vitro data to properly reflect the in vivo results.
These conditions involve the presence of both
the b-clamp and Pol III in the reaction mixture.
In most cases, meaningful reconstitution of a
given TLS pathway goes far beyond the simple
lesion bypass reaction mediated by a TLS poly-
merase; the present example highlights the no-
tion that in vivo TLS is an integrated pathway
that involves across talk between replicative, spe-
cialized DNA polymerase and accessory factors.
It highlights the fact that Pol III has an active role
in shaping the pattern TLS events.

TLS Pathways: A Trial and Error Process?

The question as to whether there are specific le-
sion-to-polymerase matches during TLS entails
at least two distinct facets: specificity at the re-
cruitment step and proficiencyat the bypass step.

Specialized DNA polymerases are likely to
bind blocked primer-template termini in a way
that is not “instructed” by the nature of the le-

sion. Indeed, there is no genetic evidence for a
model invoking a cognate lesion-to-polymerase
relationship. Such a model is unlikely given the
huge diversity of DNA lesions and the relative-
ly small number of TLS polymerases. Genetical-
ly, it is clear that the efficiencies of TLS events
are positively correlated with the amounts of
available TLS polymerases (Becherel and Fuchs
2001). In this respect, the NarI mutation hot
spot offers a remarkable model in which a sin-
gle G-AAF lesion is bypassed by two different
DNA polymerases, Pol V and Pol II, leading to
two distinct molecularevents, error-free and 22
frameshift events, respectively. Both in vivo and
in vitro, the respective amounts of error-free and
22 frameshift events reflect the corresponding
amounts of Pol II and Pol V, respectively (Be-
cherel and Fuchs 2001; Fujii and Fuchs 2007).
TLS polymerases are necessarily recruited to the
b-clamp to become proficient in TLS (Becherel
et al. 2002). In conclusion, polymerase recruit-
ment to blocked primer-template termini fol-
lows classical mass-action parameters, such as

Replicative polymerase

Nari sequence context

5′-NGG

5′-NGGG 5′-TGG-G

G
3′-NCCGCGGCC

5′-NGG
3′-NCCGCGGCC

5′-NG---GCCGG
CGGCCN

CG
3′-NC

5′-NG---GCCGGN
CGGCCN

CG
3′-NC

3′-ACC CGGCC

3′-NCCGCGGCC

TLS polymerase (Pol II) Replicative polymerase

Pathway aborted by Pol III
proofreading

Elongation by Pol III

–1 Frameshift

Misinsertion of G opposite GAAF by Pol II
followed –1 slippage

–2 Frameshift

–2 Frameshifts

TLS patch by Pol II in the presence of β-clamp

Figure 5. DNA polymerase III actively shapes the outcome of TLS reaction in vivo. This notion is illustrated by
the Pol II-mediated TLS pathway at the NarI site in the presence of a GAAF adduct (shown in red). In vitro, Pol II
generates both 21 and 22 frameshift TLS products, whereas in vivo only 22 frameshift events are made. Minus
1 frameshift events result from frequent misinsertion by Pol II of G opposite GAAF, slippage, and subsequent
elongation. It turns out that these 21 frameshift events are aborted by Pol III proofreading. The addition of Pol
III to the Pol II-mediated bypass reaction in vitro allows the in vivo situation to be mimicked.
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the affinityof the polymerase to theb-clamp and
its concentration.

On the other hand, there are limited data
showing that polymerases show specificity with
respect to the lesions they are able or unable to
bypass. Selectivity is not based on precise chem-
ical determinants of the lesion itself but ap-
pears to depend on the location of the adduct
with respect to the geometry of the double he-
lix. Indeed, lesions that are located in the ma-
jor groove appear to be preferentially bypassed
by Pol V, whereas minor groove lesions are sub-
strate for Pol IV. For example, Pol V efficiently
bypasses UV-induced lesions (Fig. 1A: (4) and
(5)) (Tang et al. 2000; Fujii et al. 2004), although
it cannot bypass the N2-BP-G (Fig. 1A: (7)) ad-
duct located in the minor groove. Conversely,
Pol IVefficiently bypasses N2-BP-G or N-2-fur-
furyl adducts (Napolitano et al. 2000; Lenne-
Samuel et al. 2002; Shen et al. 2002; Yin et al.
2004; Jarosz et al. 2006; Seo et al. 2006) but not
UV-induced photoproducts. Insights into the
architecture of Y-family DNA polymerases in re-
lation to TLS have recently been revealed by
structural and molecular modeling studies (see
review by Chandani et al. 2010).

In conclusion, trial and error, a heuristic
problem-solving method, may represent a
good approximation for the way TLS polymer-
ases get involved in TLS pathways. TLS will be
successful provided the polymerase that gets re-
cruited is able to synthesize during the time it
remains bound to the blocked replication termi-
ni, a long enough TLS patch to resist proofread-
ing by the replicative polymerase (Fig. 4). On the
other hand, TLS will fail if the recruited poly-
merase is unable to bypass the lesion or if the
TLS patch size is too small. A failed TLS pathway
will start all over with another TLS polymerase-
binding event.

OTHER BACTERIA, OTHER SOLUTIONS
TO INDUCED MUTAGENESIS

Bacteria that Possess an imuABC
Mutagenesis Cassette

The mechanisms of induced mutagenesis and
TLS as discussed above reflect the situation in

E. coli. In recent years, it has become clear that
other bacteria do not follow the paradigm pro-
vided by the widely studied E. coli (for a short
review, see McHenry 2011a). In fact, bacteria
such as Pseudomonas aeruginosa, Caulobacter
crescentus, and Mycobacterium tuberculosis ex-
press two dnaE genes (dnaE genes encode the
a subunit of Pol III), DnaE1 and DnaE2,
DnaE2 being used instead of Pol V for induced
mutagenesis (Boshoff et al. 2003; Galhardo et al.
2005; Sanders et al. 2006). Because dnaE2 is the
distal gene in an operon preceded bya small gene
(imuA) that has a weak similarity to E. coli sulA
and recA, and a gene similar to a TLS DNA po-
lymerase (imuB), it was recently suggested to
rename dnaE2 as imuC. All three genes in this
operon are required for induced mutagenesis
and are epistatic to each other. Surprisingly,
M. tuberculosis, imuB, despite being homolo-
gous to Y-family DNA polymerases, does not
contain the triad of acidic residues that are con-
served in the active site of DNA polymerases
(Warner et al. 2010). In contrast, mutants in
catalytic acidic residues in imuC abolish induced
mutagenesis suggesting that ImuC rather than
ImuB acts as the bypass polymerase. As ImuB
binds to both theb-clamp and ImuC, one might
suggest that the role of ImuB in mutagenesis is to
recruit ImuC to the blocked replication fork.
Available data suggest that a similar model ap-
plies for the imuABC mutagenesis cassette pres-
ent in P. aeruginosa and C. crescentus.

Bacteria that Use a Proofreading-Deficient
polI Gene to Promote Genetic Instability

Helicobacter pylori, a human pathogen infecting
about half of the world population, is character-
ized by its considerable genome plasticity that
appears to be the basis for its high adaptation
capacity. Consistent with its small genome,
H. pylori possesses only two DNA polymerases,
Pol I and the replicative Pol III, lacking homo-
logs of TLS DNA polymerases. It was shown that
although Pol I plays its crucial role in replication
and repair, it also contributes to genomic insta-
bility (Garcı́a-Ortı́z et al. 2011). Indeed, strains
defective in the DNA polymerase activity of the
protein display reduced mutation frequencies.
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Conversely, overexpression of Pol I leads to a
mutator phenotype. Although the overall struc-
ture of the 30-50 exonuclease domain appears to
be preserved, at least three conserved acidic res-
idues involved in metal binding and essential for
exonuclease catalytic activity are missing (Der-
byshire et al. 1988). Consistently, the purified
protein lacks proofreading activity, allowing it
to efficiently elongate mismatched primers and
perform TLS. This work supports the idea that
the proofreading activity present in replicative
DNA polymerases constitutes the main barrier
for lesion bypass by these polymerases. Bacteria
with small genomes that lack bona fide TLS po-
lymerases may use a proofreading-deficient ver-
sion of a replicative DNA polymerase, DNA Pol I
for instance, to generate genomic plasticity (Liu
et al. 2006).

CONCLUSION: SIGNIFICANCE
OF TLS AND MUTAGENESIS FOR
PROKARYOTES

During the last 10 years, the process of TLS has
been solidly established at the biochemical level,
mostly based on the E. coli paradigm. In con-
trast, the strategies implemented by other bacte-
ria to deal with lesions and induce mutations
largely remains to be explored. A major chal-
lenge for the future will be to unravel the regu-
lation of TLS in vivo in the context of all other
lesion-tolerance pathways. Despite its prime im-
portance as a generator of genetic diversity, TLS
across replication-blocking lesions represents a
minor lesion-tolerance pathway, representing
�1%–2% and up to 10%–20% under non-
SOS- and SOS-induced conditions, respectively
(Pagès et al. 2012; K Naiman et al., unpubl.). DA
pathways process all remaining lesions. The
modest contribution of TLS to lesion tolerance
is also evidenced by the relatively moderate UV
sensitivity of strains that are deficient in all three
SOS-inducible DNA polymerases.

More work is required to understand fine-
tuning of TLS in response to dNTP pool size
changes that are elicited in response to geno-
toxic stress.

The process of TLS is induced as part of the
response to DNA-damaging agents and repre-

sents the main source of point mutations. Its
physiological role can thus be viewed as a bene-
ficial source of genetic diversity and thus as an
engine for evolution under stress conditions. In
recent years, it was also shown that subinhibi-
tory concentrations of antibiotics trigger the
SOS response; the ensuing induction of muta-
tions is thus likely to contribute to the emer-
gence of antibiotic resistance and to virulence
(see Kreuzer 2013).
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