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Abstract

DNA polymerase e (pol e) is believed to be the leading strand replicase in eukaryotes whereas pols l and b are thought to
be mainly involved in re-synthesis steps of DNA repair. DNA elongation by the human pol e is halted by an abasic site
(apurinic/apyrimidinic (AP) site). We have previously reported that human pols l, b and g can perform translesion synthesis
(TLS) of an AP site in the presence of pol e. In the case of pol l and b, this TLS requires the presence of a gap downstream
from the product synthetized by the e replicase. However, since these studies were conducted exclusively with a linear DNA
template, we decided to test whether the structure of the template could influence the capacity of the pols e, l, b and g to
perform TLS of an AP site. Therefore, we have investigated the replication of damaged ‘‘minicircle’’ DNA templates. In
addition, replication of circular DNA requires, beyond DNA pols, the processivity clamp PCNA, the clamp loader replication
factor C (RFC), and the accessory proteins replication protein A (RPA). Finally we have compared the capacity of unmodified
versus monoubiquitinated PCNA in sustaining TLS by pols l and g on a circular template. Our results indicate that in vitro
gap-directed TLS synthesis by pols l and b in the presence of pol e, RPA and PCNA is unaffected by the structure of the DNA
template. Moreover, monoubiquitination of PCNA does not affect TLS by pol l while it appears to slightly stimulate TLS by
pol g.
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Introduction

At least three DNA polymerases (pols) are required for

chromosomal DNA replication in eukaryotic cells: pol a, pol d
and pol e. Pol a has an associated primase activity necessary for

initiation of replication [1,2]; subsequently processive DNA

synthesis is resumed by pol d and e. Data from yeast indicate

that pol e primarily replicates the DNA leading strand and pol d
the lagging strand [3].

Abasic sites (AP sites) arise frequently by spontaneous hydrolysis

of purines in DNA and are a common intermediate of numerous

DNA repair systems. AP sites are among the most frequent

endogenous DNA lesions [4,5] and pose a serious problem to the

advancement of pols because the modified bases have lost their

coding capacity. Very recently, an additional primase/polymerase,

named PrimPol has been identified in Human cells [6–8] and

whether this enzyme is required for unperturbed chromosomal

DNA replication or following DNA damage or in both cases is still

a matter of debate.

Translesion synthesis (TLS) of an AP site can be accomplished

in vitro by either Y or X family pols [9–11]. It has also been

reported that an AP site can be bypassed in vitro by pol a [12], by

pol d in the presence of the processivity clamp PCNA [13] and by

PrimPol [6–8]. In contrast, elongation by human pol e appeared

to be blocked mainly at the base preceding the lesion, with minor

incorporation opposite to it [14].

A widely accepted model of TLS is the polymerase-switching

model, in which protein-protein interaction leads to a switch

between the replicative pol arrested at a lesion and a pol capable of

bypass. In eukaryotes, this switching appears to be mediated by a

monoubiquitinated form of PCNA, although monoubiquitination

appears to be important but not essential for TLS [10,15].

Conversely, another model, named gap-filling model, can be

taken in consideration. This model could apply to TLS in DNA

gaps resulting from re-priming events or processing of closely

spaced lesions on opposite DNA strands [10]. In contrast to the

polymerase-switching model, the possible molecular mechanisms

underlying the gap-filling model remain largely unknown.
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Recently we have presented evidence that human pols l, b and

g can perform TLS of an AP site in the presence of pol e, likely by

extending the 39OHs created at the lesion by the arrested pol e
[16]. Pols l and b require for this TLS the presence of a DNA gap

downstream from the product synthesized by pol e, and the

optimal gap length for efficient TLS is different for the two pols.

Collectively, these results support the existence of a mechanism for

gap-directed TLS at an AP site involving a switch between the

replicative pol e and the repair pols l and b.

However, since these studies were conducted exclusively with a

linear DNA template, we decided to examine whether the

structure of the template could influence the capacity of the pols

e, l and b to perform TLS of an AP site. This was investigated by

testing replication of damaged ‘‘minicircle’’ DNA templates. These

circular templates-primers were engineered so that their replica-

tion by pol e led to the formation of single–stranded gaps of

different length downstream the AP site. Replication of circular

DNA requires, beyond DNA pols, the processivity clamp PCNA,

the clamp loader replication factor C (RFC), and the accessory

proteins replication protein A (RPA). We have also compared the

capacity of unmodified versus monoubiquitinated PCNA in

sustaining TLS by pols l, b and g.

Our results indicate that in vitro gap-directed TLS synthesis by

pols l and b in the presence of pol e, RPA, RFC and PCNA is

unaffected by the structure of the DNA template and that

monoubiquitination of PCNA does not influence TLS by pol l
while it appears to stimulate TLS by pol g.

Materials and Methods

Proteins
Recombinant human pol l, RPA and PCNA were expressed

and purified as described [17–19]. Site-specifically monoubiqui-

tinated PCNA was synthesized as described [20]. Recombinant

human pol b was from Trevigen Inc. (Gaithesburg, MD).

Recombinant human pol g was from Enzymax (Lexington,

KY). Human pol e was purified from HeLa cells trough six

purification steps as described [14]. The glycerol gradient fraction

used in this study had a specific activity of 24,000 units/mg. Its

purity was estimated to be .50% and the fraction was devoid of

Figure 1. DNA templates –primers used in this study. AP indicates the position of the synthetic abasic site at the G position of the undamaged
template. For details see Materials and Methods
doi:10.1371/journal.pone.0093908.g001
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Figure 2. Translesion synthesis over an AP site by DNA
Polymerases l and b in the presence of DNA DNA polymerase
e on circular DNA templates with gaps of four or one
nucleotides downstream the lesion. Experiments were performed
with damaged templates with either 74 or 77 mer primers, as depicted
on the top of Fig 2A and in Fig 1. The enzymes are indicated at the top
of the Figure. Experiments were carried out as described in Materials
and Methods. A: Lane 1, no polymerase present. Lane 2, reaction
incubated for 35 minutes with 0.025 pmol of pol e. Lane 3, reaction
incubated for 30 minutes with 0.025 pmol of pol e, then 0.25 pmol of
pol l was added and the incubation was continued for 5 minutes. Lane
4, no polymerase present. Lane 5, reaction incubated for 35 minutes
with 0.025 pmol of pol e. Lane 6, reaction incubated for 30 minutes with
0.025 pmol of pol e, then 0.25 pmol of pol b was added and the
incubation continued for 5 minutes. Lane 7, reaction incubated for 30
minutes with 0.025 pmol of pol e, then 0.25 pmol of pol b was added
and the incubation continued for 10 minutes. The position of the
primers, the AP site and the nucleotides past the AP site are indicated.
B: Quantification of the percentage of TLS, calculated as described in
Materials and Methods. Mean +/2 S.D. values for three independent
experiments are indicated.
doi:10.1371/journal.pone.0093908.g002

Figure 3. RFC stimulation of PCNA dependent synthesis on a
circular DNA template. Experiments were performed with the intact
template and a 44 mer primer, as depicted on top of Fig 3A and in Fig 1.
The proteins are indicated at the top of the Figure. Experiments were
carried out as described in Materials and Methods. A: Lane 1, reaction
incubated for 5 minutes with 0.03 pmol of pol d and 1 pmol of PCNA.
Lane 2, reaction incubated for 5 minutes with 0.03 pmol of pol d,
1 pmol of PCNA and 80 ngs of RFC. Lane 3, reaction incubated for 5
minutes with 0.03 pmol of pol d, 1 pmol of PCNA and 160 ngs of RFC.
Lane 4, reaction incubated for 5 minutes with 0.03 pmol of pol d,
1 pmol of PCNA and 240 ngs of RFC. Lane 5, 160 ngs of RFC alone
incubated for 25 minutes. Lane 6–10, reactions incubated with
0.03 pmol of pol d and 1 pmol of PCNA for 5,10,15,20 and 25 minutes
respectively. Lane 11–15, reactions incubated with 0.03 pmol of pol d,
1 pmol of PCNA and 160 ngs of RFC for 5,10,15,20 and 25 minutes
respectively. B: Quantification of the data in A by plotting the relative
intensity of the bands migrating higher than the primer. The positions
of the primer and of the 100 mer full length product are indicated. Left
graph shows mean +/2 S.D. values for three independent experiments.
Right graph shows the quantification of the right panel of figure 3A.
doi:10.1371/journal.pone.0093908.g003
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other replicative pols. Human recombinant pol d was expressed

and purified as described [21]. His–tagged human RFC subunits

were expressed in Baculovirus. Cells were collected and lysed in

buffer LEW (50 mM NaH2PO4 pH 8, 300 mM NaCl and

protease inhibitor cocktail-Roche) and centrifuged at 20,000 rpm

1 hour in JA-20 rotor. The supernatant was mixed with Ni-DA

beds in LEW buffer for 4 hours at 4uC and then poured into a

column. Elution was performed with LEW plus 250 mM

Imidazol. The 2 ml eluted fraction was diluted at 100 mM NaCl

with buffer A (50 mM this pH 8, 50 mM NaCl, 15% glycerol,

1 mM EDTA, 1 mM 2-mercaptoethanol and 2 mM protease

inhibitors) and charged on a mono Q column equilibrated with

buffer A. Fractions of 0.4 ml were eluted with a gradient of 0.1 to

0.4 NaCl in buffer A and the protein peak fractions tested for the

capacity to stimulate pol d activity in presence of PCNA on a

minicircular template (see Results and Discussion).

DNA substrates and chemicals
The 100-mer oligonucleotide linear template, either undam-

aged or containing a synthetic AP site (tetrahydrofuran moiety)

and the oligonucleotides used as scaffold for constructing circular

DNA templates or as primers for extension assays, were from

Eurogentec and were PAGE purified. For a detailed description of

the method used to construct a mini-circular DNA template

starting from a linear one see [22]. The DNA templates-primers

used in this study are shown in Fig 1. Primers were 59-labelled with

T4 polynucleotide kinase (New England Biolabs) in the presence of

[c-32P]-ATP according to the manufacturer’s protocol. Each

primer was mixed with the templates at a 1:1 (M/M) ratio in the

presence of 20 mM Tris HCl pH 8 and 50 mM KCl, heated at

90uC for 5 minutes and then slowly cooled. [c-32P]-ATP was from

Perkin Elmer, dNTPs were from Fermentas, and 206 Glycerol

Tolerant Gel (GTG) buffer was from USB.

Primer extension assays
Reaction mixtures of 15 ml were incubated at 37uC and

contained 0.15 pmoles of DNA templates, 50 mM Hepes KOH

pH 7.5, 8 mM MgCl2, 1 mM DTT, 200 mg/ml BSA, 2.5%

Glycerol, 1.5 mM ATP and 50 mM each of dATP, dCTP, dGTP

and dTTP. The incubation times and the amounts or of proteins

used are indicated in the legends of the figures. The reactions were

stopped by adding 7.5 ml of stop solution containing 0.1% xylene

cyanol and 0.1% bromophenol blue in 90% formamide. Before

loading onto the gel, samples were denatured by heating at 100uC
for 3 min. The reaction products were resolved on denaturing

polyacrylamide gel electrophoresis (7 M urea, 10% acrylamide),

run in GTG buffer (90 mM Tris HCL pH 9, 30 mM taurine and

5 mM EDTA), visualized and quantified using Molecular

Dynamics PhosphorImager and ImageQuant software. The

percentage of translesion synthesis (TLS) was calculated as the

ratio of the intensity of bands present at the position opposite the

lesion or beyond to the intensity of these bands plus the one

present one nucleotide before the lesion.

Figure 4. Translesion synthesis over an AP site on circular DNA
templates by a reconstituted replication complex. Experiments
were performed with damaged templates primed with either 74 or 77
mer primers, as depicted on the top of Fig 4A and in Fig 1. The proteins
are indicated at the top of the Figure. Experiments were carried out as
described in Materials and Methods. A: Lane 1, no proteins present.
Lane 2, reaction incubated for 35 minutes with 0.025 pmol of pol e,
1 pmol of PCNA and 0.25 pmol of RPA. Lane 3, reaction incubated for
35 minutes with 0.025 pmol of pol e, 1 pmol of PCNA, 0.25 pmol of RPA
and 160 ngs of RFC. Lane 4, reaction incubated 5 minutes with
0.25 pmol of pol l, 1 pmol PCNA, 0.25 pmol RPA and 160 ngs of RFC.
Lane 5, reaction incubated for 30 minutes with 0.025 pmol of pol e,
1 pmol of PCNA and 0.25 pmol of RPA; then 0.25 pmol of pol l was
added and the incubation was continued for 5 minutes. Lane 6, reaction
incubated for 30 minutes with 0.025 pmol of pol e, 1 pmol of PCNA,
0.25 pmol of RPA and 160 ngs of RFC; then 0.25 pmol of pol l was
added and the incubation was continued for 5 minutes. Lane 7, no
proteins present. Lane 8, reaction incubated for 35 minutes with
0.025 pmol of pol e, 1 pmol of PCNA and 0.25 pmol of RPA. Lane 9,
reaction incubated for 35 minutes with 0.025 pmol of pol e, 1 pmol of
PCNA, 0.25 pmol of RPA and 160 ngs of RFC. Lane 10, reaction
incubated 5 minutes with 0.25 pmol of pol b, 1 pmol of PCNA,
0.25 pmol of RPA and 160 ngs RFC. Lane11, reaction incubated for 30

minutes with 0.025 pmol of pol e, 1 pmol of PCNA and 0.25 pmol of
RPA; then 0.25 pmol of pol b was added and the incubation was
continued for 5 minutes. Lane 12, reaction incubated for 30 minutes
with 0.025 pmol of pol e, 1 pmol of PCNA, 0.25 pmol of RPA and
160 ngs of RFC; then 0.25 pmol of pol b was added and the incubation
was continued for 5 minutes. The position of the primers, the AP site
and the nucleotides past the AP site are indicated. B: quantification of
the percentage of TLS, calculated as described under Materials and
Methods. Mean +/2 S.D. values for three independent experiments are
indicated.
doi:10.1371/journal.pone.0093908.g004
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Results and Discussion

The structure of the DNA could affect the TLS activity of a

DNA polymerase. Indeed, the E. coli replicase DNA polymerase

III holoenzyme showed a limited capacity to replicate through an

abasic site only when the lesion was present on a circular DNA

substrate [23].

We have recently shown that human pols l, b and g can

perform TLS of an AP site in the presence of pol e; this TLS

required, for pols l and b, the presence of a DNA gap downstream

from the product synthesized up to the lesion by pol e [16].

Furthermore, no TLS by pol l and b was detected in the presence

of a gap of a length longer than 13 nucleotides. Since this study

was conducted on a linear DNA template-primer, we investigated

whether these conclusions were also valid with a circular DNA. To

permit a direct comparison with the data obtained with the linear

DNA, we circularized the 100-mer template used in the previous

study and we primed it with oligonucleotides of different length in

order to create gaps of 33, 4 and 1 nucleotides respectively,

downstream the position of the AP site following replication by pol

e up to the lesion (substrates B, C and D of Fig 1). As expected the

enzyme stopped at the nucleotide preceding the lesion, with nearly

20% incorporation in front of it (lane 2 and 5 of Fig 2A, quantified

in B). At this time point either pol l or pol b were added. With the

circular DNA bearing a 33 nucleotides gap we observed no TLS

upon addition of pol l or b. On the contrary, efficient TLS by pol

l and b was observed with a 4 or 1 nucleotide gap templates-

primers respectively (lanes 3, 6 and 7 of Fig 2A, quantified in B).

These data paralleled those obtained with the linear template and

show that pol l and b can performed TLS on a circular DNA in

the presence of pol e only if DNA gaps of appropriate lengths are

present downstream the lesion.

Accessory replicative proteins such as the processivity clamp

PCNA and the single-stranded DNA-binding protein RPA play a

fundamental role in DNA replication, repair and recombination

[2,5].

PCNA is a ring shaped homotrimeric protein that is loaded on

the primer-template junction by a multiprotein clamp loader,

replication factor C (RFC), which couples the hydrolysis of ATP

with the opening and closing of the PCNA ring around the DNA

[24]. In the presence of RFC, PCNA increases the processivity of

the replicative pol d [2] but its capacity to stimulate or not the

processivity of pol e remains controversial, possibly depending on

the type of DNA substrates and experimental conditions used

[25,26].

In this study we have used RFC (see Materials and Methods for

its purification) and verified its functionality by monitoring its

capacity to stimulate elongation by pol d in the presence of PCNA

on the undamaged minicircular template-primer A depicted in

Fig 1.

First, we checked the capacity of different concentrations of

RFC to stimulate PCNA dependent pol d synthesis. As it can be

seen in Fig 3A lanes 1–4, quantified in Fig 3B, a robust stimulation

was observed already at the first concentration of RFC used, and

this effect increased with higher amounts of the protein.

We also performed a kinetic of stimulation and found that an

increasing effect was observed up to 25 minutes of incubation

(Fig 3A lanes 11–15, quantified in B). Moreover, some reaction

products of higher molecular weight than the 100 mer full size

replication product were also detected in the presence of RFC

(lanes 7 to 11) which are likely to be the result of strand

displacement synthesis by pol d in presence of PCNA [27]. Note

that 160 ngs RFC alone did not display any polymerase activity

under our experimental conditions (lane 5 of Fig 3), and that no

Figure 5. Monoubiquitination of PCNA does not change the
pattern of TLS by DNA polymerase l. Experiments were performed
with a damaged template primed with the 74 mer primer, as depicted
on the top of the Fig 5A and in Fig 1. The proteins are indicated at the
top of the figure. Experiments were carried out as described in Materials
and Methods. A: lane 1, no proteins present. Lane 2, reaction incubated
for 35 minutes with 0.025 pmol of pol e. Lane 3, reaction incubated for
35 minutes with 0.025 pmol of pol e, 0.25 pmol of RPA and 160 ngs of
RFC. Lane 4, reaction incubated for 30 minutes with 0.025 pmol of pol e,
0.25 pmol of RPA and 160 ngs of RFC; then 0.25 pmol of pol l was
added and the incubation continued for 5 minutes. Lanes 5 to 7; as in
lane 4 but with 0.3, 0.6 and 1.2 pmol of PCNA respectively. Lanes 8 to
10; as in lane 4 but with 0.3, 0.6 and 1.2 pmol of monoubiquitinated
PCNA respectively. The position of the primers, the AP site and the
nucleotides past the AP site are indicated. B: Quantification of the
percentage of TLS, calculated as described in Materials and Methods.
Mean +/2 S.D. values for three independent experiments are indicated.
doi:10.1371/journal.pone.0093908.g005

Gap Directed Translesion DNA Synthesis

PLOS ONE | www.plosone.org 5 April 2014 | Volume 9 | Issue 4 | e93908



Figure 6. Monoubiquitinated PCNA stimulates TLS by DNA polymerase g. Experiments were performed with damaged templates primed
with the 44 or 74 mer primers, as depicted on the top of Fig 6A and in Fig 1. The proteins are indicated at the top of the Fig. Experiments were carried
out as described in Materials and Methods. A: 1, no proteins present. Lane2, reaction incubated for 30 minutes with 0.025 pmol of pol e, 1.2 pmol of
PCNA, 0.25 pmol of RPA and 160 ngs of RFC; then 0.25 pmol of pol l was added and the incubation continued for 5 minutes. Lane 3, as in lane 2 but
with 1.2 pmol of monoubiquinated PCNA. Lane 4, reaction incubated for 30 minutes with 0.025 pmol of pol e, 1.2 pmol of PCNA, 0.25 pmol of RPA
and 160 ngs of RFC; then 0.25 pmol of pol g was added and the incubation continued for 5 minutes. Lane 5, as in lane 4 but with 1.2 pmol of
monoubiquinated PCNA. The positions of the primer and of the AP site are indicated. B: quantification of the percentage of TLS of the data shown in
A, calculated as described in Materials and Methods. Error bars reflect ranges from two independent experiments. C: 1, no proteins present. Lane2,
reaction incubated for 30 minutes with 0.025 pmol of pol e, 1.2 pmol of PCNA, 0.25 pmol of RPA and 160 ngs of RFC; then 0.25 pmol of pol l was
added and the incubation was continued for 5 minutes. Lane 3, as in lane 2 but with 1.2 pmol of monoubiquinated PCNA. Lane 4, reaction incubated
for 30 minutes with 0.025 pmol of pol e, 1.2 pmol of PCNA, 0.25 pmol of RPA and 160 ngs of RFC; then 0.25 pmol of pol g was added and the
incubation was continued for 5 minutes. Lane 5, as in lane 4 but with 1.2 pmol of monoubiquinated PCNA. The positions of the primer and of the AP
site are indicated. D: quantification of the percentage of TLS of the data shown in C, calculated as described in Materials and Methods. Error bars
reflect ranges from two independent experiments.
doi:10.1371/journal.pone.0093908.g006
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stimulation of pol d was observed in the presence of RFC but in

the absence of PCNA (data not shown).

Taken together, these data indicated that RFC substantially

stimulated DNA synthesis by pol d in the presence of PCNA, thus

effectively acting as clamp loader under our experimental

conditions.

Next, we investigated whether the TLS catalysed at gaps in

circular DNA by pols l and b in presence of pol e could be

influenced by human PCNA, RPA and RFC. Previous data with

linear DNA indicated that a 4 nucleotide gap is the optimal

substrate to monitor TLS of the AP site by pol l [16]. Therefore,

the circular DNA bearing such a gap was chosen as template-

primer for the experiments which are presented in the left part of

Fig 4A. As it can be seen in lanes 2, pol e, in presence of PCNA

and RPA, was unable to replicate past the AP site and mainly

stopped at the base preceding the lesion with some incorporation

opposite it. Addition of RFC did not change the pattern of the

reaction products (lane 3). Addition of pol l led to TLS of the AP

site to fill the 4 nucleotide gap downstream the lesion (lane 5).

Addition of RFC did not change the TLS capacity (lane 6). When

pol l alone was incubated for 5 min with the substrate (lane 4), the

products synthesized were too short to reach the lesion, suggesting

that pol l catalysed TLS by using the 39OH created by pol e.
Similar results were obtained by pol b using the circular 1

nucleotide-gap substrate that in its linear form was found to be

optimal for TLS by pol b [16] and are presented in the right part

of Fig. 4A. As it can be seen (lanes 8 to 12), addition of PCNA,

RPA or RFC did not change the DNA synthesis pattern of pol e
alone or the TLS capacity of pol b in the presence of pol e.

Fig 4B quantifies the data shown in Fig. 4A. As it can be seen,

under the same experimental conditions, the extent of TLS

detected by pols l and b is highly comparable to the one observed

in the absence of PCNA, RPA and RFC (see lanes 3 and 6 of

Fig 2B). These results strongly indicate that TLS by the two pols is

not influenced by these accessory factors when replicating a

circular DNA template.

Monoubiquitination of PCNA at lys 164 (PCNA-Ub) appears to

be necessary to make it capable of stimulating TLS by translesion

pols in the cell [2]. Therefore we investigated whether mono-

ubiquitination of PCNA could affect gap directed TLS of an AP

site by pol l in the presence of pol e, RPA and RFC. We directly

compared TLS by this polymerase on the 4 nucleotides gapped

circular DNA when increasing amount of either unmodified or

monoubiquitinated PCNA were present. The result of such

experiment is shown in Fig. 5A and quantified in 5B. As expected,

efficient TLS by pol l is achieved already in absence of PCNA

(lane 4). As it can be seen, addition of either increasing amount of

unmodified or monoubiquitinated PCNA did not affect the extent

of the TLS reaction (compare lanes 5–7 to lanes 8–10), indicating

that monoubiquitination of PCNA does not play a significant role

in the TLS of gapped circular DNA by pol l.

Interaction of the translesion pol g with monoubiquitinated

PCNA has been suggested to mediate the polymerase switch at a

lesion [28]. However, the role of PCNA-Ub on in vitro TLS of an

AP site by pol g remains controversial [29,30]. We have

previously shown that, in the presence of pol e, pol g could

perform TLS of an AP site on a linear DNA template, mainly by

increasing incorporation in front of the lesion [16]; however this

TLS could take place also on a 33 nucleotides large gap where

TLS by pols l and b was not detected. Therefore we assayed the

capacity of pol l and pol g to perform TLS on a circular DNA

template in the presence of pol e, the accessory replicative proteins

RPA, RFC and either unmodified or monoubiquitinated PCNA

(Fig 6).

First we examined the replication of an AP site placed on a

template bearing a gap of 33 nucleotides downstream the lesion.

As expected, pol l could not perform TLS on such template with

either unmodified or PCNA-Ub (lanes 3 and 4 of Fig 6A,

quantified in B). At variance with this, in the presence of PCNA,

pol g showed an increased capacity to incorporate in front of the

AP site, and this capacity appeared to be slightly higher in the

presence of PCNA-Ub (lanes 4 and 5 of Fig 6A, quantified in B).

Next the TLS capacity of the two enzymes at an AP site placed

on a template bearing a gap of 4 nucleotides downstream the

lesion was tested. Pol l could perform TLS in the presence of pol e
and accessory proteins that resulted in filling of the gap with the

same efficiency either with unmodified PCNA or PCNA-Ub (lanes

2 and 3 of Fig 6C quantified in D). Pol g mainly catalysed

increased incorporation in front of the AP site, that seemed slightly

higher with PCNA-Ub, but could not fill the 4 nucleotides gap

(lanes 4 and 5 Fig 6C, quantified in D).

Taken together these results suggest that, under our experi-

mental conditions, pol g has the capacity to incorporate in front of

an AP site in the presence of pol e and accessory replicative

proteins. However, this capacity, differently from the case of pol l,

is not gap directed and appears to be moderately enhanced by

PCNA-Ub when a gap of 33 nucleotides is present.

In conclusion, we show here that human pols l and b can

efficiently replicate, in the presence of pol e, RPA and PCNA, an

AP site placed in a gap situated downstream the lesion in a circular

DNA template. These data are in agreement with those already

reported for linear DNA templates containing an AP site [16] or

benzopyrene adducts [31], and indicate that the mechanism (s)

leading to this TLS are unaffected by the structure of the DNA

templates. In this work we also add novel findings suggesting that

the presence of RFC and monoubiquitinated PCNA does not

influence the TLS by pol l while it appears to stimulate TLS by

pol g.

Taken together, these results indicate that the known high

affinity for gap binding of pols l and b is the major if not unique

biochemical determinant responsible for their gap-directed bypass

capacity of lesions in the template strand.
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