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Abstract
Translesion synthesis (TLS) helps cells to accomplish chromosomal replication in the pres-

ence of unrepaired DNA lesions. In eukaryotes, the bypass of most lesions involves a nucle-

otide insertion opposite the lesion by either a replicative or a specialized DNA polymerase,

followed by extension of the resulting distorted primer terminus by DNA polymerase ζ (Polζ).

The subsequent events leading to disengagement of the error-prone Polζ from the primer ter-

minus and its replacement with an accurate replicative DNA polymerase remain largely un-

known. As a first step toward understanding these events, we aimed to determine the length

of DNA stretches synthesized in an error-prone manner during the Polζ-dependent lesion by-

pass. We developed new in vivo assays to identify the products of mutagenic TLS through a

plasmid-borne tetrahydrofuran lesion and a UV-induced chromosomal lesion. We then sur-

veyed the region downstream of the lesion site (in respect to the direction of TLS) for the

presence of mutations indicative of an error-prone polymerase activity. The bypass of both

lesions was associated with an approximately 300,000-fold increase in the mutation rate in

the adjacent DNA segment, in comparison to the mutation rate during normal replication.

The hypermutated tract extended 200 bp from the lesion in the plasmid-based assay and as

far as 1 kb from the lesion in the chromosome-based assay. Themutation rate in this region

was similar to the rate of errors produced by purified Polζ during copying of undamaged DNA

in vitro. Further, no mutations downstream of the lesion were observed in rare TLS products

recovered from Polζ-deficient cells. This led us to conclude that error-prone Polζ synthesis

continues for several hundred nucleotides after the lesion bypass is completed. These re-

sults provide insight into the late steps of TLS and show that error-prone TLS tracts span a

substantially larger region than previously appreciated.
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Author Summary

Genomic instability is associated with multiple genetic diseases. Endogenous and exoge-
nous DNA-damaging factors constitute a major source of genomic instability. Mutations
occur when DNA lesions are bypassed by specialized translesion synthesis (TLS) DNA po-
lymerases that are less accurate than the normal replicative polymerases. The discovery of
the remarkable infidelity of the TLS enzymes at the turn of the century immediately sug-
gested that their contribution to replication must be tightly restricted to sites of DNA dam-
age to avoid excessive mutagenesis. The actual extent of error-prone synthesis that
accompanies TLS in vivo has never been estimated. We describe a novel genetic approach
to measure the length of DNA synthesized by TLS polymerases upon their recruitment to
sites of DNA damage. We show that stretches of error-prone synthesis associated with the
bypass of a single damaged nucleotide span at least 200 and sometimes up to 1,000 nucleo-
tide-long segments, resulting in more than a 300,000-fold increase in mutagenesis in the
surrounding region. We speculate that processive synthesis of long DNA stretches by
error-prone polymerases could contribute to clustered mutagenesis, a phenomenon that
allows for rapid genome changes without significant loss of fitness and plays an important
role in tumorigenesis, the immune response and adaptation.

Introduction
Genomic stability is continuously threatened by endogenous and exogenous DNA-damaging
factors. Unrepaired lesions stall the replication machinery, because the highly selective active
sites of replicative DNA polymerases cannot accept abnormally shaped nucleotides [1, 2]. The
bypass of replication impediments is facilitated by specialized translesion synthesis (TLS) poly-
merases. In humans, these include the Y-family enzymes Polη, Polι, Polκ, and Rev1, and the B-
family enzyme Polz. The yeast Saccharomyces cerevisiae has homologs of Polη, Rev1 and Polz
[3]. A more open active site allows the TLS polymerases to accommodate a variety of DNA le-
sions and catalyze synthesis on damaged templates [4, 5]. While important for tolerating DNA
damage, TLS is a highly mutagenic process because of the miscoding potential of the damaged
nucleotides and the inherently lower fidelity of the specialized polymerases. It is a major source
of environmentally induced mutations and a significant contributor to spontaneous mutagene-
sis. Particularly, yeast and mammalian cells lacking Polz or its partner Rev1 are completely de-
ficient in mutagenesis induced by most DNA-damaging agents [3, 6, 7].

TLS is a two-step process that involves insertion of a nucleotide opposite the lesion and ex-
tension of the resulting distorted primer terminus. The insertion can be performed by a replica-
tive polymerase or one of the TLS polymerases, depending on the type of lesion. With the
exception of cis-syn cyclobutane pyrimidine dimers, where Polη is also able to facilitate the ex-
tension step, extension of the aberrant primer terminus is usually catalyzed by Polz [8–10].
This unique role of Polz underlies its absolute requirement for damage-induced mutagenesis:
the extension of primer terminus containing a wrong nucleotide is essential for conversion of
the misincorporation into a permanent change in the DNA. While the molecular details of the
insertion and extension steps have been studied extensively for a variety of lesions, the subse-
quent processes leading to the replacement of the TLS polymerases with accurate replicative
enzymes are poorly understood. The low fidelity of the TLS polymerases suggests that their
contribution to DNA synthesis past the lesion site must be tightly regulated. The coordination
of TLS with the ongoing DNA replication has been considered in the context of the following
two models [6, 11]. In the model referred to as “polymerase switching” or “TLS at the fork”, the
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stalled replicative polymerase hands the primer terminus over to a TLS polymerase to allow for
the bypass to occur and then returns to resume high-fidelity replication. In this scenario, TLS
operates at the fork and provides for continuous synthesis of the daughter strand. In contrast,
in the “gap-filling”model, stalling of the replicative polymerase is followed by a quick re-
priming of replication downstream of the blocking lesion, which leaves a gap between the site
of the lesion and the site of the restart. TLS polymerases then act post-replicatively to facilitate
filling of these gaps. The possibility of direct switching from a replicative to a TLS polymerase
and back is in excellent agreement with the biochemical properties of these enzymes and their
behavior on templates containing a single replication-blocking lesion in vitro [12, 13]. A bulk
of evidence, however, suggests that TLS in vivomight predominantly occur as postreplicative
gap filling (discussed thoroughly in [6, 11, 14]). Perhaps the strongest arguments are the lack of
a noticeable decrease in the rate of fork progression in TLS-deficient mutants [15–17] and the
accumulation of discontinuities in the newly synthesized DNA observed in multiple studies of
UV-irradiated E. coli, yeast and mammalian cells [17–22]. The possibility of TLS polymerases
acting in a gap-filling mode is illustrated by the participation of human Polκ in DNA synthesis
during nucleotide excision repair (NER) [23] and by a recent study suggesting that Polz is re-
quired for filling of lesion-containing, NER-generated gaps in non-dividing yeast cells [24].
Electron microscopy showed that gaps of up to 1,000 nucleotides are left behind the forks in
replicating UV-treated yeast [17]. Nonetheless, all of the existing evidence for each of the TLS
models is indirect. Whether TLS polymerases actually operate in these gaps, which undoubted-
ly exist, and what proportion of TLS events occur at the fork rather than postreplicatively, re-
mains to be established.

The mode of TLS could be an important factor that determines the extent of synthesis per-
formed by the error-prone TLS polymerases. In the case of direct polymerase exchange at the
fork, it would seem rational for the replicative polymerase to return to the primer terminus as
soon as its activity is no longer impeded by the lesion. In vitro, the eukaryotic replicative poly-
merases Polδ and Polε can resume processive DNA synthesis once a TLS polymerase elongates
the primer by two to five nucleotides past the lesion [13]. It has been argued that the stretches
of TLS synthesis should be just sufficiently long to prevent degradation of the TLS product by
the proofreading activity of a replicative polymerase and not much longer to limit the accumu-
lation of mutations in the downstream region [12]. Replicative DNA polymerases can sense
distortions in the duplex DNA within 3–6 base pairs from the primer terminus [12, 13, 25].
Therefore, extending the error-prone synthesis further than a few nucleotides past the lesion
would provide little benefit for the efficiency of TLS while delaying the fork progression and in-
creasing the mutation load. In contrast, in the gap-filling model of TLS, the progression of rep-
lication does not require switching from a TLS to a replicative polymerase once the lesion is
bypassed. A replicative polymerase may not be readily available outside of the replication fork,
and the TLS polymerases could be well positioned to fill a large portion of the gap or even close
it completely. A possibility of error-prone TLS proceeding well beyond the lesion and generat-
ing additional “untargeted”, or “hitchhiking”, mutations in the adjacent region has been con-
sidered previously [26, 27] but was never thoroughly investigated. In eukaryotes, the
involvement of Polz in the extension step during the bypass of most lesions makes this poly-
merase a likely candidate for continuing the synthesis past the lesion. The fidelity of purified
Polz in vitro was estimated to be 5.6 x 10-4 mutations per nucleotide synthesized [28]. While
this is dramatically lower than the fidelity of the replicative enzymes, Polz is still the most accu-
rate among the eukaryotic TLS polymerases. It could be the best choice for synthesis of extend-
ed DNA stretches if it were to be done by a TLS polymerase.

In this study, we aimed to determine how much DNA is synthesized in an error-prone man-
ner after Polz completes the bypass of a plasmid-borne tetrahydrofuran lesion (THF) or a UV-

Length of TLS tracts in Saccharomyces cerevisiae

PLOSGenetics | DOI:10.1371/journal.pgen.1005110 March 31, 2015 3 / 21



induced chromosomal lesion in vivo. We reasoned that if Polz-dependent TLS is accompanied
by extensive copying of the adjacent undamaged DNA, these regions should exhibit an in-
creased frequency of mutation. We developed new genetic assays that allowed us to identify
and isolate the products of Polz-dependent TLS occurring in vivo and examine the region sur-
rounding the lesion site for the presence of mutations characteristic of a TLS polymerase activi-
ty. The results argue that Polz copies several hundred nucleotides of DNA past the lesion after
completing the bypass, which leads to a 300,000-fold increase in the mutation rate in this re-
gion. This demonstrates that TLS in eukaryotic cells is associated with mutagenesis not only at
the lesion site, but in the extended adjacent area as well. In addition, these findings provide
support for the previously hypothetical role of Polz in filling the daughter strand gaps formed
opposite lesions in replicating DNA.

Results

A Genetic System to Identify the Products of Mutagenic THF Bypass
This study aimed to determine whether Polz-dependent TLS in vivo is associated with low-
fidelity DNA synthesis past the lesion, and if so, define the size of DNA region copied in an
error-prone manner. We first developed a system for the analysis of TLS through THF, an aba-
sic site analog. Mutagenic bypass of both natural and artificial abasic sites in yeast requires Polz
for the extension step [29, 30] and is, thus, a good model of Polz-dependent TLS. We have con-
structed a double-stranded plasmid containing a THF lesion at a specific position in theURA3
gene, a yeast replication origin ARS4, and the LEU2 gene for selection of cells containing the
plasmid (Fig. 1A). Replication of this plasmid was studied in apn1Δ apn2Δ strains lacking the
two yeast apurinic/apyrimidinic endonucleases to prevent removal of the lesion by the base exci-
sion repair system. Replication of the damaged strand in the yeast cells could be accomplished
through several pathways, including TLS, error-free bypass utilizing an undamaged homologous
sequence as a template, or a recombination-dependent mechanism. To distinguish the products
of Polz-dependent TLS from other events, we took advantage of the earlier observations that
TLS through THF predominantly involves an A or C incorporation across from the lesion [31–
33]. The THF was designed to replace a C in the wild-typeURA3 sequence, such that an A or C
insertion opposite it would produce a Ura- phenotype. Accurate bypass utilizing an undamaged
template or repair of the lesion prior to replication (presumably infrequent in the apn1Δ apn2Δ
strains but possible, Ref. [34]) would produce a DNA strand with a G at this position and a
Ura+ phenotype (Fig. 1B). TLS events, thus, result in the formation of half-sectored colonies,
where the Ura- and Ura+ halves result from the copying of the THF-containing and the comple-
mentary undamaged strands, respectively (Fig. 1C). Non-TLS events result in the formation of
Ura+ colonies. According to the previous reports, a small percentage of TLS cases involve a T or
G insertion opposite the THF (e.g. 1% and 8% of all TLS events, respectively, during replication
of a double-stranded THF-containing plasmid; Ref. [31]). The T insertion results in a Ura- phe-
notype in our system and, therefore, is identified as a TLS event. The G insertion preserves the
wild-type URA3 sequence and cannot be distinguished from non-TLS events. Accordingly, TLS
products containing a G across from the THF position were not included in the analysis de-
scribed below. The half-sectored colony phenotype was observed in ~1% of the transformants
with the THF-containing plasmids (a total of 394 sectored colonies among ~40,000 transfor-
mants analyzed). While this is consistent with the previous observations that the great majority
of THF bypass events occurs through mechanisms other than TLS [31], non-sectored colonies
in our system could also result from replication fork uncoupling and copying of the undamaged
strand [17]. To detect TLS-associated mutations, we isolated the plasmids from the Ura- part of
the half-sectored colonies and analyzed a 1.7-kb region beginning at the original lesion site and
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Fig 1. A genetic system to analyze the products of TLS through a site-specific THF lesion. (A) Sequential steps of the THF bypass assay. A double-
stranded centromeric (CEN) plasmid containing a THF lesion at position 605 of theURA3 gene (white rectangle), a selectable marker (LEU2) and the yeast
replication origin (ARS4) is introduced into the apn1Δ apn2Δ yeast strain. Transformants are selected for leucine prototrophy and then replica-plated on the
medium lacking uracil to identify half-sectored colonies (shown by the arrows). The Ura- parts of the half-sectored colonies originate from cells that underwent
error-prone TLS through the THF (see text for details). (B) Possible phenotypic outcomes of the THF bypass at position 605. The lesion is indicated with an
“X”. The newly synthesized strands are in blue (correct incorporation) or in red (incorrect incorporation), with nucleotides across from the lesions highlighted
in bold. The amino acids at the corresponding position of the protein and the resulting phenotypes (Ura+ or Ura-) are listed next to the triplet sequences. (C)
Identification of TLS events by the half-sectored colony phenotype. Images of two colonies exhibiting full-growth on medium lacking leucine (SC—leu) and
half-growth on medium lacking uracil (SC—leu–ura) are shown. (D) A schematic showing the “bubble”-type mismatch in the control plasmid and phenotypes
associated with copying of each strand. Nucleotides that differ from the wild-type URA3 sequence are in bold. The position 605 of theURA3 gene is marked
with an asterisk. Other symbols are as in (B).

doi:10.1371/journal.pgen.1005110.g001
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extending in the direction of TLS, as well as a 550-bp region upstream of the lesion site in re-
spect to the direction of TLS, by Sanger sequencing. The sequence corresponding to the oligonu-
cleotide used to construct the THF-containing plasmid (20 nt before and 26 nt after the lesion)
was excluded from the analysis, because mutations in this region could result from errors during
the in vitro synthesis of the oligonucleotide. All of the plasmids analyzed (a total of 394) con-
tained a base substitution at the THF position, confirming the mutagenic TLS event. The dis-
tance from the lesion site at which additional mutations were found served as an estimate of the
length of the error-prone TLS tracts in this system.

Because of the accumulation of random damage in the ssDNA used for the plasmid con-
struction, replication of the THF-containing plasmid is expected to result in a high rate of mu-
tations in the vector sequence not related to the THF bypass. To evaluate the contribution of
these “background”mutations to the overall mutagenesis in the 1.7-kb region downstream of
the THF site, we designed a control plasmid constructed via the same procedure as the THF-
containing plasmid but with no deliberately introduced lesion. To be able to analyze the proge-
ny of the same strand that is replicated via error-prone TLS in the THF bypass assay, we engi-
neered the two strands of the control plasmid to confer different phenotypes. One strand
contains the wild-type URA3 sequence, while the other contains a three-nucleotide substitution
(the ura3-103,104mutation) at the position equivalent to that of the THF lesion, resulting in a
three-base mismatch in the plasmid (Fig. 1D). Approximately 20% of transformants with this
plasmid produced half-sectored colonies consistent with the replication of the plasmid and seg-
regation of the URA3 and ura3-103,104 alleles into the daughter cells. The proportion of half-
sectored colonies only mildly increased in mismatch repair (MMR)-deficientmsh2Δ strains
(from 21% to 33% on average), indicating that the “bubble”-type mismatch is inefficiently cor-
rected by MMR. The non-sectored colonies could possibly result from the presence of more
than one plasmid copy in some cells, which could preclude segregation of the Ura- phenotype,
loss of a fraction of daughter plasmids and/or repair of the heteroduplex by an unknown mech-
anism distinct from MMR. We did not attempt to distinguish between these possibilities and
used only half-sectored colonies for the analysis of control replication products. All of the plas-
mids isolated from the Ura- part of the half-sectored colonies contained the ura3-103,104 allele
sequence at the site of the of the original mismatch, as expected from accurate copying of the
Ura- strand. DNA sequence analysis of the surrounding region provided an estimate of the fre-
quency of mutations associated with our method of plasmid construction.

The Length of DNA Fragments Synthesized in an Error-Prone Manner
during THF Bypass
A total of 394 THF bypass products and 456 products of the control plasmid replication were
analyzed by DNA sequencing. As expected, the majority of TLS events resulted in an A (243/
394; 62%) or C (80/394; 20%) incorporation opposite the lesion. T incorporation occurred in
18% of all cases (71/394). A total of 18 mutations were found in the downstream region at dis-
tances between 34 and 1529 nucleotides from the THF (Fig. 2A; Table 1). These “hitchhiking”
mutations were noticeably concentrated within an approximately 220-nucleotide segment im-
mediately adjacent to the lesion. Although 11 mutations were found among the 456 control
plasmids downstream of the lesion site, their distribution was significantly different from that
in the TLS products. Mutations in the control plasmids were randomly distributed throughout
the sequenced region, with none of the 11 mutations occurring within the first 220 nucleotides,
in contrast to ~40% in the THF bypass products (p = 0.0045, Fisher’s exact test). The rate of
mutation in the 220-nucleotide region next to the THF site constituted 8.1 x 10-5 per nucleotide
(Table 2). This exceeds the genome-wide mutation rate in yeast by approximately 300,000-fold
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and is close to the rate of errors reported for copying of undamaged DNA by purified Polz in
vitro (5.6 x 10-4, [28]). The frequency of mutations immediately upstream of the lesion site did
not differ from that in the control plasmids (Fig. 2A), consistent with the idea that the patch of
increased mutagenesis resulted from error-prone DNA synthesis initiated at the lesion site.
The frequency of mutations downstream of the lesion was reduced to the background level as
the distance from the lesion exceeded 220 nucleotides. Accordingly, the types of mutations in
these distant regions were very similar to those in the control plasmids (predominantly C!T
transitions and -1 deletions). In contrast, only one C!T transition and no -1 frameshifts were
found in the 220-bp region adjacent to the lesion site (Fig. 2B, Table 1). We, therefore, conclud-
ed that mutations present in the TLS products outside of the 220-bp region must have resulted
from damage of ssDNA during the plasmid construction, and only those observed within the
220-bp region are indicative of error-prone DNA synthesis associated with the THF bypass.
We also sequenced the 220-bp region in 47 THF bypass products and 57 control plasmids re-
covered frommsh2Δ strains to determine whether errors made during TLS-associated synthe-
sis are corrected by MMR. We observed no increase in the frequency of untargeted mutations
over that in MMR-proficient strains (Table 2), indicating that MMR does not operate in TLS
tracts. This is in agreement with a previous report that MMR does not efficiently correct errors
made by Polz [35]. Taken together, these observations suggest that the error-prone synthesis
typically continues for approximately 200 nucleotides after the THF bypass is completed. Be-
cause of the high level of background mutagenesis in this system, we cannot exclude a possibili-
ty that a minor fraction of TLS events could involve more extensive low-fidelity synthesis.

A Genetic System to Identify the Products of TLS through a UV-Induced
Chromosomal Lesion
As described previously, sensitivity of the plasmid TLS assay is limited by the high background
likely resulting from spontaneous damage during the plasmid construction. To overcome this

Fig 2. THF bypass is associated with increasedmutagenesis downstream of the lesion. (A) Distribution of mutations found in the products of TLS
through the THF lesion. The THF position is indicated in red. Each vertical line represents a single mutation; the mutation found twice is marked with the
asterisk. Mutations in the TLS products within 220 bp from the lesion are in black, other mutations in TLS products are in grey. Blue lines below the horizontal
scale bar represent mutations found in the control substrates without the THF. The data are based on DNA sequence analysis of 394 THF bypass products
and 456 products of the control plasmid replication. P-value (Fisher’s exact test) indicates the significance of differences in the frequency of mutation in the
220-nucleotide region between TLS products and control plasmids. (B) Types of mutations observed in the THF bypass products and control plasmids. C!
T changes are shown for the transcribed strand that is exposed as ssDNA during the plasmid construction. The double asterisk indicates a statistically
significant difference (p = 0.0347, Fisher’s exact test).

doi:10.1371/journal.pgen.1005110.g002
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Table 1. Mutations found in THF bypass products and in the control plasmids.

Substrate Nucleotide inserted opposite the
THF

Additional mutations downstream of the THF position

Type of
mutationa

Distance from the lesion site
(nt)

Position in the URA3
geneb

Position in the
vectorc

THF C A ! G - 444 4516

A C ! T - 378 4450

A G ! C - 368 4440

A C ins - 367 4439

A TC ! AA - 24 629 4096

C T ! A + 34 571 4038

T A ! C + 46 559 4030

A A ! C + 92 513 3984

A GAT del + 108 497 3968

A A ! C + 168 437 3908

C C ! T + 193 412 3883

A G ! T + 213 392 3863

A G del + 338 267 3738

T G del + 341 264 3735

T A del + 498 107 3578

C G ! C + 626 3450

A A del + 799 3277

T A del + 799 3277

C C ! T + 980 3096

C G ! C + 1064 3021

A A ! T + 1397 2688

T C ! T + 1405 2680

A C ! T + 1529 2556

Control NA A del - 498 4575

NA C ! T - 460 4537

NA C ins - 368 4445

NA T del - 325 4402

NA C ! G - 221 826 4298

NA C ! T - 34 639 4111

NA A ! G + 236 369 3840

NA G del + 376 229 3700

NA A del + 498 107 3578

NA T ! C + 610 3466

NA T del + 784 3292

NA C ! T + 907 3178

NA C ! T + 1012 3073

NA G ! T + 1209 2876

NA C ! T + 1242 2843

NA A ! C + 1447 2638

NA C ! T + 1621 2812

aNucleotide changes in the strand complementary to the THF-containing strand are shown.
bNumbering for the URA3 gene is from the first nucleotide of the open reading frame.
cNumbering for the vector if from the first nucleotide following the ARS4 sequence.

nt, nucleotide; del, deletion; ins, insertion; NA, not applicable.

doi:10.1371/journal.pgen.1005110.t001
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limitation and to ascertain that the extended stretches of error-prone DNA synthesis is not a
peculiar feature of the plasmid assay, we next developed an approach to study mutagenesis as-
sociated with the Polz-dependent bypass of a chromosomal DNA lesion. Because creating a
unique site-specific abasic site in a yeast chromosome is technically challenging, we chose to
use a lesion induced by UV irradiation at a specific dipyrimidine sequence in the chromosomal
URA3 gene. Cis-syn cyclobutane pyrimidine dimers and (6–4) photoproducts are major types
of DNA lesion induced by UV irradiation and can be generated at any of the four pyrimidine
doublets, TT, CT, TC, and CC [36]. Error-prone bypass of UV lesions in vivo, like that of abasic
sites, occurs via a Polz/Rev1-dependent pathway [37–39]. We introduced a single nucleotide
substitution at position 764 of the chromosomal URA3 gene (the ura3-G764Amutation) that
leads to a Ura- phenotype and creates a dipyrimidine sequence (TC), a possible site for UV le-
sion formation (Fig. 3). The ura3-G764A strains can revert to the Ura+ phenotype via several
base substitutions at the 3' C or 5' T of the dinucleotide (Fig. 3A). The occurrence of either sub-
stitution upon UV irradiation of yeast cells indicates that the lesion formation and the muta-
genic TLS have taken place at this site. The frequency of the ura3-G764A reversion increased in
a dose-dependent manner in wild-type strains, but not in rev3Δmutants lacking Polz (Fig. 4).
This indicated that UV irradiation readily induces lesions that are bypassed via Polz-dependent
synthesis to produce the Ura+ revertants. DNA sequence analysis of the URA3 locus of 165 in-
dependent revertants obtained after irradiation with 60 J/m2 UV light showed that all of the re-
vertants contained base substitutions at 3' C, 5' T or both positions of the dipyrimidine at the
site of ura3-G764Amutation (S1 Table). Thus, the system is highly efficient in the identifica-
tion of products of mutagenic TLS through a site-specific chromosomal lesion. To determine
the extent of error-prone synthesis associated with the bypass of this lesion, total DNA was iso-
lated from the 165 Ura+ revertants, and 2.5-kb regions upstream and downstream from the re-
version site in respect to the direction of TLS were amplified by PCR and sequenced (Fig. 3B).

The Length of DNA Fragments Synthesized in an Error-Prone Manner
during the Bypass of a Chromosomal UV Lesion
Similar to the THF bypass, TLS through the chromosomal UV lesion was frequently accompa-
nied by additional mutations in the 2.5-kb region downstream of the lesion site. In 12 cases of

Table 2. Rate of mutation in various genomic regions in cells undergoing error-prone TLS.

Region Mutation rate per nucleotide

In MMR+ strains In MMR- strains

THF bypass-associated UV lesion bypass-associated THF bypass-associated UV lesion bypass-associated

Near the lesiona 8.1 x 10-5 6.7 x 10-5 < 9.7 x 10-5 < 7.7 x 10-5

Genome-wide 2.2 x 10-10 b 0.4 x 10-5 c ND ND

The rate of mutation downstream of the lesion site in the THF and UV lesion bypass experiments was calculated as follows: μ = m/(L*n), where m is the

number of mutations, L is the length of the DNA region analyzed by sequencing (in nucleotides), and n is the number of TLS products examined. For UV

lesion bypass experiment, the background mutation rate (0.6 x 10-5; calculated from sequencing of the 1-kb region next to the ura3-G764A site in UV-

induced Canr mutants) was subtracted for the observed rate of TLS-associated mutation. The rate of TLS-associated mutation in MMR-deficient strains

was estimated similarly taking into account the rate of background mutation in the corresponding control experiments.
aWithin 220 bp from the lesion for the THF bypass and within 1000 bp for the UV lesion bypass.
bSpontaneous genome-wide mutation rate as calculated in [78]
cGenome-wide mutation rate in cells undergoing UV-induced mutagenesis was estimated based on the observance of three mutations within the

sequenced 5-kb region in the UV-induced Canr mutants.

ND, not determined.

doi:10.1371/journal.pgen.1005110.t002
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Fig 3. A genetic system to analyze the products of TLS through a chromosomal UV lesion. (A) The
ura3-G764A allele and possible UV-induced single nucleotide substitutions that lead to the Ura+ phenotype
(marked in red). The sequence of the non-transcribed DNA strand is in black, and the transcribed strand is in
grey. The site of potential UV lesion formation is indicated with a “V”. (B) A schematic showing the structure of
the ura3-G764A-LEU2 cassette in chromosome V, the direction of the UV lesion bypass, and the region that
was analyzed by DNA sequencing. The 2-kbHpaI LEU2 fragment used as a selectable marker for introducing
the ura3-G764A allele into the chromosome is in dark yellow. Open arrows indicate open reading frames.
Black numbers show chromosomal nucleotide position in respect to the left telomere; dark yellow numbers
with the “i” index show nucleotide position within the LEU2 insert in respect to the end of theHpaI fragment.

doi:10.1371/journal.pgen.1005110.g003

Fig 4. Frequency of UV-induced reversion of the ura3-G764A allele in the wild-type and Polζ-deficient
(rev3Δ) strains. The data are mean frequencies for at least six determinations. Error bars are shown unless
they are smaller than the plot symbol and represent standard errors.

doi:10.1371/journal.pgen.1005110.g004
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reversion at the ura3-G764A site, a mutation at the 5’ or 3’ nucleotide of the TC doublet was as-
sociated with a mutation at the next G presumably not involved in the lesion formation (+1 po-
sition; S1 Table). Because the accuracy of nucleotide incorporation at this position is likely
severely affected by the distorted DNA structure at the damaged site, we did not include these
mutations in the calculation of mutation rate in the adjacent region. A total of 15 additional
mutations were found in the 165 TLS products at distances between 16 to 2155 nucleotides
downstream of the reversion site (Fig. 5; Table 3). As in the case of the THF bypass, the untar-
geted mutations were noticeably concentrated in the region immediately adjacent to the lesion,
but the hypermutated stretch now extended as far as 1000 nucleotides from the presumed le-
sion position (Fig. 5). The mutation rate in this 1000-bp segment constituted 6.7 x 10-5 per nu-
cleotide (Table 2), which is similar to the level of mutagenesis we observed in the products of
the THF bypass. To confirm that these mutations are associated with TLS at the site of
ura3-G764Amutation, we repeated the experiment but selected for cells that underwent muta-
tion at the CAN1 locus rather than the Ura+ reversion. The CAN1 is located ~83 kb away from
the ura3-G764A allele in the same chromosome V. We detected only one DNA sequence
change in the 1-kb region downstream of the ura3-G764Amutation site among 161 indepen-
dent UV-induced Canr mutant (Fig. 5). This indicated that the untargeted mutations in the
Ura+ revertants were, indeed, related to the TLS through a nearby lesion and did not simply re-
flect a high level of mutagenesis in the genome of irradiated cells. The frequency of mutations
upstream of the ura3-G764A site was low and similar to that in the Canr controls, consistent
with the idea that the error-prone synthesis initiated at the site of ura3-G764Amutation. The
rare mutations we observed in the Canr controls and in the Ura+ revertants outside the hyper-
mutated 1-kb region likely resulted from additional UV-induced lesions. According to previous
estimates, the dose of 60 J/m2 used in our experiments is expected to induce approximately one
lesion per 1–2 kb [40, 41]. The frequency of mutation we observed in the Canr controls (which
is indicative of the average frequency of mutagenic lesions in the genome of cells undergoing
UV-induced mutation) is about 100-fold lower. This is consistent with the notion that the ma-
jority of lesions are repaired in NER-proficient cells, and only a fraction of the remaining le-
sions are mutagenic.

Polz is required for the extension step during the mutagenic bypass of THF and UV-in-
duced lesions [29, 33, 38, 39] and could, thus, be responsible for the error-prone synthesis in
the downstream region. To exclude the possibility that the observed high rate of mutations re-
sulted from synthesis by the other low-fidelity yeast polymerase, Polη, we sequenced the 1-kb
region downstream of the ura3-G764Amutation site in 165 Ura+ revertants obtained in the
rad30Δ background (S2 Table) after exposure to the same dose of UV irradiation (60 J/m2).

Fig 5. UV lesion bypass is associated with increasedmutagenesis downstream of the lesion. The position of the presumed UV lesion at the
ura3-G764Amutation site is indicated in red. Distribution of untargeted mutations in UV-induced Ura+ revertants is shown above the horizontal scale bar.
Each vertical line represents a single mutation. Mutations found within 1000 bp downstream from the lesion are in black, those in other regions are in grey.
Blue lines below the horizontal scale bar represent mutations found in UV-induced Canr mutants of the ura3-G764A strain. The data are based on DNA
sequence analysis of 165 independent Ura+ revertants and 161 independent Canr mutant. P-value (Fisher’s exact test) indicates the significance of
differences in the frequency of mutation in the 1-kb region between Ura+ revertants and Canr controls.

doi:10.1371/journal.pgen.1005110.g005
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The reversion frequency was not significantly affected by the inactivation of RAD30. Five mu-
tations were found at distances of 505–1026 nucleotides from the reversion site, which corre-
sponds to a mutation rate of 3 x 10-5. This is similar to what we observed in the RAD30+ strain
and argues against a major role of Polη in mutagenesis downstream of the lesion site. In con-
trast, Polz appeared to be required for the generation of untargeted mutations. Although very
little induced mutagenesis could be seen in rev3Δ strains lacking Polz (Fig. 4), the frequency of
Ura+ revertants at the dose of 60 J/m2 exceeded the spontaneous reversion frequency approxi-
mately three-fold, so the rare revertants resulting from Polz-independent bypass could be re-
covered. Sequencing of the 1-kb region downstream of the ura3-G764Amutation site in 231
Ura+ revertant obtained in the rev3Δ background (S3 Table) detected no untargeted mutations.
This indicated that the long stretches of hypermutation downstream of the lesion are specifical-
ly associated with Polz-dependent TLS and strongly implicate Polz in the generation of these
mutations. Similar to the THF bypass experiments, sequencing of the 1-kb region from UV-in-
duced Ura+ revertants obtained in themsh2Δ background showed that the frequency of untar-
geted mutations was not increased in the absence of MMR (Table 2), confirming that MMR
does not correct errors in TLS tracts.

Table 3. Mutations found in UV-induced Ura+ revertants of the ura3-G764A strain and Canr controls.

Nucleotide change at positions 763–765
of the URA3 genea

Additional mutations downstream of the presumed UV lesion

Mutation
typea

Distance from the
lesion site (nt)

Chromosomal
positionb

Ura+ revertants(TLS at the site of
ura3-G764A mutation)

GAC!GCC A ! T - 635 116294

GAC!GTC G ! A - 23 116906

GAC!AAC G ! A + 16 116946

GAC!AAC A ! G + 34 116964

GAC!AAC A ! G + 40 116970

GAC!AAC A ins + 177 117107

GAC!AAC C ins + 190 5i

GAC!GGC A ins + 262 77i

GAC!AAT T ins + 414 229i

GAC!GGC A ! T + 631 446i

GAC!CAC A ins + 636 451i

GAC!AAC C ! T + 772 587i

GAC!GTT G ! A + 886 701i

GAC!AAC G ! A + 968 783i

GAC!GTC G ! A + 1654 1469i

GAC!AAC G ! T + 2015 1830i

GAC!GCC C ! T + 2155 1970i

Canr controls (no TLS at the site of
ura3-G764A mutation)

NA A ! T - 1774 115155

NA T ! C - 181 116748

NA C ! T + 621 436i

aNucleotide changes (bold) are shown for the coding DNA strand complementary to the strand containing the dipyrimidine sequence at positions 763–764.
bNumbers with the “i” index indicate the position of the mutation in the inserted LEU2 gene fragment (see Fig. 3 for a more detailed explanation of the

numbering system). Abbreviations are as in Table 1.

doi:10.1371/journal.pgen.1005110.t003
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Discussion
Previous studies of the Polz-dependent TLS focused primarily on events at the lesion site [8,
29, 31, 42–47]. These studies have established Polz as a key player in the extension of distorted
primer termini resulting from nucleotide insertion opposite lesions by other polymerases. This
function underlies the renowned requirement of Polz for mutagenesis at the damage location.
In the present work, we used novel genetic assays where the products of TLS can be identified
phenotypically to demonstrate that the bypass of the THF and the UV-induced lesions is asso-
ciated with a dramatic increase in mutagenesis in the adjacent region. The following arguments
suggest that this mutagenesis likely results from continuous synthesis of long DNA stretches by
Polz. First, the essential role of Polz in the extension step of the bypass puts this polymerase in
a perfect position to carry on synthesis beyond the lesion. Second, the mutation rate in the re-
gion downstream of the lesion (~10-4 per bp) is comparable to the rate of errors observed dur-
ing Polz-dependent copying of undamaged DNA in vitro (5.6 x 10-4 per bp; Ref. [28]). Third,
the untargeted mutations disappear in Polz-deficient rev3Δ strains. Fourth, the level of untar-
geted mutagenesis remained high in rad30mutants lacking Polη, the only other TLS polymer-
ase in yeast capable of copying complex templates. We can also exclude a reduction in the
fidelity of replicative polymerases as the cause of TLS-associated mutagenesis, because this
would be expected to result in a genome-wide elevation of the mutation rate, which is
not observed.

The rate and specificity of mutation downstream of the lesions argues that it results from
the copying of adjacent undamaged DNA by Polz and not from its recruitment to sites of sec-
ondary lesions in single-stranded regions formed after the replication arrest. The frequency of
mutation triggered by the formation of ssDNA alone, without additional mutagenic treatment,
is at least an order of magnitude lower than that observed in our experiments [48]. The
ssDNA-mediated mutagenesis is also characterized by the abundance of C!T changes in the
exposed strand (~43% of all base substitutions; Ref. [48]), which are completely absent in the
200-bp segment adjacent to the THF site in our study (Table 1). While the UV lesion bypass
products contained C!T transitions (Table 3), the mutation rate downstream of the lesion site
still greatly exceeded that expected from spontaneous damage in persistent ssDNA stretches
(Table 2 and Ref. [48]). Therefore, we conclude that the distribution of mutations in the vicini-
ty of the site-specific lesions (Figs. 2A and 5) directly reflects the extent of continuous synthesis
by Polz. Based on this, we estimate that, in vivo, Polz copies at least 200 and sometimes up to
1,000 nucleotides of undamaged template upon completing the lesion bypass. This nicely par-
allels previous electron microscopy studies showing that the single-stranded gaps left behind
the replication forks in UV-irradiated yeast are typically smaller than 400 nucleotides, but lon-
ger gaps (more than 1000 nucleotides) could be seen in a fraction of replication intermediates
[17]. If TLS, as it is currently viewed, occurs predominantly in these gaps, Polzmust be filling a
substantial portion of the gaps. Further studies would be needed to determine whether Polz is
solely responsible for the gap filling or if it is later replaced by a replicative polymerase such as
Pol δ. The TLS assays we developed can be used as a tool to address this question if mapping of
TLS stretches is complemented by accurate measuring of ssDNA regions accumulating next to
the lesions.

We observed a notable difference in the distribution of mutations in the THF versus the UV
lesion bypass assay, which might reflect a previously unappreciated aspect of TLS regulation.
Mutations associated with the THF bypass concentrated within 220 nucleotides from the lesion
(Fig. 2; Table 1). In contrast, mutations that accompanied the UV lesion bypass were distribut-
ed nearly randomly across the adjacent 1-kb region, becoming less frequent only beyond that
point (Fig. 5). This indicates that the bypass of the chromosomal UV lesion is associated with
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longer stretches of error-prone synthesis. It seems likely that the extent of Polz-dependent syn-
thesis may be limited by the length of the single-stranded region remaining after re-priming of
replication downstream of the lesion. This length could vary depending on the lesion position
in the leading or lagging strand template. Stalled lagging strand synthesis is likely restarted
with the initiation of the next Okazaki fragment, so the size of single-stranded gaps on the lag-
ging strand would not exceed the size of Okazaki fragments (140–175 nucleotides according to
the recent estimates, Refs. [49, 50]). However, replication restart on the leading strand requires
additional regulatory mechanisms, and the re-priming might occur at a greater distance from
the lesion. Although the direction of replication through the URA3 gene in our THF bypass
assay is unknown, we believe the lesion is likely to be encountered by the lagging strand ma-
chinery in the majority of cases. The THF lesion is located at comparable distances from the
centromere-proximal and centromere-distal sides of the replication origin ARS4 in the
pRS315-URA3 OR2 plasmid (Fig. 1A). Because of the inhibitory effect of the repetitive centro-
meric sequences on the fork progression [51], the lesion-containing region is likely to be first
approached by the fork coming from the centromere-distal side of ARS4. This would put the
THF lesion in the lagging strand template. In contrast, the UV-induced lesion in chromosome
V is likely located in the leading strand template. The end of the URA3 gene in a genetically un-
manipulated chromosome V corresponds to the beginning of the replication termination zone
(the region between 117 and 123 kb in Fig. 3B; Refs. [52, 53]). The LEU2 insertion (Fig. 3B)
presumably moves the termination zone away from the URA3, placing the site of lesion forma-
tion in the leading strand template at a distance of at least 1 kb from the termination zone. The
lesion position in the opposite DNA strands in the THF and the UV lesion bypass assays could
potentially explain the differences in the length of DNA fragments synthesized in an error-
prone manner. While this explanation at present remains hypothetical, the assays we described
here could easily be adapted in the future to explore the role of replication fork dynamics and
asymmetry in regulating the extent of Polz-dependent synthesis.

The findings described here bring a new twist to understanding the consequences of DNA
damage. The extent of error-prone synthesis downstream of the lesions is such that, regardless
of whether the lesion occurs in a functionally important position, the probability of inactivating
a nearby gene is extremely high. We estimate that, with ~7% of TLS tracts containing an addi-
tional mutation beyond the lesion site (this study), and ~1/3 of all base substitutions and the
majority of frameshifts in coding regions affecting the gene function [54], a TLS tract spanning
a coding region will destroy the gene in ~4% of cases. While targeted mutations are undoubted-
ly the primary cause of damage-induced mutagenesis, given the high proportion of essential
genes (e. g. 1/3 of all genes in yeast), the untargeted mutations contribute to DNA damage sen-
sitivity and pose an upper limit to the absolute number of unrepaired lesions that can be toler-
ated by a cell. Extended tracks of error prone synthesis can also lead to the accumulation of
multiple mutations in a localized area without causing hypermutability across the genome. The
localized hypermutability provides a mechanism for rapid genome changes while minimally af-
fecting fitness and is believed to play an important role in several biological processes, includ-
ing tumorigenesis, immune response and adaptation (discussed in [55–60]). While a major
cause of clustered mutations was suggested to be the enzymatic deamination of cytosines in
ssDNA, processive synthesis of long stretches of DNA by error-prone polymerases could con-
ceivably contribute to this phenomenon as well. The two processes, in fact, are interrelated: the
excision of uracil resulting from cytosine deamination by uracil DNA glycosylases produces
abasic sites [61]. Subsequently, the deaminase-induced mutagenesis is, in part, mediated by
Polz-dependent TLS [57]. The long stretches of error-prone synthesis are also likely relevant to
other situations where mutagenic processes promote adaptation, evolution or human disease
and where the role of clustered mutations is yet to be established. For example, Polz/
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Rev1-dependent TLS is believed to be responsible for the acquired drug resistance and the de-
velopment of secondary tumors in patients undergoing chemotherapy with DNA-damaging
agents [62–65]. The ability of TLS enzymes to generate multiple mutations in extended
stretches of DNA likely accelerates the emergence of chemoresistance. Future molecular char-
acterization of therapy-resistant tumors could help clarify the role of the TLS-associated local-
ized hypermutability in tumor evolution.

Materials and Methods

Strains and Plasmids
The haploid Saccharomyces cerevisiae strains PS1001/PS1002 (MATα ade5 lys2-Tn5-13 trp1-289
his7-2 leu2-3,112 ura3Δ apn1Δ::loxP apn2Δ::loxP) and OK29/30 (MATα ade5-1 lys2::InsEA14
trp1–289 his7-2 leu2-3,112 ura3-G764A-LEU2) were used in the THF and UV lesion bypass as-
says, respectively. PS1001 and PS1002 are two independent isolates of the same genotype de-
rived from CG379Δ [66, 67] by disruption of the APN1 and APN2 genes by the loxP-LEU2-loxP
and loxP-kanMX-loxP cassettes, respectively. The cassettes were PCR-amplified from pUG73
[68] and pUG6 [69], and the disruption was followed by the Cre/loxP-mediated marker removal
[69]. OK29 and OK30 are two independent isolates of the same genotype engineered as follows
using E134 (same as OK29/30, but ura3-52; [70]) as the starting material. First, a Ura+ derivative
of E134 (named E134+) was obtained by M. R. Northam in our laboratory by transformation
with a PCR fragment containing the wild-typeURA3 gene. The ura3-G764Amutation was cre-
ated by site-directed mutagenesis in a yeast integrative vector containing theURA3 and LEU2
genes cloned into pUC18 [71], yielding pUC18-ura3-G764A-or1. OK29 and OK30 were then
constructed by replacing the wild-type chromosomal URA3 gene of E134+ with the ura3--
G764A-LEU2 cassette amplified by PCR from pUC18-ura3-G764A-or1. The primers for ampli-
fication had 20 bp of homology to pUC18 regions flanking the cassette at the 3’ end and 45 bp
of homology to the chromosome V sequences upstream and downstream of theURA3 gene at
the 5’ end. The LEU2 insertion next to the ura3-G764A in OK29/30 does not affect the function
of theURA3 gene or the Ura- phenotype conferred by the mutation. The rev3Δ, rad30Δ and
msh2Δmutants of OK29/30 andmsh2Δmutants of PS1001/1002 were constructed by transfor-
mation with PCR-generated DNA fragments carrying the kanMX cassette flanked by short se-
quence homology to REV3, RAD30 orMSH2.

The pRS315-URA3 OR2 plasmid [72] containing the URA3 gene cloned into theHindIII
site of pRS315 [73] was kindly provided by Dr. Youri Pavlov (University of Nebraska Medical
Center, Omaha, U.S.A). In addition to the URA3, it carries the LEU2 selectable marker, the
yeast autonomous replicative sequence ARS4, a yeast centromere sequence, and the f1 phage
origin of replication. The single-stranded DNA (ssDNA) form of pRS315-URA3 OR2 contains
the transcribed URA3 strand. Escherichia coli F’ strain DH12S (Invitrogen) and M13KO7 help-
er phage (New England Biolabs) were used for isolation of the pRS315-URA3 OR2 ssDNA.
The E. coli strains XL10-Blue and MC1061 (Invitrogen) were used for plasmid rescue from
yeast cells and for propagation of plasmid DNA.

Construction of the Double-Stranded Plasmid with a Site-Specific THF
Lesion
The single-stranded pRS315-URA3 OR2 phagemid was purified as described in [74] with some
modifications. The DH12S strain transformed with the phagemid was grown in LB medium to
an optical density at 600 nm of 0.05 and then infected with M13KO7 at a final concentration of
1 x 108 pfu/ml. On the following day, the bacteriophage particles were precipitated from the
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culture supernatant by stirring in 4% polyethelene glycol—0.5 M NaCl at 4°C for 1 h and sub-
sequent centrifugation at 4,000 x g for 30 min. The pellets were washed with 10 mM Tris-HCl
and resuspended in 10 mM Tris-HCl pH 8.0. The cell debris was then removed by centrifuga-
tion at 60,000 x g for 15 min at 4°C. To pellet the phage particles, a subsequent overnight cen-
trifugation was performed under the same conditions. The pelleted bacteriophage particles
were resuspended in 10 mM TE buffer. To remove residual fragments of bacterial DNA or
RNA that could anneal to the pRS315-URA3 OR2 ssDNA, the bacteriophage particles were
treated with 120 U/ml T4 DNA polymerase (New England Biolabs) and 5 μg/ml RNAse A
(USB) in NEB2 buffer (New England Biolabs) at 37°C for 2 h. The treatment was done in the
absence of dNTPs to utilize the 3’-exonuclease rather than the DNA polymerase activity of T4
DNA polymerase. The reaction was stopped by incubation with 5 μg/ml Proteinase K (Sigma-
Aldrich) at 55°C for 30 min. The pRS315-URA3 OR2 ssDNA was then purified from pre-
cooled bacteriophage particles by three sequential extractions with phenol, two extractions
with phenol-chloroform, and one extraction with chloroform, followed by ethanol precipita-
tion. Samples were shaken gently to prevent shearing of the DNA. Purified ssDNA was stored
in 10 mM TE buffer at -80°C.

The double-stranded plasmid containing a site-specific THF lesion and a control undam-
aged plasmid were constructed by annealing oligonucleotides 5’-AGGTTACGATTGGTT-
GATTATGACACXCGGTGTGGGTTTAGATGACA-3’ (Oligos etc), where “X” is THF, and
5’-AGGTTACGATTGGTTGATTATGACACGGCGTGTGGGTTTAGATGACA-3’ (IDT),
respectively, to the pRS315-URA3 OR2 ssDNA and synthesizing the remainder of the second
strand by T7 DNA polymerase. The oligonucleotides are complementary to the URA3 nucleo-
tides 579–625. The control oligonucleotide contains three bases (underlined) that do not
match the wild-type URA3 sequence and produce a triple CCG! GGC substitution (the ura3-
103,104 allele) resulting in a Ura- phenotype. The oligonucleotides were PAGE-purified and
annealed to the pRS315-URA3 OR2 ssDNA by incubating a two-fold molar excess of the oligo-
nucleotide with the 400 ng of ssDNA at 72°C for 2 min in T4 DNA ligase buffer (New England
Biolabs) and then cooling slowly to room temperature. The whole volume of the annealing mix
was then incubated with 10 U of T7 DNA polymerase, 200 μM dNTPs, 4 mM ATP and 10 U of
T4 DNA ligase (New England Biolabs) in T7 DNA polymerase buffer at 37°C for 1.5 h. The re-
actions were then treated with Proteinase K (Invitrogen) at 37°C for 20 min. The covalently
closed double-stranded plasmids were isolated from 0.8% agarose gel by centrifugation through
premade Sephadex-10 columns (Pharmacia Fine Chemicals) as previously described [75].

Isolation and Analysis of the THF Bypass Products
Double-stranded THF-containing and control plasmids were introduced into the yeast cells by
polyethylene-glycol-mediated transformation [76]. The strains were grown at 30°C in rich liq-
uid YPDAU medium [77] prior to transformation. Transformants were selected on synthetic
complete medium without leucine (SC—leu), and three-day-old colonies were replica-plated
on synthetic complete medium without leucine and uracil (SC −leu—ura) to score half-sec-
tored phenotype. Total yeast DNA was purified from the Ura- part of the half-sectored colonies
using the MasterPure Yeast DNA Purification Kit (Epicentre). To isolate plasmids from the
total DNA samples, 5–7 μl of each sample was used for transformation of the XL10-Blue or
MC1061 E.coli strain, and plasmid DNA was purified from individual bacterial colonies by
using the High-Speed Plasmid Mini Kit (IBI Scientific). A portion of the plasmid comprising
550 nucleotides upstream and 1.7 kb downstream of the THF position (in respect to the direc-
tion of the presumed TLS), as well as the corresponding region in the progeny of the control
plasmid, was analyzed by DNA sequencing.
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Measurement of the Mutation Frequency in UV-Irradiated Cells
To measure the frequency of UV-induced ura3-G764A reversion, appropriately diluted over-
night cultures of the ura3-G764Amutants were plated on synthetic complete medium and
SC—ura medium and irradiated immediately with 254 nm UV light at doses indicated in
Fig. 4. The plates were incubated for five days at 30°C. Mutant frequencies were then calculated
as the ratio of the number of revertants on selective plates to the number of colonies on syn-
thetic complete plates multiplied by the dilution factor.

Isolation and Analysis of UV Lesion Bypass Products
To isolate UV-induced Ura+ revertants or canavanine-resistant (Canr) mutants of the OK29
and OK30 strains or their rev3Δ, rad30Δ ormsh2Δ derivatives, the strains were streaked for sin-
gle colonies on YPDAU plates and grown for three days at 30°C. Liquid cultures were then
started in YPDAU from the individual colonies and grown to the stationary phase. A total of
200 μl of two-fold concentrated saturated cultures were spread on a SC—ura plate or SC—arg
supplemented with 60 μg/ml L-canavanine, irradiated immediately with 60 J/m2 of 254 nm UV
light, and incubated for seven days (for Ura+ revertants) or five days (for Canr mutants) to
allow for colony formation. One revertant or Canr mutant was randomly picked from each
plate for DNA sequence analysis. Total yeast DNA was isolated from the revertants and Canr

mutants using the MasterPure Yeast DNA Purification Kit (Epicentre). A 5 kb-region compris-
ing 2.5 kb upstream and 2.5 kb downstream of the ura3-G764Amutation site was amplified by
PCR using Pfu DNA polymerase kindly provided by Dr. Farid Kadyrov (Southern Illinois Uni-
versity School of Medicine, Carbondale, U.S.A.) and sequenced.
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