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Abstract
Abasic sites in genomic DNA can be a significant source of mutagenesis in biological systems,
including human cancers. Such mutagenesis requires translesion DNA synthesis (TLS) bypass of
the abasic site by specialized DNA polymerases. The abasic site bypass specificity of TLS
proteins had been studied by multiple means in vivo and in vitro, although the generality of the
conclusions reached have been uncertain. Here, we introduce a set of yeast reporter strains for
investigating the in vivo specificity of abasic site bypass at numerous random positions within
chromosomal DNA. When shifted to 37°C, these strains underwent telomere uncapping and
resection that exposed reporter genes within a long 3′ ssDNA overhang. Human APOBEC3G
cytosine deaminase was expressed to create uracils in ssDNA, which were excised by uracil-DNA
N-glycosylase. During repair synthesis, error-prone TLS bypassed the resulting abasic sites.
Because of APOBEC3G’s strict motif specificity and the restriction of abasic site formation to
only one DNA strand, this system provides complete information about the location of abasic sites
that led to mutations. We recapitulated previous findings on the roles of REV1 and REV3.
Further, we found that sequence context can strongly influence the relative frequency of A or C
insertion. We also found that deletion of Pol32, a non-essential common subunit of Pols δ and ζ,
resulted in residual low-frequency C insertion dependent on Rev1 catalysis. We summarize our
results in a detailed model of the interplay between TLS components leading to error-prone bypass
of abasic sites. Our results underscore the utility of this system for studying TLS bypass of many
types of lesions within genomic DNA.
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1. Introduction
DNA is under constant threat of damage by both endogenous and environmental agents [1].
Damage to the nitrogenous bases that result in miscoding can be particularly deleterious if
left unrepaired before a subsequent round of replication, as this can result in mutation
fixation [1]. A principal means of correcting various adduct lesions is by base excision
repair (BER), which is initiated when a DNA N-glycosylase specifically recognizes its
cognate adducted base substrate and excises it to generate an abasic site [2]. Abasic sites
also are generated when glycosylases erroneously excise normal bases [3] or by spontaneous
breakage of the N-glycosidic bond, especially in adducted nucleotides where this bond is
destabilized [4]. Usually, short- or long-patch BER replaces the damaged nucleotide (along
with some neighboring residues, in the latter case), using the intact complementary strand as
a template [2].

Abasic sites are thought to be one of the most common lesions within DNA, under steady
state, unstressed conditions [5]. While one would expect that the majority of such lesions
should be repaired correctly by BER, abasic sites formed within single-strand DNA
(ssDNA) likely would not be subject to such error-free repair. This is because the
complementary strand to template repair synthesis is, by definition, absent. Moreover, it
would be counterproductive to attempt BER on an abasic site within ssDNA of a replication
fork, as doing so would risk strand breakage and fork collapse [6]. Similarly, BER would be
unavailable for repairing abasic sites formed by strand resection from double-strand breaks
or within subtelomeric ssDNA following telomere uncapping. In the latter scenario, we
previously observed clusters of multiple base substitutions originating from abasic sites on
the 3′ ssDNA overhang strand [7]. More recently, Neuberger and colleagues expressed
hyperactive cytosine deaminases in yeast and found similar mutation showers, which were
associated with breakpoints and thought to result from damage to ssDNA at resected double
strand breaks [8]. Such formations as observed by both groups are reminiscent of similar
clusters of multiple point mutations identified among various human cancers, also likely to
have originated from many abasic sites within long stretches of ssDNA [9–11].

When confronted with abasic sites in a DNA configuration that is not amenable to BER, the
cell resorts to using mechanisms of DNA damage tolerance that result in bypass of the lesion
without repairing it (reviewed recently in [6, 12]). One such mechanism is translesion DNA
synthesis (TLS) by specialized DNA polymerases, which can be error-prone, i.e. mutagenic
(reviewed recently in [12–14]). This is because TLS polymerases can contain relatively
large active sites that accommodate non-canonical bases (e.g., [15, 16]) and lack the
proofreading activity of the higher fidelity replicative polymerases (reviewed in [17, 18]).
As a result, TLS polymerases are considerably more error-prone, even when copying
undamaged DNA templates (e.g., [19, 20]). Thus, cells have evolved these low fidelity
polymerases as a means to bypass genomic lesions that would otherwise block replication,
but at the cost of possible mutation fixation [12–14].

Conserved proteins that take part in TLS have been identified in many organisms, including
budding yeast [21–24]. Yeast has a repertoire of three specialized TLS polymerases whose
functional specificity in bypassing abasic sites has been investigated by the following
approaches: in vitro TLS assays (e.g., [25–27]); transfecting cells with plasmids carrying a
single, engineered abasic site [28–30]; expressing mutator DNA glycosylases that generate
excess abasic sites in BER-deficient strains [31, 32]; and analyzing unselected abasic site-
associated TLS events within a frameshift reversion reporter, in excision repair defective
backgrounds [33]. Pol η, which catalyzes error-free bypass of UV-induced cyclobutane
pyrimidine dimers, is encoded by the RAD30 gene [34]. Pol ζ is proficient at extending from
various mismatched termini during TLS in vitro (e.g., [27, 35, 36]) and includes a catalytic
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subunit encoded by REV3 along with an accessory subunit encoded by REV7 [37]. There is
also evidence that Pol ζ, acting alone, can bypass some lesions in vitro [37, 38]. REV1
encodes a protein with deoxycytidyltransferase activity [26] and provides a structural
function crucial for TLS bypass of certain lesions (e.g., [39–41]). Additionally, the
replicative polymerase δ has been implicated in the insertion of A opposite abasic sites [27].
A non-essential accessory subunit of both Pol δ and Pol ζ, encoded by POL32 [42–44], is
necessary for efficient TLS bypass of various lesions, including abasic sites [29, 30].

Previously, we used a subtelomeric ssDNA mutagenesis reporter system to confirm that the
mutagenic bypass of abasic sites (resulting from Ung1-catalyzed excision of uracils [45] that
were formed by cytosine deamination) within chromosomal DNA required the TLS activity
of Pol ζ [7]. In contrast, when uracils were left intact in ung1Δ cells, mutagenesis was
completely independent of TLS, as deletion of REV3 did not affect the frequency of gene
inactivation at all in this background [7]. Thus, the TLS dependence in cells with Ung1
argues that mutagenesis due to residual amounts of unexcised uracils was at most, a minor
factor. Here, we apply the subtelomeric ssDNA mutagenesis reporter system to investigate
the roles of TLS proteins in the error-prone bypass of randomly generated abasic sites within
chromosomal DNA. We found that similar to human cancers [9–11], A and C tend to be
incorporated opposite abasic sites at similar frequencies. Based on our results, we infer the
respective roles and relative contributions of the various TLS proteins toward the error-
prone bypass of abasic sites within genomic DNA.

2. Materials and Methods
2.1. Yeast Strains

Yeast strains used in this study are listed in Table 1. All are isogenic to CG379 [46] with the
following common markers: MATα his7-2 leu2-3,112 trp1-289. WT and rev3 subtelomeric
reporter strains bearing tetracycline regulatable APOBEC3G plasmids were described
previously [7]. Other TLS gene deletion strains were constructed by one step gene
replacement [47]. The rev1-AA allele (with D647A and E648A amino acid substitutions
[27]) was constructed by the delitto perfetto approach [48]. Strain constructions were
verified by diagnostic replica plating, PCR, and sequencing (for rev1-AA). Strains were
maintained on TRP dropout media to select for plasmid retention.

2.2. Determination of CAN1 Inactivation Frequency
For each combination of genotype and plasmid, multiple independent colonies each were
inoculated into 5 mL of YPDA liquid (1% yeast extract, 2% peptone, 2% dextrose,
supplemented with 0.01% adenine sulfate, filter-sterilized) and grown at 23°C for two days.
Then, 500 μL of each culture was added to 4.5 mL of fresh YPDA with 10 μg/mL
doxycycline hyclate [49] (Sigma-Aldrich, St. Louis, MO) and shifted to 37°C for six hours.
Cells were counted and G2 arrest was monitored by examining cell morphology. Cells were
washed once in water. 500 cells were plated, in triplicate, onto synthetic complete to
determine plating efficiency. An appropriate dilution for each strain was plated, in triplicate,
onto ARG dropout plates with 60 mg/mL canavanine sulfate and 20 mg/mL adenine sulfate
to select for mutants. Plates were counted after incubation at 23°C for five days. Canavanine
selection plates were replica plated onto glycerol plates to eliminate cultures started by petite
colonies from further consideration.

2.3. Collection and Sequencing of CAN1 Inactivation Mutants
Cultures derived from independent colonies were started and temperature shifted as
described in 2.2. From each culture, an appropriate dilution was plated onto a single
canavanine selection plate and incubated for five days at 23°C. A single colony, located
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closest to a fixed point on each plate, was streaked onto YPDA. A single colony from each
streak was patched onto YPDA, grown for two days at 23°C, and replica plated onto
canavanine media to verify loss of CAN1 function, and onto glycerol media to verify normal
aerobic respiration capacity. Genomic DNA was prepared from each mutant isolate using a
QIAcube robot (QIAGEN, Valencia, CA), according to the manufacturer’s DNeasy
protocol. Using standard methods, CAN1 was PCR amplified and sequenced (primers are
listed in Supplementary Table 1), and mutations were identified, as described previously [7].

2.4. Statistical Analyses
Prism 6 software (GraphPad Software, LaJolla, CA) was used to carry out statistical tests on
the data. The Kolmogorov-Smirnov test was used for pairwise comparisons (between TLS
genotypes) of CAN1 inactivation frequency and plating efficiency. The two-tailed 2-by-2
Fisher’s exact test or the Chi-square test was used to compare relative proportions of
different mutation types between TLS genotypes, or between APOBEC3G vs. empty vector
in the same TLS genotype.

3. Results
3.1. A model system to assess the roles of TLS proteins in the mutagenic bypass of abasic
sites within chromosomal DNA

The experimental design is summarized in Figure 1. When reporter cells are shifted from
23° to 37°C, telomere uncapping and ensuing enzymatic resection produce long 3′ ssDNA
overhangs [50]. The sequences that either code for, or are complementary to, three reporter
genes are located within the left subtelomeric region of Chromosome V. We expressed
human APOBEC3G [51, 52] to generate abasic sites in the subtelomeric ssDNA overhang.
APOBEC3G deaminates the 3′ C within CC motifs [53] of the ssDNA reporter region at
random, but does not react with duplex DNA [54]. Ung1 then excises the resulting uracils to
generate abasic sites [45], which are bypassed by error-prone TLS during re-synthesis of the
resected strand, when cells are returned to 23°C. This series of events results in mutations
that are identified by plating on media that selects cells with inactivated CAN1 [55]. A
unique strength of this experimental design is that it enables the characterization of
mutagenic bypass at endogenously generated abasic sites, at a well-defined sequence motif,
in numerous random locations within chromosomal DNA. This approach should yield
results of broader generality than other methods, e.g. surveying TLS opposite plasmid-borne
single, engineered abasic sites that are introduced into the cell by transfection [28–30].

To characterize the roles of proteins involved in TLS, we first determined the frequency of
CAN1 inactivation among cells expressing APOBEC3G during temperature shift, as a
means to estimate the frequency of mutagenic TLS at abasic sites (see Figure 2). Data on
plating efficiencies and CAN1 inactivation frequencies of empty vector controls are in
Supplementary Figures 1 and 2, respectively. Consistent with in vivo studies based on
transfection of plasmids bearing a single, designed abasic site [29, 30], we found that REV3
and REV1 both were necessary for the vast majority of mutagenic TLS, while deletion of
RAD30 did not affect the frequency of TLS significantly compared to WT. In contrast to
cells deleted for REV1, we found that cells lacking only Rev1 catalytic
deoxycytidyltransferase activity [27] (i.e. rev1-AA cells) exhibited a gene inactivation
frequency that was indistinguishable from WT, supporting prior observations that only the
structural function of Rev1 is required for WT levels of TLS at a model abasic site [30].
Deletion of POL32 also resulted in a significant decrease in frequency of TLS when
compared to WT, consistent with previous reports [29, 30]. Finally, deletion of POL32 in
the rev1-AA background resulted in a further 4.4-fold decrease in frequency of TLS when
compared to the pol32 single mutant (P = 0.0043 by Kolmogorov-Smirnov test), suggesting
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that the majority of low frequency, residual TLS in pol32 cells involved Rev1 catalytic
activity.

3.2. Sequence context can influence the choice of nucleotide inserted opposite abasic
sites in WT cells

To glean further insight into the molecular mechanisms underlying mutagenic abasic site
bypass, we sequenced the CAN1 ORF from independent mutant isolates. Starting with cells
WT for TLS, we sequenced 84 isolates, which yielded 91 mutations in total within CAN1.
Detailed mutation data for all genotypes, either expressing APOBEC3G or bearing empty
vector, are in Supplementary Tables 2 and 3, respectively. 74 of the mutations occurred at
the 3′ C of CC motifs, i.e. at the cognate motif of APOBEC3G, and thus were likely to have
originated from abasic sites. 41 were CC to CT transitions (i.e., insertion of A opposite the
abasic site), while 33 were CC to CG transversions (insertion of C). To obtain the frequency
of a given class of mutations, we multiplied the overall CAN1 inactivation frequency
(1.36×10−3 for WT) by the ratio of the number of mutations of that class to the total number
of mutations (see Figure 3A).

While mutations were found at 19 CC sites spread across the CAN1 reporter, we noticed
that some positions contained considerably more mutations than others (Figure 4A).
Specifically, 32 out of 74 mutations occurred in just two positions, C530 and C718, where
both CC to CT and CC to CG substitutions were observed (see also Supplementary Table 4).
The C to G allele at position 530 results in a tryptophan to serine substitution, while the C to
T allele results in an amber stop codon. Both the C to G and C to T alleles at position 718
yield glycine to arginine substitutions. (Since the coding strand for CAN1 is complementary
to the ssDNA overhang left by resection from the uncapped telomere, the actual coding
changes are complementary to the mutations occurring at CC motifs in the ssDNA
overhang.) All four alleles (C530G, C530T, C718G, and C718T) were clearly canavanine
resistant. Interestingly, these positions differed for the relative proportion of CC to CT vs.
CC to CG (P = 0.0006 by Fisher’s exact test; see also Figure 4A). There was a clear
preference for insertion of C across an abasic site at position 530 versus a preference for
insertion of A across an abasic site at position 718, suggesting a genuine bias in favor of one
type of TLS transaction over the other. We propose that the local sequence context at these
two positions can influence the choice of nucleotide inserted opposite the abasic site.
However, it is not clear which differences in sequence could be influencing this choice, as
there are many differences in the respective flanking sequences (see Discussion).

We also noticed that the highest number of CC to CT transitions was observed in position
857, which creates an amber stop codon. However the C857G allele, which would result in a
tryptophan to serine substitution, was never isolated as an inactivating mutation in any of
numerous studies with published CAN1 mutation spectra [53, 56–60]. Similarly, we have
never observed a C857G allele resulting in gene inactivation among existing datasets in our
group ([10, 61, 62] and unpublished observations). As it is quite possible that the C857G
allele does not inactivate CAN1, we do not consider position 857 to be a site where any
preference for insertion of A (instead of C) can be inferred. Nonetheless, the sharp contrast
in nucleotide insertion preferences between positions 530 and 718 argues that not all abasic
sites are processed in the same manner by the TLS machinery.

3.3. Rad30 (Pol η) does not play a significant role in mutagenic TLS opposite abasic sites
Consistent with previous studies [29, 30], we found that deletion of RAD30 did not alter the
frequency of mutagenic TLS opposite abasic sites significantly, when compared to WT (see
Figure 2). If Rad30 does not play any significant role in TLS opposite abasic sites, then the
mutation spectrum of rad30 cells also should be essentially the same as that of WT. We
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sequenced 48 independent isolates from rad30 cultures treated with APOBEC3G, to obtain
52 mutations. Similar to WT, the large majority of mutations (39 of 52) occurred at CC
motifs and there were similar numbers of CC to CT transitions (19) and CC to CG
transversions (20) (see Figure 3A). Also similar to WT, the rad30 mutation spectrum
revealed a CC to CG preference at position 530 and a CC to CT preference at position 718
(P = 0.0006 when comparing these two sites by Fisher’s exact test; see Figure 3B and
Supplementary Table 4). Application of the Chi-square test to compare relative proportions
of mutation types confirmed that there was no significant difference between WT and rad30
(see Table 2).

The only apparent possible difference between the WT and rad30 spectra was at position
806 (compare Figure 4A to 4B). In WT, this site exhibited three CC to CT transitions, one
CC to CG transversion, and five single base deletions of C, i.e. nine mutations in total. By
contrast in rad30, we observed a lone CC to CG transversion. Yet, comparing the relative
ratios of mutations at C806, between WT and rad30 by two-tailed Fisher’s exact test, we
obtained a P-value that was not quite statistically significant (P = 0.0936). Altogether, we
conclude that Rad30 plays, at most, a negligible role in the bypass of abasic sites in vivo.

3.4. Rev3 and Rev1 are required for efficient TLS, and for the insertion of C opposite
abasic sites

Deletion of either REV3 (encoding the catalytic subunit of Pol ζ) or REV1 resulted in 66-
and 51-fold decreases in TLS frequency when compared to WT, respectively (see Figure 2).
Dividing the CAN1 inactivation frequency of each mutant by that of WT, we infer that rev3
retained 1.5% of the TLS capacity of WT, while rev1 retained 1.9% of WT capacity. This is
in good agreement with the results of Lawrence and colleagues, who obtained values of
4.9% and 3.4% for rev3 and rev1, respectively, using a plasmid-based in vivo assay [28].
Prakash and colleagues, using a similar approach as Lawrence, derived values of 8% and
41% of WT TLS capacity for rev3 and rev1, respectively [30]. Thus, the rev3 data for all
three studies were similar, while the higher TLS capacity observed by Prakash and
colleagues for rev1 was not observed in Lawrence’s system or ours.

We sequenced 40 rev3- and 46 rev1-derived isolates, each with one mutation in CAN1 and
found that the mutation spectra for both rev3 and rev1 were completely devoid of CC to CG
transversions (see Figure 3A). In contrast, CC to CT transitions comprised over half of total
mutations for both genotypes. The differences in proportion of mutation types were highly
significant when compared to WT (P < 0.0001 by Chi-square test for either rev3 or rev1 vs.
WT, see Table 2). Only two out of 21 independent isolates each from rev3 and rev1 bearing
empty vector exhibited CC to CT transitions (no CC to CG transversions were observed; see
Supplementary Table 3), even in genetic backgrounds grossly deficient for TLS. Fisher’s
exact test P-values comparing the proportion of CC to CT mutations in rev3 cells expressing
APOBEC3G vs. empty vector is 0.0009. The corresponding P-value for rev1 cells is 0.0001.
Thus, the comparison between APOBEC3G-expressing strains to empty vector controls
clearly showed the mutagenic specificity of this cytosine deaminase, even in genetic
backgrounds that were grossly TLS deficient.

The lack of C insertion in our system is in good agreement with results from Lawrence’s
group [29], but less so with Prakash’s group [30], who observed 31% and 10% insertion of
C opposite their model abasic site in the rev3 and rev1 backgrounds, respectively. In
addition, our mutation spectra exhibited a strong CC to CT hotspot at position 718 (see
Figures 5A, 5B, and 3C). Also note that position 718 tended to favor insertion of A (CC to
CT transitions) in WT (see Figures 3B, 4A, and Supplementary Table 4). Our results suggest
that position 718 might be relatively easy to bypass, even in genotypes with severe TLS
deficiency, perhaps by the action of replicative polymerase δ alone. While we cannot rule
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out the possibility that residual CC to CT transitions observed in rev3 or rev1 could be due
to small numbers of unexcised uracils, the overall agreement with the results of Lawrence
[29] and Prakash [30] is consistent with low-frequency TLS.

Finally, we found that rad30 rev3 and rad30 rev1 double mutants behaved similarly to rev3
and rev1 single mutants, respectively (see Figures 2, 3A, 3C, and Supplementary Table 4).
These results suggest that Rad30 truly does not play any significant role during mutagenic
bypass of abasic sites, not even in a backup capacity when either Pol ζ or Rev1 are
unavailable.

3.5. The structural function of Rev1 enables efficient TLS, but catalytic function is
necessary for insertion of C opposite abasic sites

Rev1 is thought to serve a dual role in enabling TLS. It possesses a deoxycytidyltransferase
activity and a structural role (independent of its enzymatic function) that facilitates the
activity of other TLS proteins (reviewed in [12–14]). Since no CC to CG mutations were
found among the 46 independent rev1-derived isolates with inactivated CAN1, we tested
whether Rev1 catalytic activity was responsible for insertion of C opposite abasic sites. As
mentioned, rev1-AA cells exhibited WT levels of overall TLS frequency (see Figure 2). This
indicates that Rev1’s structural function is in itself, sufficient to support efficient TLS, in
some form.

Although the overall TLS frequencies were similar between rev1-AA and WT, the
compositions of the mutation spectra were radically different. We sequenced 42 independent
rev1-AA isolates to obtain 45 mutations in CAN1. 31 mutations were CC to CT while none
were CC to CG (see Figure 3A). With the loss of Rev1 catalytic activity, the prominent CC
to CG signature at position 530 was abolished, leaving only the residual CC to CT
transitions also observed at this site in WT (compare Figure 5C to Figure 4A and see
Supplementary Table 4). Another consequence was that C857T became the most prominent
hotspot in the rev1-AA spectrum (see Figure 5C). Altogether, these data suggest that the
deoxycytidyltransferase activity of Rev1 is necessary for the vast majority of (if not all)
instances where C is inserted opposite abasic sites, consistent with previous reports based on
assays of TLS opposite a single, engineered abasic site in plasmid substrates [30] and
analysis of unselected TLS events in a genetic reversion system within excision repair
deficient backgrounds [33].

3.6. In contrast to rev3 and rev1, pol32 cells retain a residual capacity to insert C opposite
abasic sites

Pol32 is an accessory subunit of both Pol δ (a replicative polymerase) and Pol ζ (a TLS
polymerase) [42–44]. As mentioned previously, deletion of POL32 resulted in a TLS defect
that was comparable to that seen in rev3 and rev1 (see Figure 2). But given the dual role of
Pol32, we surmised that there might be differences in its mutation spectrum when compared
to either rev3 or rev1. We sequenced 48 independent pol32 isolates, each containing a single
mutation in CAN1 (see Figure 6A). In contrast to the absence of CC to CG transversions in
rev3 and rev1, we observed 20 such substitutions in pol32 (see Figure 3A). 13 of these CC
to CG transversions occurred at positions 530 or 718 (see Figure 3C and Supplementary
Table 4). In addition, the relative proportions of CC to CT, CC to CG, and all other
mutations were significantly different compared to WT (P = 0.0004 by Chi-square test, see
Table 2). Thus, pol32 exhibited a mutation signature that was unique among the various
genetic backgrounds examined.

The relative prominence of CC to CG transversions in pol32 led us to test whether
Rev1deoxycytidyltransferase activity was necessary for these substitutions. As already

Chan et al. Page 7

DNA Repair (Amst). Author manuscript; available in PMC 2014 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



mentioned, loss of Rev1 catalytic activity in the pol32 background resulted in a further
significant decrease of TLS activity compared to the pol32 single mutant (see Figure 2). We
sequenced 23 independent isolates from the pol32 rev1-AA background, each bearing a
single mutation in CAN1. As expected, CC to CG transversions were abolished (see Figures
3A and 6B). CC to CT transitions were by far the predominant type of mutation, seen in 19
isolates. Eight of these events were observed at position 718 (see Figure 3C), a site that also
favored insertion of A opposite the abasic site in WT. Taken together, we conclude that the
residual TLS in pol32 cells (evident when compared to rev3 or rev1) was attributable mostly
to a capacity for inserting C opposite abasic sites, in a Rev1 catalysis-dependent manner.

4. Discussion
4.1. An in vivo model system to investigate TLS bypass of lesions in DNA

In this work, we describe the use of a subtelomeric ssDNA reporter system to define the
roles of proteins involved in error-prone TLS bypass of abasic sites generated at random CC
motifs in chromosomal DNA. Abasic sites are well-studied lesions in a variety of systems.
Using the ssDNA reporter, we have recapitulated previous findings on the roles of TLS
proteins in yeast, thus validating our overall approach. Additionally, we obtained evidence
that sequence context can strongly influence the relative likelihood of A vs. C insertion
opposite abasic sites, a possibility that had hardly been investigated previously. We also
found that deletion of POL32 results in a mutation signature entirely distinct from that of
any other genetic defect in TLS.

Yeast has a relatively small number of proteins that take part in TLS. Thus, it was
straightforward to construct a set of relevant mutants to investigate the relative contribution
of each protein toward overall TLS activity to bypass abasic sites. In principle, the same
approach can be applied to determine the TLS bypass specificity of a large variety of
lesions. In this study, we used only one reporter gene (CAN1) to assess TLS bypass because
the low frequency of TLS in the various mutant backgrounds required the mutagenization
of, and selection from, large numbers of TLS mutant cells to obtain meaningful data. Under
conditions of efficient WT TLS, we had easily identified many instances of inactivating
simultaneous mutations in multiple reporter genes (i.e. mutation clusters or showers) within
the same mutant isolate [7]. In effect, TLS events were sampled at even larger numbers of
different sequence contexts without having to select from an impractically large number of
mutagenized cells. Indeed, we have used this system to show that TLS is necessary for
bypass of sulfite-induced lesions at cytosines in ssDNA [7], although the relative
contributions of the various TLS proteins toward this type of lesion bypass have yet to be
investigated.

The subtelomeric ssDNA reporter also has two key advantages over conventional
mutagenesis reporter systems. First, the single-strand state of the reporter DNA enables
detection of mutagenesis arising from agents that are not reactive enough to damage dsDNA
appreciably, but might be able to form adducts in ssDNA. Such agents usually exhibit only
weak activity in conventional mutagenesis reporters [63]. Secondly, the known strandedness
of the reporter DNA in this system enables unambiguous assignment of the actual base
change. In contrast, conventional mutagenesis reporters typically are unable to distinguish
whether an agent induces a given mutation or its complement, and are reliant upon other
experimental approaches to provide such information.

4.2. The importance of Rev1 catalytic activity
Our results provide clear evidence that Rev1 catalytic activity is required for the insertion of
C opposite abasic sites randomly generated in chromosomal DNA, which is consistent with
previous findings in yeast [30, 33] and vertebrates [64, 65]. When Rev1 catalytic activity is
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removed, the overall frequency of TLS does not decrease significantly compared to WT, i.e.
the rev1-AA cells are not defective for TLS opposite abasic sites, per se. However, the rev1-
AA mutation spectrum is completely devoid of CC to CG transversions, indicating that the
TLS bypass mechanism which is left intact (requiring Rev1 structural function and Pol ζ)
does not insert C opposite abasic sites at a detectable frequency. Further, the loss of Rev1
catalytic activity does not have any apparent effect on the ability to insert A opposite abasic
sites, indicating that polymerase activities besides that of Rev1 are entirely responsible for A
insertion events.

As noted, abasic sites can be formed by enzymatic excision of damaged bases [2]. One of
the most commonly occurring damaged bases is 8-oxo-7,8-dihydroguanine (8-oxoG), which
results from the reaction of G with reactive oxygen species and can mispair with A [2]. 8-
oxoG is excised by conserved DNA N-glycosylases, e.g. Ogg1 in yeast, to generate an
abasic site [66]. Also, alkylating agents are particularly reactive toward N7 of guanine, such
that adducts in this position destabilize the N-glycosidic bond, resulting in spontaneous
depurination, i.e. abasic site formation [67]. Since abasic sites resulting from damage to
guanine are likely to be especially common, it is plausible that evolution selected for an
enzyme specifically with deoxycytidyltransferase activity (Rev1) to counteract the possible
mutagenic effects. Such a hypothesis also would be consistent with the notion that abasic
sites are cognate lesions for Rev1 [68].

4.3. The nucleotide inserted opposite an abasic site is indicative of the set of TLS activities
at work

By analyzing the outcomes of TLS events in various TLS deficient backgrounds at
numerous randomly generated abasic sites, we have gained important insight into the
underlying molecular mechanisms. Sequence context can have a striking effect on the choice
of nucleotide inserted opposite an abasic site. Specifically, abasic sites at position 530 of
CAN1 tend to be bypassed by C insertion (resulting in CC to CG transversions), while
abasic sites at position 718 tend to be bypassed by A insertion (resulting in CC to CT
transitions) (see Figure 3A). The local sequence context of position 530 is 5′-
AGTGATTGCCCAAGAAAACCA-3′ while the context of position 718 is 5′-
ATTAGAAACCCGATAATGGCT-3′ (positions 530 and 718 are underlined, respectively).
As there are numerous differences between these two sequence contexts, further work is
necessary to determine which sequence features influence the choice of nucleotide insertion.
Although Lawrence’s group had observed previously that varying the position of an
engineered abasic site by one base can result in statistically significant differences in the
insertion frequencies of A vs. C [28, 29], the effects that we have observed are much more
pronounced. Differences in sequence context also might be a factor underlying the Lawrence
group’s observation of frequent (76%) insertion of C opposite their model abasic sites [29]
while Prakash’s group observed frequent (66%) insertion of A opposite their model abasic
site [30].

Our results are summarized in Figure 7. In WT (and rad30) cells (Figure 7A), where TLS
bypass of abasic sites is fully proficient, TLS involving Rev1 structural function and Pol ζ
enables insertion of A, while TLS involving Pol ζ and both Rev1 structural and catalytic
functions enables insertion of C. When either REV3 or REV1 is deleted (Figure 7B), only a
residual amount of low-frequency TLS (possibly by Pol δ acting alone) that always inserts A
opposite abasic sites is observed. Ablation of Rev1 catalytic function (Figure 7C) leaves the
Rev1 structural function- and Pol ζ-dependent pathway intact, which explains the
observation of only A insertions (and a complete lack of C insertions) in rev1-AA cells.
Deletion of POL32 (Figure 7D) leaves both Pols δ and ζ as structurally incomplete
complexes, resulting in a severe TLS defect. But in contrast to rev3 and rev1, a readily
detectable proportion of C insertions occur. Finally, the C insertions in pol32 cells are
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completely dependent on Rev1 catalytic function (Figure 7E), since only A insertion events
are found in the pol32 rev1-AA double mutant.

Taken together, we conclude that in cells fully proficient for TLS, certain sequence contexts
(e.g. around C530) tend either to promote the catalytic activity of Rev1 to insert C, or inhibit
the activity of Pol δ to insert A, or some combination of both effects. Conversely, other
sequence contexts, such as near C718, either promote the activity of Pol δ, inhibit the
catalytic activity of Rev1, or some combination of both. We speculate that contexts favoring
C insertion tend to stabilize Rev1 (by some combination of hydrogen bonding, salt bridges,
and van der Waals interactions) in a configuration favorable for catalysis, while the opposite
is true for contexts favoring A insertion. As with any mutagenesis reporter system, selection
influences which mutations are recovered most frequently and necessarily leads to the
assessment of only a subset of all possible mutations within a reporter gene (reviewed in
[69]). Thus, it is important to extend this work to a genomewide scale, sampling TLS events
over a larger number of sequence contexts that are not under selection pressure as CAN1
inactivation was. This could identify the sequence determinants that influence which
contexts favor one type of TLS event over the other.

4.4. Abasic site bypass within long regions of ssDNA in cancer genomes
Recent work has shown that mutations at cytosines in 5′-TC-3′ motifs were significantly
enriched in sequenced tumors from multiple types of cancer [9–11]. Further, clusters of
multiple point mutations (C to G/T substitutions) that all occurred at TC motifs were
identified [10, 11]. These observations suggest that at some point during tumorigenesis, long
stretches of ssDNA were exposed to deamination by at least one enzyme among the TC-
specific subclass of APOBEC deaminases (reviewed in [70]). Presumably, UNG
glycosylases then excised the resulting uracils to generate abasic sites, which were bypassed
in an error-prone manner by TLS.

Humans possess a larger complement of TLS polymerases than yeast [12–14]. It might be
possible to carry out a detailed analysis of the role of each human TLS protein in the bypass
of random abasic sites in vivo by heterologous expression of each human TLS polymerase
(or combinations of multiple human TLS polymerases), in a yeast reporter deleted for the
yeast TLS polymerases while expressing APOBEC3G. If this heterologous expression were
successful, mutation spectrum analysis to infer the roles of individual human TLS proteins
should be possible. Such work could shed important new light on molecular mechanisms of
carcinogenesis.

5. Conclusions
Genomic DNA is susceptible to mutation arising from damage caused by endogenous and
environmental agents [1]. Since genomewide sequencing of human cancers already has
revealed the pervasive, distinctive mutagenic signature of endogenous ssDNA damaging
agents (the APOBEC cytosine deaminases) [9–11], we propose that other agents also would
have the opportunity to react with long stretches of ssDNA at some point(s) during
carcinogenesis. Having validated our experimental approach by analyzing abasic sites, the
ssDNA reporter strains now can be used to identify and characterize ssDNA-specific
mutagens, i.e. agents that are not reactive enough to damage dsDNA significantly, but
potentially can react with ssDNA in vivo to form lesions that lead to mutation fixation.
Detailed understanding of the underlying mutagenic mechanisms could be obtained by
determining the TLS bypass specificity of such lesions. In turn, this knowledge would help
decipher the complex superimposition of myriad DNA damage, repair, and damage
tolerance processes that acted to create any given cancer genome [71].
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Highlights

Sequence context influences A and C insertion frequencies across abasic sites.

Residual TLS by Rev1 can occur in the absence of the Pol32 subunit of Pols δ and ζ.

Confirmation of previous findings on roles of TLS proteins validates ssDNA
reporter.

The ssDNA reporter can be used to study TLS bypass of other DNA lesions.
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Figure 1.
Genetic construct and experimental design to assess mutagenesis arising from random abasic
sites within subtelomeric ssDNA. (A) Each reporter strain bears the cdc13-1 mutation and
three reporter genes (ADE2, URA3, and CAN1), near a de novo telomere on the left arm of
Chromosome V. (B) Temperature shift results in dissociation of the protective proteinaceous
cap of the telomere and enzymatic 5′ to 3′ resection, generating a long 3′ overhang of
ssDNA. Simultaneously, APOBEC3G cytosine deaminase expression is driven by adding
doxycycline. c(ADE2) and c(CAN1) denote the complement of the two genes. (C)
APOBEC3G deaminates the 3′ cytosines of CC motifs at random within the ssDNA
overhang. Ung1 generates abasic sites by excising the resulting uracils. (D) When restored
to permissive temperature, error-prone TLS usually inserts A or C opposite the abasic sites.
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The restored duplex, containing abasic site(s), is a substrate for base excision repair. (E)
After base excision repair, mutations are fixed on both strands.
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Figure 2.
CAN1 inactivation frequencies in cdc13-1 reporter strains expressing APOBEC3G cytosine
deaminase during temperature shift-induced generation of subtelomeric ssDNA. Each data
point represents an independent replicate derived from a single colony, numbers indicate
median values, and asterisks denote significant difference (P < 0.05) compared to WT by the
Kolmogorov-Smirnov test. Canavanine selection plates were counted after five days of
growth at 23°C following mutagenic exposure. See Materials and Methods for details of
experimental procedures.
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Figure 3.
Frequencies of various types of mutations. Numbers above each bar indicate the number of
independent mutant isolates within each category. (A) Mutations are grouped as CC to CT,
CC to CG, and all others. Note that significant proportions of mutations occurred at the
APOBEC3G cognate motif, namely CC. (B) Two mutational hotspots, C530 and C718 are
shown for WT, rad30, and rev1-AA, three genetic backgrounds that are proficient for TLS
bypass opposite abasic sites. Abasic sites at C530 favored TLS insertion of C. In contrast at
C718, insertion of A was favored. (C) Frequencies of substitutions at C530 and C718 for
TLS deficient backgrounds. The prevalence of C530G and C718G substitutions in pol32
was unique among TLS deficient genotypes.
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Figure 4.
The mutation spectra of (A) WT and (B) rad30 strains expressing APOBEC3G during
temperature shift. Position 530 exhibited a strong preference for inserting C opposite the
abasic site, resulting in frequent CC to CG transversions. Position 718 exhibited a preference
for inserting A opposite the abasic site, resulting in CC to CT transitions. C857 exhibited CC
to CT transitions exclusively, possibly because the C857G transversion, resulting in a
tryptophan to serine amino acid change, did not inactivate CAN1. The respective X- and Y-
axes in Figures 4, 5, and 6 are of the same scale.
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Figure 5.
The mutation spectra of (A) rev3, (B) rev1, and (C) rev1-AA strains expressing APOBEC3G
during temperature shift. All three genotypes were devoid of CC to CG transversions.
Deletion of either REV3 (A) or REV1 (B) resulted in a prominent CC to CT hotspot at
position 718. In contrast, rev1-AA cells (C) exhibited frequent CC to CT transitions at
position 857. In addition, CC to CT transitions were observed at position 530, whereas in
WT cells this was a strong CC to CG hotspot. These data suggest that insertion of C
opposite abasic sites was entirely attributable to the deoxycytidyltransferase activity of
Rev1.
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Figure 6.
The mutation spectra of (A) pol32 and (B) pol32 rev1-AA subtelomeric ssDNA reporter
cells expressing APOBEC3G during temperature shift. (A) In contrast to all other genotypes
examined, pol32 cells exhibited CC to CG hotspots at both positions 530 and 718. Also, CC
to CT transitions were relatively infrequent. (B) CC to CG transversions were abolished in
pol32 rev1-AA cells. There were frequent CC to CT transitions at position 718.
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Figure 7.
Summary of the relative contributions of alternative TLS mechanisms toward mutagenesis at
abasic sites. (A) In WT and rad30, TLS dependent on Pol ζ and the structural function of
Rev1 is necessary for the majority of A insertion events, while C insertion events require the
presence of Pol ζ and fully functional Rev1. The relative frequencies of the two outcomes
are roughly equal. (B) In rev3 and rev1, C insertion events are not observed. The observed A
insertion events are independent of Pol ζ and Rev1, and might represent low-frequency TLS
bypass by a replicative polymerase (presumably Pol δ) acting alone. (C) In rev1-AA, only A
insertion events, which require Pol ζ and Rev1 structural function, are observed. The
complete lack of C insertion events in rev1-AA implies that Rev1’s deoxycytidyltransferase
function is responsible for such events in WT. (D) In pol32, both Pols δ and ζ are
structurally incomplete. This presumably results in low-frequency, but observable TLS
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events that insert either A or C. (E) In pol32 rev1-AA, only low-frequency A insertion
events are observed, involving incomplete Pol ζ and Rev1 structural function.
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Table 1

List of yeast strains used in this study.

strain name(s) genotype plasmid

yKC066, yKC067 MATα his7-2 leu2-3,112 trp1-289 cdc13-1 lys2::CAN1-URA3-ADE2 (in sub-telomere 5L)a pCM252-A3G

yKC068, yKC069 MATα his7-2 leu2-3,112 trp1-289 cdc13-1 lys2::CAN1-URA3-ADE2 (in sub-telomere 5L)a pCM252

yKC213, yKC214 MATα his7-2 leu2-3,112 trp1-289 cdc13-1 rad30::HygR lys2::CAN1- URA3-ADE2 (in sub-telomere
5L)

pCM252-A3G

yKC217, yKC218 MATα his7-2 leu2-3,112 trp1-289 cdc13-1 rad30::HygR lys2::CAN1- URA3-ADE2 (in sub-telomere
5L)

pCM252

yKC131, yKC135 MATα his7-2 leu2-3,112 trp1-289 cdc13-1 rev3::NatR lys2::CAN1-URA3- ADE2 (in sub-telomere

5L)a
pCM252-A3G

yKC133, yKC137 MATα his7-2 leu2-3,112 trp1-289 cdc13-1 rev3::NatR lys2::CAN1-URA3- ADE2 (in sub-telomere

5L)a
pCM252

yKC205, yKC206 MATα his7-2 leu2-3,112 trp1-289 cdc13-1 rev1::HygR lys2::CAN1-URA3- ADE2 (in sub-telomere
5L)

pCM252-A3G

yKC209, yKC210 MATα his7-2 leu2-3,112 trp1-289 cdc13-1 rev1::HygR lys2::CAN1-URA3- ADE2 (in sub-telomere
5L)

pCM252

yKC385 MATα his7-2 leu2-3,112 trp1-289 cdc13-1 rev1-AA lys2::CAN1-URA3- ADE2 (in sub-telomere 5L) pCM252-A3G

yKC387, yKC388 MATα his7-2 leu2-3,112 trp1-289 cdc13-1 rev1-AA lys2::CAN1-URA3- ADE2 (in sub-telomere 5L) pCM252

yKC299, yKC230 MATα his7-2 leu2-3,112 trp1-289 cdc13-1 rad30::HygR rev3::NatR lys2::CAN1-URA3-ADE2 (in
sub-telomere 5L)

pCM252-A3G

yKC233, yKC234 MATα his7-2 leu2-3,112 trp1-289 cdc13-1 rad30::HygR rev3::NatR lys2::CAN1-URA3-ADE2 (in
sub-telomere 5L)

pCM252

yKC245, yKC246 MATα his7-2 leu2-3,112 trp1-289 cdc13-1 rad30::KanMX4 rev1::HygR lys2::CAN1-URA3-ADE2 (in
sub-telomere 5L)

pCM252-A3G

yKC249, yKC250 MATα his7-2 leu2-3,112 trp1-289 cdc13-1 rad30::KanMX4 rev1::HygR lys2::CAN1-URA3-ADE2 (in
sub-telomere 5L)

pCM252

yKC261, yKC262 MATα his7-2 leu2-3,112 trp1-289 cdc13-1 pol32::HygR lys2::CAN1- URA3-ADE2 (in sub-telomere
5L)

pCM252-A3G

yKC265 MATα his7-2 leu2-3,112 trp1-289 cdc13-1 pol32::HygR lys2::CAN1- URA3-ADE2 (in sub-telomere
5L)

pCM252

yKC399 MATα his7-2 leu2-3,112 trp1-289 cdc13-1 pol32::HygR rev1-AA lys2::CAN1-URA3-ADE2 (in sub-
telomere 5L)

pCM252-A3G

yKC400, yKC402 MATα his7-2 leu2-3,112 trp1-289 cdc13-1 pol32::HygR rev1-AA lys2::CAN1-URA3-ADE2 (in sub-
telomere 5L)

pCM252

a
The WT and rev3 strains were described previously in [7]. All other yeast strains originate from this study.
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Table 2

Comparison of proportions of mutation types between WT and each TLS mutant.

genotype CC to CG transversions CC to CT transitions all other mutations Chi-square P-value vs. WT

WT 33 41 17 n/a

rad30 19 20 13 0.6164

rev3 0 21 19 <0.0001

rev1 0 29 17 <0.0001

rev1-AA 0 31 14 <0.0001

rad30 rev3 0 22 22 <0.0001

rad30 rev1 0 28 19 <0.0001

pol32 20 7 21 0.0004

pol32 rev1-AA 0 19 4 0.0013
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