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a b s t r a c t

DNA polymerase zeta (Pol �) participates in translesion synthesis (TLS) of DNA adducts that stall repli-
cation fork progression. Previous studies have led to the suggestion that the primary role of Pol � in TLS
is to extend primers created when another DNA polymerase inserts nucleotides opposite lesions. Here
we test the non-exclusive possibility that Pol � can sometimes perform TLS in the absence of any other
polymerase. To do so, we quantified the efficiency with which S. cerevisiae Pol � bypasses abasic sites,
cis-syn cyclobutane pyrimidine dimers and (6-4) photoproducts. In reactions containing dNTP concen-
NA polymerase zeta
ranslesion synthesis
V photoproducts
basic sites

trations that mimic those induced by DNA damage, a Pol � derivative with phenylalanine substituted for
leucine 979 at the polymerase active site bypasses all three lesions at efficiencies between 27 and 73%.
Wild-type Pol � also bypasses these lesions, with efficiencies that are lower and depend on the sequence
context in which the lesion resides. The results are consistent with the hypothesis that, in addition to
extending aberrant termini created by other DNA polymerases, Pol � has the potential to be the sole DNA
polymerase involved in TLS.
. Introduction

When lesions in DNA impede DNA synthesis, the impediment
an be alleviated by translesion DNA synthesis (TLS) catalyzed by
pecialized DNA polymerases. Included among several TLS poly-
erases is eukaryotic DNA polymerase �, an exonuclease-deficient,

eterodimeric (Rev3-Rev7) DNA polymerase that participates in
variety of DNA transactions. These transactions contribute to

pontaneous mutagenesis [1–4], mutagenesis induced by DNA
amaging agents such as UV irradiation [5–8], mutagenesis associ-
ted with repair of double-strand DNA breaks [9–12], mutagenesis
ssociated with high levels of transcription, cytosine deamination-
ependent somatic hypermutation of immunoglobulin genes
13,14] and mutagenesis in cells defective in NER, BER, replication
ork progression and post-replication repair [15–20]. That the cel-
ular functions of Pol � are important is further revealed by the
mbryonic lethality resulting from loss of the mouse REV3L gene
21–23], the increased cancer susceptibility observed in a con-
Please cite this article in press as: J.E. Stone, et al., Lesion bypass by S. cerevis

itional knockout mouse model [24], and the increased cisplatin
ensitivity of lung tumors in mice upon suppression of Rev3 [25].
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Many of the phenotypes observed in genetic studies of Pol � are
thought to reflect the ability of Pol � to participate in TLS, a sub-
ject that has been extensively investigated (reviewed by [1,26,27]).
Several biochemical studies have reported that Pol � alone can-
not efficiently bypass a UV-induced cis-syn cyclobutane pyrimidine
dimer (CPD) [28,29], a (6-4) photoproduct [28–30] or an abasic site
[29,31]. This limitation has been ascribed to inefficient insertion
of a nucleotide opposite the first base of the dipyrimidine lesions
or opposite the abasic site. However, Pol � is highly efficient at
extending aberrant primer-templates, especially those that already
contain a nucleotide present opposite a lesion [29–34]. These obser-
vations have led to a now widespread view that the primary role
of Pol � in TLS is to extend primer-templates after a nucleotide has
first been inserted opposite a lesion by another DNA polymerase.
This is referred to as the two-polymerase model for TLS.

While there is substantial experimental support for the
two-polymerase TLS model [1,26,27,35–37], an additional and
non-exclusive possibility is that Pol � is sometimes the sole TLS
polymerase involved in lesion bypass. This possibility is supported
by several observations. In their seminal description of the dis-
covery of yeast Pol �, Nelson et al. [38] reported that Pol � could
iae Pol � alone, DNA Repair (2011), doi:10.1016/j.dnarep.2011.04.032

bypass a T-T cis-syn CPD ten-fold more efficiently than could the
catalytic subunit of yeast Pol �. Yeast Pol � was later reported to
also perform bypass of thymine glycol [39], limited bypass of a (6-
4) photoproduct [28] and to bypass photoproducts generated by UV
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rradiation of a poly(dT)29 template [40]. A study of the efficiency
ith which lesion-containing plasmids transform wild-type yeast

trains versus strains deficient in different TLS polymerases led to
he suggestion that Pol � is responsible not only for extension, but
lso for insertion opposite lesions, at least for bypass events other
han those in which Pol � participates [41].

That Pol � might be the sole TLS polymerase involved in UV pho-
oproduct bypass in vivo is further suggested by a genetic study
tilizing a variant of yeast Pol � containing a phenylalanine sub-
tituted for leucine 979, a conserved residue at the active site in
he catalytic Rev3 subunit of the Rev3-Rev7 heterodimeric poly-

erase. A yeast strain harboring the rev3-L979F allele has wild-type
urvival following UV irradiation [42], consistent with the fact that
urified L979F Pol � has robust polymerase activity [43], as needed
o enhance survival following UV irradiation [5–8]. The rev3-L979F
train also has an elevated UV-induced mutation frequency com-
ared to the wild-type REV3 strain [42], consistent with the fact
hat L979F Pol � (L979F Rev3-Rev7) has lower fidelity than wild-
ype Pol � during DNA synthesis in vitro [43]. This indicates that,
ike wild-type Pol �, L979F Pol � also participates in mutagenic
ypass of UV photoproducts in vivo. Moreover, UV-induced muta-
enesis is further elevated when the RAD30 gene encoding Pol �
s deleted from the rev3-L979F strain [42]. This demonstrates that
979F Pol � contributes to bypassing UV photoproducts in vivo
ven in the absence of Pol �, the major yeast TLS polymerase
mplicated in insertion opposite lesions in the two-polymerase TLS

odel. Thus, either a polymerase other than Pol � or Pol � per-
orms the initial insertion, or yeast Pol � alone can perform TLS
n vivo.

The observations discussed above raise the issue of how effi-
iently yeast L979F Pol � and wild-type yeast Pol � perform TLS
ithout assistance from other DNA polymerases. Here we exam-

ne this issue by performing biochemical studies of yeast Pol �
esion bypass that are similar to earlier TLS studies yet take into
ccount three additional parameters. Many studies have exam-
ned TLS using amounts of polymerase and incubation times that
esult in a large, but often unknown, number of cycles of poly-
erase binding, synthesis and termination, which Nelson et al.

38] called “forcing conditions”. When bypass is observed under
uch conditions, it is not possible to quantify bypass efficiency
er synthesis cycle, making it difficult to compare TLS efficiency
rom one study to another. Here, as in several of our earlier TLS
tudies [44–47], we determine the relative bypass efficiency of
ol � per cycle of polymerization, thus permitting direct compar-
sons to other polymerases when analyzed in the same manner
44]. We also take into account the fact that the concentrations
f the four dNTPs are not equal in vivo and that yeast cells
espond to exposure to DNA damaging agents by up-regulating
NTP pools [48,49]. As a consequence, yeast TLS polymerases
ay perform bypass in vivo using dNTP concentrations that are

nequal and that may be higher than those used previously for
ypass studies in vitro. Unequal dNTP concentrations could influ-
nce bypass efficiency in a sequence-dependent manner. High,
amage-induced dNTP concentrations can also increase TLS effi-
iency, as evidenced by the increased efficiency with which DNA
ol � bypasses 8-oxo-guanine at high dNTP concentrations [47],
nd the increased efficiency with which DNA polymerases � and
bypass rNMPs in template DNA at high dNTP concentrations

50].
Here we examine the ability of Pol � to bypass lesions using dNTP

oncentrations approximating those induced upon exposure of
east to UV light [49] or chronic exposure to 4-NQO [48], which has
Please cite this article in press as: J.E. Stone, et al., Lesion bypass by S. cerevis

requently been used as a UV mimetic. The results show that, with-
ut assistance from other DNA polymerases, L979F Pol � can bypass
ynthetic abasic sites, T-T cis-syn CPDs and T-T (6-4) photoproducts
n two different sequence contexts. Bypass per cycle of polymeriza-
 PRESS
r xxx (2011) xxx–xxx

tion is remarkably efficient, supporting a model wherein L979F Pol
� is the only polymerase needed for UV photoproduct bypass in
the rev3-L979F rad30� strain. The results show that wild-type Pol
� can also bypass these lesions, albeit with lower efficiencies that
vary depending on the lesion and the DNA sequence in which it is
embedded. These data imply that, in addition to a prominent role
in extending aberrant primers in a two-polymerase model, Pol �
has the biochemical potential to function as the sole polymerase
involved in TLS.

2. Materials and methods

2.1. Measurements of dNTP pools and cell cycle progression in
yeast strains

The previously described wild-type and rev3-L979F S. cere-
visiae strains [42] were grown in YPDA media (1% yeast extract,
2% bacto-peptone 2% dextrose and, 250 mg/l adenine). Measure-
ments of dNTP levels in extracts prepared from asynchronous,
logarithmically growing yeast cells were performed by HPLC analy-
sis as described [51]. Flow cytometry was performed as previously
described [47].

2.2. Protein purification

S. cerevisiae Pol � (Rev3-Rev7) and L979F Pol � (L979F Rev3-
Rev7) were over-expressed and purified from yeast as previously
described [40]. SDS-PAGE gels of purified two-subunit wild-type
and L979F Pol � were shown previously [43]. S. cerevisiae Pol � was
purified as previously described [52].

2.3. DNA substrates

All substrates are listed in Table 1. Substrates were prepared
by annealing 32P-labelled primer oligonucleotides and template
oligonucleotides in a 1:1.5 ratio, as described previously [45].

2.4. Lesion bypass assay

Wild-type and L979F Pol � reactions (30 �l) contained 40 mM
Tris–HCL (pH 7.8), 100 mM NaCl, 20 mg/ml BSA, 8 mM MgAc, 1 pmol
DNA substrate, 120 fmol Pol � or L979F Pol � and dNTPs. The
dNTP concentrations were either 16 �M dATP, 30 �M dTTP, 14 �M
dCTP, and 12 �M dGTP (referred to as “normal”), or 10-fold higher
concentrations of each dNTP (refered to as “high”). Pol � reac-
tions (30 �l) contained 20 mM Tris–HCL (pH 7.8), 90 mM NaCl,
200 mg/ml BSA, 1 mM DTT, 8 mM MgAc, 160 �M dATP, 300 �M
dTTP, 140 �M dCTP, and 120 �M dGTP, 1 pmol DNA substrate and
the indicated amount of polymerase. Reactions were performed
in duplicate. All components except polymerase were mixed on
ice and incubated at 30 ◦C for 2 min. Polymerase was added to
start the reactions, which were incubated at 30 ◦C. Aliquots were
removed at the times specified and added to an equal volume
of formamide loading buffer (95% deionized formamide, 25 mM
EDTA, 0.01% bromophenol blue and 0.01% xylene cyanol) to stop the
reaction. DNA products were separated by electrophoresis using
12% denaturing polyacrylamide gels and quantified using Image-
Quant version 5.2 (Molecular Dynamics). As previously described
[53,54], bypass probability is defined as the summed intensity
of all product bands corresponding to synthesis after the lesion
(e.g. in Fig. 2, positions +1 and greater) divided by the summed
intensity of all bands corresponding to synthesis before the lesion
iae Pol � alone, DNA Repair (2011), doi:10.1016/j.dnarep.2011.04.032

is encountered (e.g. in Fig. 2, positions −1 and −2). Termination
probability of a particular template position is calculated divid-
ing the intensity of the band that corresponds to that position
by the sum of the intensity of that position plus the intensity

dx.doi.org/10.1016/j.dnarep.2011.04.032
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Table 1
Substrates.

Substrate Sequencea

49-mer UV substrates
25-mer primer 5′-AGCTATGACCATGATTACGAATTGC
Undamaged template 3′-TCGATACTGGTACTAATGCTTAACGAATTAAGCACGTCCGTACCATCGA
CPD templateb 3′-TCGATACTGGTACTAATGCTTAACGAATTAAGCACGTCCGTACCATCGA
(6-4) PP templateb 3′-TCGATACTGGTACTAATGCTTAACGAATTAAGCACGTCCGTACCATCGA

45-mer UV substrates
25-mer primer 5′-AATTTCTGCAGGTCGACTCCAAAGG
Undamaged template 3′-TTAAAGACGTCCAGCTGAGGTTTCCGATTGGGCCATGGCTCGACC
CPD templateb 3′-TTAAAGACGTCCAGCTGAGGTTTCCGATTGGGCCATGGCTCGACC
(6-4) PP templateb 3′-TTAAAGACGTCCAGCTGAGGTTTCCGATTGGGCCATGGCTCGACC

45-mer AP substrates
23-mer primer 5′-AATTTCTGCAGGTCGACTCCAAA
Undamaged template 3′-TTAAAGACGTCCAGCTGAGGTTTCCGATTGGGCCATGGCTCGACC
TAF templatec 3′-TTAAAGACGTCCAGCTGAGGTTTCCFATTGGGCCATGGCTCGACC
TFG templatec 3′-TTAAAGACGTCCAGCTGAGGTTTCCGFTTGGGCCATGGCTCGACC
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We first examined the efficiency with which L979F Pol �
bypasses template-strand UV photoproducts located two bases
downstream from the 3′ terminus of a primer hybridized to a
49-mer template (Table 1). For each template position we deter-

Fig. 1. Characteristics of wild-type and rev3-L979F strains of S. cerevisiae. (A) dNTP
a Positions of DNA lesions in each template are underlined.
b Oligonucleotides containing CPDs and (6-4) photoproducts (PP) were synthesiz
c TAF and TFG templates contain a single tetrahydrofuran (F), a stable mimic of a

f all larger products [53,54]. All reactions using wild-type and
979F Pol � were considered to be “single hit”; enzyme to DNA
atios were sufficiently low so as to generate termination proba-
ilities at each position along the template that remained constant
±10%) over the short time course of the reaction, thus demon-
trating that each DNA primer is extended only once. The depiction
f certain overexposed lanes in gel images are shown simply to
ore clearly reveal the less abundant DNA products of lesion

ypass.

. Results

.1. dNTP pools and cell cycle progression

We began by measuring the dNTP concentrations in extracts
f asynchronously growing wild-type (REV3) and rev3-L979F yeast
ells in log phase. The dNTP concentrations in extracts of each strain
Fig. 1A) were similar to those previously measured in wild-type
trains [51]. The DNA content of asynchronous cultures indicated
hat both strains progressed normally through S-phase (Fig. 1B).
hus, dNTP pools in both strains are naturally slightly biased, and
he rev3-L979F mutation does not alter cellular dNTP pools or cell
ycle progression. Based on the values that had been previously
escribed [51], DNA synthesis reactions described below (Sections
.2–3.6) contain either 16 �M dATP, 30 �M dTTP, 14 �M dCTP and
2 �M dGTP, hereafter referred to as “normal”, or 160 �M dATP,
00 �M dTTP, 140 �M dCTP and 120 �M dGTP, hereafter referred
o as “high”. The high dNTP concentrations used here are slightly
igher than those observed in yeast after treatment with UV, 4-NQO
r MMS [48,49] and are intended to approximate the dNTP levels
hat would be observed during stress induced by multiple sources
f DNA damage.

.2. Pol � synthesis with undamaged templates

When copying undamaged DNA under single-hit conditions,
979F Pol � generates products ranging in length from 1 to
5 nucleotides (Fig. 2A/C). Thus, like wild-type Pol � [38,40,43]
Fig. 5A–D), L979F Pol � is moderately processive. The probability of
ermination of processive synthesis varies along the template (see
pen bars in Figs. 2B and 3B), but tends to be highest after insert-
ng the first nucleotide. Similar termination probabilities were
Please cite this article in press as: J.E. Stone, et al., Lesion bypass by S. cerevis

btained when dNTP concentrations were high (Figs. 2 and 3) or
ormal (Fig. 4). Likewise, the processivity of wild-type Pol � is unaf-

ected by dNTP concentrations (Fig. 5), and is not increased in the
resence of RPA, RFC and PCNA [43].
previously described [59,60].
ite.

3.3. UV photoproducts bypass by L979F Pol � with high dNTP
concentrations
iae Pol � alone, DNA Repair (2011), doi:10.1016/j.dnarep.2011.04.032

concentrations in yeast strains, determined as described [51]. Values are the aver-
age of two experiments and error bars represent the standard deviation. (B) Flow
cytometry histograms for wild-type and rev3-L979F strains, obtained as described
[47]. Arrows indicate the DNA content of cells in the G1 and G2 phases of the cell
cycle.

dx.doi.org/10.1016/j.dnarep.2011.04.032
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Fig. 2. Bypass of UV photoproducts by L979F Pol �. (A) Image of denaturing poly-
acrylamide gels showing products of synthesis by L979F Pol � using undamaged,
CPD and (6-4) photoproduct (PP) 49-mer substrates. Primer extension reactions
were performed in the presence of high dNTP concentrations intended to simulate
damage-induced dNTP concentrations. Each reaction contained an 8-fold excess
of substrate over polymerase. Part of the template sequence is shown on the
left. The position of the 3′ and 5′ T of the CPDs and (6-4) PPs are indicated by
closed arrowheads. Open arrowheads indicate the positions of full-length reaction
products. Boxed areas of the gel show reaction products at an overexposed level
of contrast to more clearly reveal less abundant DNA products of lesion bypass.
NE indicates control lanes for reaction mixtures to which no enzyme was added.
The average bypass probability for 2, 4, 6 and 8 min time points of each reaction
and the relative bypass efficiency (bypass of damaged substrate relative to bypass of
 PRESS
r xxx (2011) xxx–xxx

mined termination probability, which is likelihood with which Pol
� will stop synthesis at a given position rather than insert the
next nucleotide. In reactions containing high dNTP concentrations
(Fig. 2A/B), when L979F Pol � attempts to bypass a T-T cis-syn CPD
(respectively designated 0 and 0′ in Fig. 2B), increased termination
of processive synthesis is seen at positions −2 through +1 when
compared to synthesis of the undamaged substrate (compare light
gray and open bars in Fig. 2B). The termination probability for a
particular position is inversely proportional to the probability of
insertion at the subsequent position. For example, the termination
probability for the −1 position of the CPD-containing template is
66% (Fig. 2B) and the insertion probability for the subsequent 3′

T position is 34% (i.e., 100% − 66% = 34%; Fig. 6). Thus, insertion by
L979F Pol � is least efficient opposite the 3′ T of the CPD (Fig. 2B),
which is consistent with published studies with wild-type Pol �
[28,29]. Insertions opposite the 5′ T of the CPD and opposite the
following two template bases are also inefficient, after which the
CPD has no effect (e.g. at +2). When these DNA product distribu-
tions are used to calculate bypass for a single cycle of synthesis,
L979F Pol � bypassed CPDs with 21% of the relative efficiency with
which it bypassed the corresponding undamaged T-Ts (Fig. 2A). We
also examined bypass with a second substrate in which a T-T cis-
syn CPD was embedded in a different sequence context (45-mer UV
substrates in Table 1). L979F Pol � bypassed this CPD with 27% of
the efficiency with which it bypassed the undamaged T-Ts (Fig. 2C).

A similar experiment was performed with a (6-4) photoproduct
located in the same position as the CPD in the 49-mer template. In
this case, insertion by L979F Pol � was reduced opposite both bases
of the photoproduct and opposite four subsequent nucleotides as
synthesis proceeded (dark gray bars in Fig. 2B). Thus, the more
helix-distorting (6-4) photoproduct affects insertion over a greater
distance than does a CPD. Despite this, L979F Pol � bypassed the (6-
4) photoproducts with 26% of the efficiency with which it bypassed
the corresponding undamaged T-Ts (Fig. 2A). When bypass of a
(6-4) photoproduct in the second sequence context (45-mer sub-
strates in Table 1) was examined, L979F Pol � bypassed this lesion
with 33% of the efficiency with which it bypassed the undamaged
T-Ts (Fig. 2C).

3.4. Synthetic abasic site bypass by L979F Pol � with high dNTP
concentrations

We then examined the ability of L979F Pol � to bypass a tetrahy-
drofuran (designated F), used as a stable surrogate for a natural
abasic site, when present in either of two different locations (desig-
nated TAF and TFG in Table 1 and Fig. 3). In reactions containing high
dNTP concentrations, the results reveal that relative bypass effi-
ciencies were high for each substrate, 53% for TAF and 73% for TFG
(Fig. 3). These high efficiencies reflect the fact that insertions oppo-
site the lesions, and insertions opposite subsequent template bases,
were only slightly reduced compared to those occurring opposite
the equivalent template bases in the undamaged control (Fig. 3B/C).

3.5. Lesion bypass by L979F Pol � with normal dNTP
concentrations
iae Pol � alone, DNA Repair (2011), doi:10.1016/j.dnarep.2011.04.032

Next we examined the ability of L979F Pol � to bypass CPDs, (6-
4) photoproducts and abasic sites in reactions containing normal
dNTP concentrations. Under these conditions, the relative bypass

undamaged substrate) are shown under each gel. Duplicate reactions were per-
formed with similar results. (B) Graph showing average probability of termination of
processive synthesis at template nucleotides for 49-mer substrates, with error bars
indicating standard deviation. (C) Image of denaturing polyacrylamide gels showing
products of synthesis by L979F Pol � using undamaged, CPD and (6-4) PP 45-mer
substrates.

dx.doi.org/10.1016/j.dnarep.2011.04.032
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Fig. 3. Bypass of AP sites L979F Pol �. (A) Image of denaturing polyacrylamide gels
showing products of synthesis by L979F Pol � using undamaged, TAF and TFG sub-
strates. TAF and TFG templates contain a tetrahydrofuran (F) whose location is
marked with a closed arrowhead. Other markings are as in Fig. 1. Each reaction
contained 8-fold excess of substrate over polymerase and high dNTP concentra-
tions. The average bypass probability and the relative bypass efficiency (bypass of
damaged substrate relative to bypass of undamaged substrate) for each reaction are
shown under the gel. Graphs show average probability of termination of processive
synthesis for positions along (B) the TAF template and (C) the TFG template with
error bars indicating standard deviation.

Fig. 4. Bypass of UV photoproducts and AP sites by L979F Pol � when dNTP con-
centrations are at normal levels. Images of denaturing polyacrylamide gels showing
products of synthesis by L979F Pol � with (A) undamaged, CPD and (6-4) PP 49-mer
substrates, (B) CPD and (6-4) PP 45-mer substrates, and (C) undamaged, TAF and TAG
substrates. Each primer extension reaction contained an 8-fold excess of substrate
over polymerase and normal dNTPs concentrations. The average bypass probability
and the relative bypass efficiency (bypass of damaged substrate relative to bypass
of undamaged substrate) for each reaction are shown under the gel. Markings are
as in Fig. 1.

dx.doi.org/10.1016/j.dnarep.2011.04.032
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Fig. 5. Primer extension reactions using wild-type Pol � and Pol �. Reaction products are shown for synthesis by wild-type Pol � for (A) undamaged, TAF and TFG substrates
in the presence of low dNTP concentrations, (B) TAF and TFG substrates in the presence of high dNTP concentrations and (C) synthesis of undamaged, CPD and (6-4) PP
49-mer substrates in the presence of high dNTP concentrations. These primer extension reactions contained an 8-fold excess of substrate over polymerase. The average
bypass probability and the relative bypass efficiency (bypass of damaged substrate relative to bypass of undamaged substrate) for each reaction are shown under each gel.
(D) Graph showing termination probabilities at template nucleotides for synthesis of undamaged, CPD and (6-4) PP 49-mer substrates by wild-type Pol �. (E and F) Images
of denaturing polyacrylamide gels show control reactions using yeast Pol � to synthesize undamaged, CPD and (6-4) PP 49-mer substrates in the presence of high dNTP
concentrations. Reactions contained (E) 100-fold and (F) 10-fold excess substrate over polymerase. All markings are as in Fig. 1. Note that in the boxed, overexposed areas of
the Pol � gels, the pixels at the bottom are from the band at the −1 position relative to the lesions, i.e., there is no evidence that Pol � can insert a nucleotide opposite the 3′

T of either a CPD or (6-4) PP.

dx.doi.org/10.1016/j.dnarep.2011.04.032
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normal dNTP concentrations. As a result, the bypass efficiency for
these five reactions was less than 2% (Fig. 6A). These results are
ite each lesion with error bars indicating standard deviation. For CPDs and (6-4)
hotoproducts, insertion probability is shown for insertion opposite the 3′ T.

fficiency of L979F Pol � for the CPD in the 49-mer template was
5% (Fig. 4A), only slightly lower than the 21% bypass observed
sing high dNTP concentrations (Fig. 2A). In contrast, the relative
ypass efficiency of L979F Pol � for the CPD in the 45-mer tem-
late was less than 1% (Fig. 4B), much lower than the 27% relative
ypass efficiency observed with high dNTP concentrations (Fig. 2C).
sing normal dNTP concentrations, L979F Pol � bypassed the (6-
) photoproduct in the 49-mer with 10% efficiency (Fig. 4A), as
ompared to 26% efficiency with high dNTPs (Fig. 2A). Again in
ontrast, the relative bypass efficiency of L979F Pol � for the (6-
) photoproduct in the 45-mer was approximately 4% (Fig. 4B),
s compared to the 33% observed with high dNTP concentrations
Fig. 2C). Finally, L979F Pol � bypassed the abasic sites with 32%
TAF) and 50% (TFG) efficiency in reactions with normal dNTP con-
entrations (Fig. 4C), compared to 53% (TAF) and 73% efficiency
TFG) with high dNTP concentrations (Fig. 3A). Thus high dNTP con-
entrations improve the efficiency with which L979F Pol � bypasses
PDs, (6-4) photoproducts and synthetic abasic sites, but to variable
xtents depending on the lesion and sequence context.

.6. Lesion bypass by wild-type Pol �

The above measurements demonstrate that L979F Pol � per-
Please cite this article in press as: J.E. Stone, et al., Lesion bypass by S. cerevis

orms TLS without assistance from another polymerase. To
etermine if this is also the case for wild-type Pol �, we first mea-
ured bypass of synthetic abasic sites. Relative bypass efficiencies
ere 12% (TAF) and 16% (TFG) with normal dNTP concentrations
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(Fig. 5A), and 6% (TAF) and 14% (TFG) with high dNTP concentra-
tions (Fig. 5B). Thus unlike L979F Pol �, the efficiency with which
wild-type Pol � bypasses abasic sites was not increased by high
dNTP concentrations. We then examined the ability of wild-type
Pol � to bypass the two UV photoproducts in reactions contain-
ing high dNTP concentrations to simulate the effects of treating
yeast with UV [49]. The relative bypass efficiency of wild-type
Pol � during a single cycle of synthesis was ∼2% for both photo-
products (Fig. 5C). These values are approximately 10-fold lower
than the corresponding values for L979F Pol � (Fig. 6). Nonetheless,
wild-type Pol � appears to be performing authentic photoproduct
bypass, as indicated by two observations. First, wild-type and L979F
Pol � both respond similarly to the UV-induced lesions (compare
Fig. 5D to 2B). Insertion efficiency is reduced opposite both the 3′

and 5′ Ts of either photoproduct compared to the undamaged T-
Ts. There is also a greater effect on subsequent insertions observed
with the (6-4) photoproduct as compared to the CPD. Second, lit-
tle if any bypass of either photoproduct was observed in single-hit
reactions with a major replicative polymerase, Pol �, even when
multiple cycles of polymerization were allowed (Fig. 5E; similar
results were obtained for the 45-mer substrates, data not shown).
In fact, when the Pol � concentration was increased by 10-fold, such
that all initial primers were extended even at the earliest time point,
only trace amounts of long DNA products were observed (Fig. 5F).
Under such extreme “forcing conditions” [38], these long products
could result from photoproduct bypass achieved by a very large
number of polymerization cycles, or they could represent copying
of a trace amount of template that lacks the photoproduct. Regard-
less, the amount of photoproduct bypass achieved by wild-type Pol
� during a single cycle of synthesis (Fig. 5C) is clearly substantially
higher than by Pol � (Fig. 5E/F).

We also measured the ability of wild-type Pol � to bypass
the photoproducts in the 49-mer templates in reactions con-
taining normal dNTP concentrations. The bypass efficiencies for
the CPD and (6-4) photoproduct were each about 1% (Fig. 6A).
Finally, we measured the ability of wild-type Pol � to bypass a
CPD and a (6-4) photoproduct located in a second sequence con-
text by using the 45-mer template. Bypass efficiencies for CPDs
and (6-4) photoproducts were ≤1% and 2%, respectively, in reac-
tions containing normal dNTPs and 2% and 4%, respectively, in
reactions containing high dNTPs (Fig. 6A). In each of these reac-
tions with wild-type Pol �, the inefficiency of bypass is at least
partially due to inefficient insertion opposite the 3′ T of each
photoproduct (Fig. 6B).

4. Discussion

Pol � has been implicated as the second polymerase to oper-
ate in a two-polymerase model for TLS partly based on reports of
inefficient insertion of a nucleotide opposite the 3′ T of UV pho-
toproducts [28–30] or an abasic site [29,31]. In the present study,
one third (4 of 12) of the TLS reactions performed with wild-type
yeast Pol � similarly show inefficient insertion opposite a lesion.
Little to no insertion was observed opposite the 3′ T of the CPD
in the 49-mer with normal dNTP concentrations, the CPD in the
45-mer with either normal or high dNTP concentrations, or the (6-
4) photoproduct in the 45-mer with normal dNTP concentrations
(Fig. 6B). In addition, neither insertion nor bypass was observed
when L979F Pol � attempted to bypass the CPD in the 45-mer with
iae Pol � alone, DNA Repair (2011), doi:10.1016/j.dnarep.2011.04.032

therefore consistent with published observations [28–31,38] and
the proposal that the role of Pol � in TLS may sometimes be lim-
ited to extension following insertion opposite a lesion by another
polymerase.

dx.doi.org/10.1016/j.dnarep.2011.04.032
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For the majority of the 24 TLS reactions performed here, wild-
ype and L979F Pol � were able to insert a nucleotide opposite the
esion (Fig. 6B) and bypass it (Fig. 6A) when given only a single
pportunity for bypass. These data clearly demonstrate that Pol �
as the biochemical potential to function as the sole polymerase

nvolved in TLS. This potential is most apparent for L979F Pol �
gray bars in Fig. 6), which inserts a dNTP opposite, and ultimately
ypasses, both abasic sites and UV photoproducts. The latter data
upport a model wherein L979F Pol � is the only polymerase needed
or bypass of UV photoproducts to promote the survival of a rev3-
979F rad30� strain [42]. However, the fact that wild type and
979F Pol � do not bypass all replication-blocking and potentially
ethal lesions equally well may account for the fact that a rev3-
679F rad30� double mutant strain does not survive UV irradiation
ny better than does a rad30 strain expressing wild type Pol �. An
ffect of rev3-L979F on survival in the rad30� background might
e seen upon inactivation of template switching, which competes
ith TLS to tolerate lesions by copying the same sequence from an
ndamaged template.

The capacity to act as the sole TLS polymerase is not exclusive
o L979F Pol �, because even wild-type Pol � can insert nucleotides
pposite these lesions and bypass them. As mentioned in Section
, some evidence for this conclusion preceded the present study.
he original biochemical study of yeast Pol � [38] reported that
t could bypass a CPD ten-fold more efficiently than could yeast
ol �. In subsequent studies involving an unreported number of
olymerization cycles, yeast Pol � was also reported to perform

imited bypass of a (6-4) photoproduct [28], to bypass an abasic
ite [40] and to bypass photoproducts generated by UV irradiation
f a poly(dT)29 template [40]. In our studies involving a single cycle
f synthesis, bypass by wild-type Pol � is most obvious with the
wo abasic sites, which were bypassed with efficiencies of 6–16%.

ild-type Pol � also inefficiently bypassed CPDs and the (6-4) pho-
oproducts in the 49-mer templates in reactions containing high
NTP concentrations (Fig. 5C) that approximate those present in
east treated with UV [49]. Although insertion opposite the 3′ T
f both photodimers is inefficient (5–7%, Fig. 6B), it is nonetheless
eadily observable. This contrasts with Pol �, which did not insert
dNTP opposite these lesions or perform bypass even when given
any attempts to do so (Fig. 5E/F). The results with Pol � confirm

ur earlier study indicating that neither Pol � nor Pol �, the enzymes
hat perform the bulk of replication of the nuclear genome, has the
bility to bypass or insert a dNTP opposite the 3′ T of a CPD [55].
hus the bypass observed with wild-type Pol � again supports the
ypothesis that Pol � can be both the inserter and the extender, and
hus can act as the sole polymerase involved in TLS. As previously
roposed based on genetic data [41], this situation could arise when
ol � is unavailable for CPD bypass, for example in a rad30 strain or
n XPV patient, or for bypass of lesions that Pol � reportedly cannot
ypass, such as a (6-4) photoproduct [30,41].

The results presented here also support the idea that Pol � may
e better able to act as the sole TLS polymerase when dNTP concen-
rations are increased in response to DNA damage. It is also possible
hat other proteins, such as Rev1, RPA and RFC/PCNA, may enhance
he TLS capacity of Pol �· Indeed, both Rev1 and monoubiquity-
ated PCNA are strongly implicated in recruiting TLS polymerases to
esion sites [56–58]. A previous study has shown stimulation of TLS
y these accessory proteins in reactions involving multiple cycles
f synthesis and bypass of a site-specific abasic site and UV pho-
oproducts randomly introduced into a poly(dT)29 template [40].

e have not yet examined the effects of accessory proteins on Pol
bypass efficiency using the current quantitative approach, but if
Please cite this article in press as: J.E. Stone, et al., Lesion bypass by S. cerevis

timulation is observed, that would only strengthen the interpre-
ation that Pol � can operate in a one-TLS polymerase pathway.
inally, it is worth noting that even for the same lesion, the deci-
ion between a two-polymerase and a one-polymerase TLS reaction

[

[
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may depend on the sequence context in which a lesion resides, as
suggested here by the fact that L979F Pol � bypass of the CPD and
the (6-4) photoproduct was more efficient in the 49-mer template
(Fig. 4A) as compared to the 45-mer template (Fig. 4B).
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