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Abstract

Cells are constantly exposed to endogenous and exogenous chemical and physical agents that damage their

genome by forming DNA lesions. These lesions interfere with the normal functions of DNA such as transcription

and replication, and need to be either repaired or tolerated. DNA lesions are accurately removed via various repair

pathways. In contrast, tolerance mechanisms do not remove lesions but only allow replication to proceed despite

the presence of unrepaired lesions. Cells possess two major tolerance strategies, namely translesion synthesis

(TLS), which is an error-prone strategy and an accurate strategy based on homologous recombination (homology-

dependent gap repair [HDGR]). Thus, the mutation frequency reflects the relative extent to which the two toler-

ance pathways operate in vivo. In the present paper, we review the present understanding of the mechanisms of

TLS and HDGR and propose a novel and comprehensive view of the way both strategies interact and are regu-

lated in vivo.
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INTRODUCTION

The present paper reviews the various mechanisms by

which Escherichia coli cells respond to acute genotoxic

stresses such as ultraviolet (UV)-irradiation and summa-

rizes both early work dating as far back as 50 years and

on-going research. The isolation of E. coli strains that are

highly sensitive to UV irradiation, uvr strains, has led to

the discovery of the nucleotide excision repair (NER)

pathway (1). A wild-type strain has been shown to endure

up to 3000 UV lesions/genome, whereas an isogenic NER

deficient (uvrA) strain only tolerates ≈ 50-100 lesions/

genome (irradiation at 1-2 J/m2), illustrating the vigorous

repair capacity of NER. However, the residual tolerance of

50-100 lesions/genome in an NER deficient strain was

found to depend on the recA gene, the master gene in

homologous recombination. RecA was proposed to pro-

vide a repair function via homologous recombination

during replication as previously reviewed (2). As discussed

below, the precise mechanisms involved in post-replica-

tive recombinational repair are presently still under active

investigation. Early studies involving the incorporation of

radio-labelled dNTPs into the genome of UV-irradiated

NER-deficient cells led to the surprising discovery that

after an initial 15-20 min delay, E. coli cells synthesized

approximately the same amount of DNA as un-irradiated

control cells did. However, the size of the nascent DNA

fragments are shorter and approximately correspond to the

inter-lesion distance (2,3). The average delay inflicted on

fork progression has been estimated to be in the range of

10-20 s/lesion in two independent studies (3,4). Follow-

ing further incubation for 45-60 min, the short DNA frag-

ments are converted into larger molecules of the size

observed in the un-irradiated control (3). These data are

compatible with a model in which the replication fork ini-

tially skips over lesions via downstream re-priming leav-
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ing gaps opposite lesions. While re-priming is a natural

property in lagging strand replication it was shown in vitro

that the primase can also prime the leading strand (5). We

suggest that these gaps are subsequently repaired by so-

called post-replication repair pathways, namely transle-

sion synthesis (TLS) (6) or homology-dependent gap repair

(HDGR) using the sister chromatid as the template (2,7,8).

Furthermore, UV-irradiated Saccharomyces cerevisiae cells

showed uncoupling of leading and lagging strand replica-

tion. Electron microscopy (EM) images revealed that small

single-stranded DNA (ssDNA) gaps accumulate along

replicated duplexes, likely resulting from re-priming events

downstream of the lesions on both leading and lagging

strands (9). TLS and HDGR counteract gap accumulation

without affecting fork progression. Using a genetic tool, it

was confirmed that the process by which UV-induced gaps

are repaired is separable in time and space from genome

replication (10). Compared to the fork skipping reaction,

the repair of a single gap is a slow process estimated to

take ~30-40 min per lesion (6). Thus, it is critical for these

gap-repair events to be processed in parallel after the fork

has passed rather than at the fork, which would be extremely

time-consuming. Below we will discuss recent findings of

the interplay between TLS and HDGR.

INTERPLAY BETWEEN NER AND REPLICATION 
IN A WILD-TYPE STRAIN FOLLOWING

UV IRRADIATION

Compared to a uvrA strain, a wild-type strain can typi-

cally tolerate a 30-50-fold higher UV dose (i.e., 60 J/m2

instead of 1-2 J/m2) (1,2). In a wild-type strain, a UV dose

of 30-60 J/m2 dramatically reduces the rate of DNA syn-

thesis for at least 30 min before resuming the rate mea-

sured in a non-irradiated control strain (4,11). These data

are compatible with the following scenario: in the initial

30 min following UV irradiation in a wild-type strain, the

bi-directional replication forks skip over lesions at a simi-

lar rate as that estimated in an uvrA strain (10-20 s/lesion).

This rate corresponds to 90-180 lesions, given that at 60 J/

m2 the genome contains ≈ 3000 lesions, the replicated DNA

still corresponds to only 3-6% of the genome. During that

time NER actively removes lesions throughout the rest

of the genome. Indeed, within the initial 30 min post-irra-

diation, NER removes 90-95% of CPD dimers (4). Thus

after 30 min, the residual lesion density encountered by

the fork in the wild-type strain becomes similar to the

lesion density of the NER-defective strain irradiated at

1-2 J/m2. Consequently, replication restart apparently occurs

almost synchronously (4). This model accounts for the

higher mutation frequency due to error-prone bypass

in the specific regions of the chromosome undergoing

DNA replication at the time of irradiation as previously

described (12).

POST REPLICATIVE GAP REPAIR: INTERPLAY 
BETWEEN TLS AND HDGR

As discussed above, while post-replicative gaps were

first identified in UV-irradiated E. coli approximately 50

years ago (3,13,14), their repair mechanism is still under-

going extensive investigation (10,15-17). Post-replicative

gap repair pathways are not genuine repair pathways, as

they do not remove the lesion but only tolerate it to allow

replication to progress. Lesion tolerance pathways involve

either TLS or homologous recombination using the sister

chromatid as a template (18). The process of TLS occurs

widely from prokaryotes to eukaryotes (19). This path-

way is particularly relevant to human health since a can-

cer-prone human disease, xeroderma pigmentosum variant

(XPV), is caused by mutations in a specialized DNA poly-

merase gene (20,21). In contrast to HDGR that accurately

bypasses the lesions, TLS is intrinsically mutation prone

owing to the low replication fidelity of the specialized

polymerases. To avoid unnecessary mutagenic risk, TLS

polymerases are tightly controlled transcriptionally, post-

translationally, or both (19).

INTEGRATED MECHANISM OF TLS IN VIVO

E. coli possesses five DNA polymerases (Pol I to V),

and three (II, IV, and V) are involved in TLS (22). One of

the specialized DNA polymerases (Pol V) encoded by

umuDC (23), is the representative TLS polymerase because

it is highly capable of bypassing various DNA damages

(24). Indeed, numerous genetic studies dating back approxi-

mately 40 years, described the involvement of the umuDC

gene products in induced mutagenesis (25,26). Genetic

studies have shown that in order to function as a TLS poly-

merase in vivo, Pol V has to interact with two accessory fac-

tors, RecA and β-clamp (27-30). In contrast to the widely

accepted genetic model of Pol V activation, two distinct

biochemical models referred to as the “cis-activation” and

“trans-activation” models have been proposed to describe

the biochemical context under which Pol V functions (31-

34). While both models similarly indicate that Pol V acti-

vation requires its interaction with the RecA filament

formed on a ssDNA, the models differ in the provenance

of the RecA filament. However, considering that the ssDNA

occurs downstream of the lesion when a fork encounters a

replication block, the so-called cis-activation model appears

to be physiologically more relevant. In addition, it should

be stressed that the requirement of the β-clamp for func-

tional activation of Pol V is essential in the cis- but not the

trans-activation models [for details see “cis-activation” vs

“trans-activation” in (35,36)].

Reconstitution of Pol V-mediated TLS has provided an

insight into the biochemical process of lesion bypass, most

importantly with respect to length of the patch created by
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Pol V past the lesion. Pol V is error-prone in contrast to

the high-fidelity replicative polymerase and, therefore, the

length of the DNA patch created by Pol V (TLS patch, Fig.

1A) is a major determinant of the lesion bypass accuracy

because longer TLS patches increase the number of errors.

The TLS patch size needs to be above a threshold length

to prevent its degradation by the proofreading function of

Pol III following its re-loading (37). For a TT pyrimidine-

pyrimidone (6-4) photoproduct [TT (6-4)], successful

bypass is achieved when the TLS patch size is ≥ 6 nucleo-

tides (nt), counting from the nt opposite the 3 -T of TT (6-

4). The average TLS patch size induced by Pol V at a TT

(6-4) in vitro was estimated to be 15 nt, a length compati-

ble with productive bypass (32). The balance between

exonucleolytic degradation and polymerization by the rep-

licative DNA polymerase is modulated by the dNTP pool

size (38). Genotoxic stress increases the dNTP pool size

and, thus, favors elongation over proofreading. In a recent

study, we measured the Pol V-mediated TLS patch size at

a single TT (6-4) lesion in vivo using a single-molecule

deep-sequencing approach to visualize the mutagenic sig-

nature of Pol V on undamaged DNA (39). Pol V synthe-

sis was tracked by an increase in mutation events and,

unexpectedly, revealed that after completing the initial

TLS patch, Pol V was able to re-access the undamaged

DNA template downstream from the lesion to synthesize

other patch(es) of low fidelity DNA synthesis [referred to

as error-prone post-TLS patch(es), Fig. 1, panel 6]. The

sequencing data also revealed a patch with increased error

frequency upstream of the TT (6-4) lesion that we tenta-

Fig. 1. Integrated view of translesion synthesis (TLS) pathways. Step 1: the replicative DNA polymerase dissociates from the primer
template after encountering noncoding template base. Step 2: vacant primer template becomes the substrate for binding by spe-
cialized DNA polymerases; there appears to be no active selection process for the binding of a specific polymerase; i.e., binding is
stochastic and follows classical mass-action laws. Step 3: a successful specialized polymerase is one that can synthesize a patch long
enough to resist proofreading (TLS patch in dotted red) in a single binding event. Interaction of TLS polymerase with the β-clamp
left behind on the template following dissociation of replicative DNA polymerase is essential to confer limited processivity to TLS
polymerase that are otherwise highly distributive. For all three SOS polymerases (Pol II, Pol IV, and Pol V), mutations that inactivate
the β-clamp binding motif abrogate their TLS activity in vivo (30). Step 4: following dissociation of the TLS polymerase, the “TLS
patch” is extended after reloading of the replicative polymerase, leading to complete TLS (Step 5). If the TLS patch is too short, the
proofreading activity of the replicative DNA polymerase may abort the TLS pathway back to step 1. The balance between exonu-
cleolytic degradation and polymerization by the replicative DNA polymerase is modulated by the dNTP pool size (37). Increased
dNTP pools arising because of genotoxic stress favor elongation over proofreading. Recently, deep sequencing of numerous Pol V-
mediated TLS events have revealed the fine structure of the post replicative gap-filling process in vivo (39). Pol V synthesis was
tracked by an increase in mutation events and, unexpectedly, revealed that after completing the canonical TLS reaction, Pol V re-
accessed the undamaged DNA template downstream from the lesion to synthesize other patch(es) of low fidelity DNA synthesis
[referred to as error-prone post-TLS patch(es)] over a distance of up to 400 nt downstream of the lesion.
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tively attributed to error-prone synthesis following exonu-

clease-mediated resection of the primer blocked at the

lesion site. Taken together, these data underscore the con-

cept of untargeted mutagenesis linked to TLS as a likely

contributor to adaptation/evolution within the frame of the

SOS response and establish a novel paradigm for post-rep-

licative gap filing in vivo.

INTERPLAY BETWEEN HDGR AND TLS:
HOW HDGR IS MEASURED

The relative proportion to which the two major DNA

damage tolerance pathways, TLS and HDGR (also referred

to as damage avoidance or copy choice) are used in living

cell has received little experimental attention until recently.

While plasmid-based probes carrying single lesions have

been instrumental to study TLS pathways, they are inap-

propriate for studying HDGR due to massive replication

fork uncoupling (6,40,41). Indeed, fork uncoupling and

concomitant progression of the replicative helicase fully

unwinds the parental strands and, thus, prevents recombi-

nation events with the sister chromatid. To simultaneously

monitor TLS and HDGR events in vivo, we developed a

method to introduce single lesions into the E. coli chromo-

some (41). Our experimental system is based on the phage

lambda site-specific recombination reaction between a

construct that carries the lesion of choice and the E. coli

chromosome (41). The lesion-containing construct is fab-

ricated in vitro, and carries a small sequence heterology

opposite the lesion that serves as a genetic strand marker

(42).

Using this assay, we investigated the mechanism under-

lying tolerance to three strong replication-blocking lesions,

namely G-AAF, TT_CPD, and TT (6-4) (36), are toler-

ated in the E. coli chromosome (43). All experiments were

conducted in an NER deficient genetic background (uvrA)

and under mismatch repair (MMR, mutS) conditions to

avoid repair of the single lesion and the sequence heterol-

ogy. Under non-SOS induced conditions, replication-block-

ing lesions are barely bypassed by TLS (i.e., the TLS

ranges from 0.5 to 2%), and most lesion tolerance (> 95%)

occurs by recombination. When the SOS response is

induced by prior UV irradiation or genetically (lexA[Def]

or recA730), there is a robust 10-20-fold increase in TLS

across the strong replication-blocking lesions. It should be

stressed that even under SOS-induced conditions, the level

Fig. 2. Chronological implementation of DNA damage tolerance pathways. When a replication fork encounters a replication-block-
ing lesion in one of the template strands, the fork skips over the lesion via downstream re-priming leaving a single-stranded gap.
These single-stranded DNA gaps are converted into ssDNA.RecA filaments (A ≥ B); loading of RecA to single-stranded DNA gaps is
aided by recombination mediator proteins such as RecFOR that help displace SSB from ssDNA. After formation, the ssDNA.RecA fila-
ment plays several important roles: i) SOS induction, ii) activation of Pol V, and iii) initiation of homologous recombination. Initially
TLS (B ≥C) is favored by the SOS-mediated increase in the concentration of the specialized DNA polymerase expression as well as
by activation of Pol V by the RecA filament. However, formation of a D-loop when the ssDNA.RecA filament invades the homolo-
gous sister chromatid (i.e., an early HDGR intermediate) (B≥ B'), the TLS reaction is shut off by mere substrate sequestration. Com-
pletion of the homologous recombination reaction (B' ≥C') leads to an HDGR event. This model defines a chronological switch from
TLS to HDGR. The switch from TLS -> HDGR can be modulated genetically as follows. i) Under non-SOS-induced conditions, i.e., at
low concentration of TLS Pol’s, TLS is low (1% range); TLS is increased ~10-fold under SOS-induced conditions showing that the
concentration of the specialized polymerases is rate-limiting for TLS. ii) Delayed D-loop formation by specific recA alleles extends
time window of TLS (i.e., half-life of intermediate B is increased), leading to higher level of TLS at the expense of HDGR (46).
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of TLS (~30% at most) remains low compared to the level

of HDGR. Thus, under physiological conditions, TLS

across strong replication-blocking lesions appears to be a

minor survival pathway compared to recombination-medi-

ated tolerance (Fig. 2). In fact, in the absence of TLS (pol-

BumuDC or lexA[Ind-] strains), survival is fully mediated

by HDGR without any significant loss in colony forma-

tion efficiency. The HDGR pathway is fully proficient in a

lexA(Ind-) strain, suggesting that this pathway does not

involve induction of any SOS gene. Only recA null mutants

were profoundly deficient in the extent of HDGR, indicat-

ing that constitutive expression of RecA protein is suffi-

cient to support HR-mediated gap repair. It is also remarkably

noteworthy that the level of TLS can be boosted to nearly

100% by raising the expression level of the TLS poly-

merases (43). In conclusion, under physiological condi-

tions, TLS polymerase concentration acts as a rate-limiting

factor for TLS.

CHRONOLOGICAL IMPLEMENTATION
OF TLS AND HDGR

When a replication fork encounters a replication-block-

ing lesion in one of the template strands, the fork skips

over the lesion via downstream re-priming, leaving a sin-

gle-stranded gap. These single-stranded DNA gaps are

converted into ssDNA.RecA filaments with the help of

recombination mediator proteins such as RecFOR (and

RecBCD to a lesser extent) that aids the displacement of

the single-stranded DNA binding protein (SSB) from the

ssDNA. Once formed, the ssDNA.RecA filament plays

several important roles in DNA damage tolerance path-

ways (44): i) induction of the SOS response via cleavage

of the LexA repressor, ii) activation of Pol V, and iii) initi-

ation of homologous recombination reaction via D-loop

formation with the sister chromatid. Both the induction of

the SOS response that increases the concentration of the

TLS polymerases and the biochemical activation of Pol V

trigger TLS. However, as soon as the ssDNA.RecA fila-

ment invades the homologous sister chromatid and forms

a D-loop, i.e., the early HDGR intermediate, the TLS reac-

tion is shut down by mere substrate sequestration. This

process leads to a chronological implementation of the tol-

erance pathways, with TLS being executed first during a

limited time-window defined by the kinetics of D-loop

formation. We have experimentally investigated this model

using recA point mutants that are partially impaired in the

kinetics of D-loop formation but fully competent for

ssDNA.RecA filament formation (45). In these strains, the

TLS levels are strongly increased (10- to 20-fold) (46).

Thus, a partial defect in RecA’s capacity to invade the

homologous sister chromatid increases the lifetime of the

ssDNA.RecA filament, i.e., the “SOS signal”. The increased

lifetime of the ssDNA.RecA filament (B intermediate in

Fig. 2) favors TLS by increasing both the TLS polymerase

concentration and the lifetime of the TLS substrate before

it becomes sequestered by homologous recombination

(B' intermediate in Fig 2). In conclusion, the switch from

error-prone TLS to error-free HDGR is controlled by

the kinetics of the formation of the early homologous

recombination intermediate, i.e., the D-loop between the

ssDNA.RecA filament and the sister chromatid (B->B'

transition in Fig. 2).
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