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Abstract

Multiple sequence changes that are simultaneously introduced in a single DNA transaction have a
higher probability of altering gene function than do single base substitutions. DNA polymerase
zeta (Pol €) has been shown to introduce such clustered mutations under specific selective and/or
DNA damage-producing conditions. In this study, a forward mutation assay was used to determine
the specificity of spontaneous mutations generated in Saccharomyces cerevisiae when either wild-
type Pol € or a mutator Pol C variant (rev3-L979F) bypasses endogenous lesions. Mutagenesis in
strains proficient for nucleotide excision repair (NER) was compared to mutagenesis in NER-
deficient strains that retain unrepaired endogenous DNA lesions in the genome. Compared to
NER-proficient strains, NER-deficient radZ4A strains have elevated mutation rates that depend on
Pol C. Rates are most strongly elevated for tandem base pair substitutions and clusters of multiple,
closely spaced mutations. Both types of mutations depend on Pol C, but not on Pol . Rates of
each are further elevated in yeast strains bearing the rev3-979F allele. The results indicate that
when Pol ¢ performs mutagenic bypass of endogenous, helix-distorting lesions, it catalyzes a short
track of processive, error-prone synthesis. We discuss the implications of this unique catalytic
property of Pol  to its evolutionary conservation and possibly to multistage carcinogenesis.
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INTRODUCTION

Genome stability is threatened not only by exposure to environmental hazards, but also by
endogenous sources of DNA damage created during cellular metabolism. Types of
endogenous DNA damage include oxidized bases, alkylated bases, and abasic sites that are
typically removed by repair systems such as nucleotide excision repair (NER) and base
excision repair (BER). If not removed prior to replication, lesions that distort the DNA helix
can stall replication fork progression, triggering cell cycle check-points and apoptosis.
Replication fork stalling can be alleviated by two lesion-tolerance mechanisms: template
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switching and translesion DNA synthesis (TLS). Template switching makes use of an
undamaged template, generally the complementary strand of the sister chromatid, and thus
has a low mutagenic potential. During TLS, specialized DNA polymerases are recruited to
directly bypass lesions. Depending on the lesion, the sequence context, and the
polymerase(s) employed for bypass, TLS can be relatively accurate or mutagenic.

There are three TLS polymerases in Saccharomyces cerevisiae, polymerase zeta (Pol C, a
heterodimer of Rev3 and Rev7 subunits), Revl, and Pol n. Deleting REV3, REV7, or REV1
reduces the rate of spontaneous mutagenesis in yeast by 50-80% [Lawrence et al., 2000;
Lawrence, 2004], suggesting that Pol ¢ and Rev1 are responsible for TLS past endogenous
DNA lesions. While Pol C can bypass some lesions without the need for a second
polymerase [Haracska et al., 2003; Johnson et al., 2003; Garg et al., 2005; Stone et al.,
2011], its ability to extend aberrant primer termini has lead to the suggestion that Pol ¢ often
extends aberrant termini resulting from nucleotide insertions opposite lesions by other TLS
polymerases [reviewed by Lawrence et al., 2000; Prakash and Prakash, 2002; Lawrence,
2004; Gan et al., 2008; Waters et al., 2009]. Rev1 has a limited polymerase activity,
inserting deoxycytidine triphosphate (dCTP) opposite damaged and undamaged bases
[Nelson et al., 1996; Lawrence, 2002; Kim et al., 2011], and it is also thought to play a
structural role in promoting TLS by Pol C [Haracska et al., 2001; Waters and Walker, 2006].
Pol n is responsible for efficient bypass of c/s-syn cyclobutane pyrimidine dimers (CPDs)
induced by ultraviolet light [Johnson et al., 1999; Yuan et al., 2000; McCulloch et al., 2004,
2007] and also it bypasses 8-oxoguanine, a common product of oxidation damage [Haracska
et al., 2000; McCulloch et al., 2009]. While Pol 7 is relatively accurate during CPD bypass,
it is less accurate than Pol ¢ when copying undamaged templates /7 vitro [Matsuda et al.,
2001; McCulloch et al., 2004; Zhong et al., 2006].

When copying undamaged DNA templates /n vitro, Pol C and Pol 1 can both generate
sequence changes involving multiple bases. For example, when copying undamaged DNA
templates /n vitro, Pol n creates tandem base pair substitutions (TBPSs) at a high rate
[Matsuda et al., 2000, 2001], and yeast Pol C generates multiple, closely spaced sequence
changes [Zhong et al., 2006; Stone et al., 2009]. Pol C-dependent complex mutations have
also been reported /n vivo. For example, human Pol € was implicated in forming complex
mutations and TBPS induced by exposure of human cell lines to UV light [Gueranger et al.,
2008] and during somatic hypermutation [Daly et al., 2012; Saribasak et al., 2012]. A Pol C-
dependent increase in complex mutations was also observed in S. cerevisiae when NER was
inactivated or when cells were exposed to UV light [Harfe and Jinks-Robertson, 2000;
Minesinger and Jinks-Robertson, 2005; Abdulovic and Jinks-Robertson, 2006; Minesinger
et al., 2006]. These complex mutations were composed of a selected frameshift mutation in
combination with one or more base substitutions. They were completely dependent on Pol
but not Pol 1), indicating that complex mutations are created during Pol C during bypass of
DNA lesions normally subject to NER.

Sequence changes that are simultaneously introduced in a single DNA transaction are of
particular interest because they have a higher probability of altering gene function than do
single base substitutions. For this reason, we decided to obtain a comprehensive view of
complex mutagenesis resulting from Pol C-dependent bypass of endogenous lesions, by
determining the rate and specificity of mutagenesis using a forward mutation assay that does
not require a selected frameshift mutation to score mutations resulting from TLS. The
present study compares three yeast strains differing in REV3 status, wild-type REV3, a
rev3A knockout incapable of Pol C-dependent TLS and having an anti-mutator phenotype
[Lawrence, 2004], and a rev3-L 979F allele that has the opposite effect of increasing the
mutation rate [Sakamoto et al., 2007]. The rev3-L979F allele contains phenylalanine
substituted for a conserved leucine near the polymerase active site of the catalytic Rev3
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subunit [Sakamoto et al., 2007]. Purified L979F Pol C has lower fidelity than wild-type Pol
G when copying undamaged DNA J/n vitro, and creates complex mutations at a rate that is
100-200 times higher than wild-type Pol C [Stone et al., 2009]. Also, L979F Pol C has
increased capacity to bypass a variety of lesions, including abasic sites and UV-induced
lesions [Stone et al., 2011]. These properties correlate with the observation that a rev3-
L979F yeast strain has an elevated frequency of UV-induced mutagenesis, particularly with
regard to complex mutations, a property that is further exacerbated by deleting RAD30,
which encodes Pol n [Sakamoto et al., 2007].

In this study, the URA3forward mutation reporter was used to examine the roles of Pol C
and Pol n) in mutagenic bypass of endogenous lesions in yeast. To obtain a comprehensive
view of all possible mutations created as Pol C bypasses unrepaired endogenous lesions, we
created NER-deficient strains by deleting RAD14, which encodes the protein that binds to
sites of DNA damage during NER [Prakash and Prakash, 2000]. Spontaneous mutagenesis
in NER-proficient strains was compared to mutagenesis in NER-deficient radZ4A strains
that retain unrepaired endogenous DNA lesions. We observe increased rates of TBPS and
clustered mutations in the REV3 rad14A and rev3-L979F radl4A strains as compared to
their NER-proficient parent strains. Both TBPS and clustered mutations were independent of
Pol n status, but increased in rev3-L979F strains and decreased in rev3A strains. This
suggests that the mutations result from bypass of endogenous DNA lesions that is dependent
on Pol G, but not Pol n.

MATERIALS AND METHODS

Yeast Strains

All yeast strains used are listed in Supporting Information Table I and are derivatives of
strain Al(=2)I-7B-YUNI300 (MATa CAN1 his7-2 leu2-A:: kanMX ura3A trp1-289 ade2-1
lys2-A GG2899-2900) [Pavlov et al., 2002]. rad14.:NAT strains were created by one-step
transplacement with a PCR product generated by amplifying the natMX4 cassette from
pAG25 [Goldstein and McCusker, 1999] with primers rad14::kan-F

(5" ACTAGAAAAAGAGTTTGGATCTTCGTAGTGAAGGTATCGAACGTAACGCTCG
TACGCTGCAGGTCGAC) and rad14::kan-R

(5" AACACCTTATTATGACTTTCTTGTTATATTCTTATATACATAACCAACATATCG
ATGAATTCGAGCTCQG). raad30::HYG strains were created by one-step transplacement
with a PCR product generated by amplifying the hphMX4 cassette from pAG32 [Goldstein
and McCusker, 1999] with primers rad30::kan-F

(5" TAGCGCAGGCCTGCTCATTTTTGAACGGCTTTGATAAAACAAGACAAAGCCG
TACGCTGCAGGTCGACGG) and rad30::kan-R

(5" ATCAGGACGTTTTAGTTGCTGAAGCCATATAATTGTCTATTTGGAATAGGGAG
CTCGTTTTCGACACTGG). revi.:loxP strains were created by Cre-lox disruption by first
transforming strains with a PCR product generated by amplifying the loxP-flanked K. /actis
URAG3 cassette from pUG72 [Guldener et al., 1996] with primers rev1::KI-URA3-LOX-KO-
F2

(5" ACAGATTTTCTCAAAATAAATCGATACTGCATTTCTAGGCATATCCAGCGCAG
CTGAAGCTTCGTACGC) and revl::KI-URA3-LOX-KO-R
(5"GCAAACTGCGTGTTTACTGTATGCTGAAATGTTTTTTTTTTTTTAATTGCATAG
GCCACTAGTGGATCTG). LoxP-mediated recombination was then used to remove URA3
from revi::loxP-URA3 strains by expressing the Cre-recombinase from pSH63 [Guldener et
al., 1996]. revi.:foxPstrains that had lost pSH63 were then isolated. rev3..L EUZ strains
were created by a one-step transplacement with a PCR product generated by amplifying
LEUZfrom genomic S. cerevisiae DNA with primers rev3::LEU2-F

(5" ATGTCGAGGGAGTCGAACGACACAATACAGAGCGATACGGTTAGATCATCGC
GCTATCGCACAGAATCAA) and rev3::LEU2-R
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(5’ TTACCAATCATTTAGAGATATTAATGCTTCTTCCCTTTGAACAGATTGATTAG
GAATCATAGTTTCATGAT). Strains carrying rev3-L979F allele were created via two-
step transplacement as previously described [Sakamoto et al., 2007]. The URA3 reporter
was inserted at the AGPZ locus in either Orientation 1 or Orientation 2, as previously
described [Pavlov et al., 2002], to create agpl..URA3-OR1 and agpl::URA3-ORZ2 strains.
All yeast strains were verified by PCR and/or sequencing.

Mutation Rates and Spectra

Fluctuation rate analyses were used to determine the rates of mutation of the CAN,
agpl1::URA3-OR1, and agp1::URA3-ORZforward reporters. For each strain, at least two
experiments were performed, with each experiment consisting of at least 14 independent
cultures split between two independent isogenic isolates. Liquid YPDA (1% yeast extract,
2% peptone, 2% dextrose,150 mg/L adenine sulfate) cultures were inoculated in parallel
with single colonies and grown at 30°C for 36 hr to saturation (~2 x 108 cells/mL). Cells
were washed with distilled water, diluted appropriately and then plated on nonselective
media to determine cell count and synthetic media containing 5-flouroorotic acid (5-FOA)
or canavanine to select for ura3 or canl mutants, respectively. Mutation rates were
determined via the method of the median using the Drake equation [Drake, 1991] and 95%
confidence intervals were determined as described [Dixon and Massey, 1969]. Final rates
for each strain were determined using the combined data from two or more experiments. To
obtain mutation spectra, genomic DNA was purified from independently selected 5-FOAR
isolates, and the URA3 ORF was amplified and sequenced using primers
5'CGCATATGTGGTGTTGAAGAAACATGAA and

5 GAAGCTCTAATTTGTGAGTTTAGTATACATGCA. The mutation rate and 95%
confidence limits for each specific type of mutation were determined by multiplying the
total mutation rate for that strain times the observed number of mutations of a specific type
divided by the number of 5-FOAR isolates that were sequenced.

Statistical Analyses

To test whether the proportion of any particular mutation type observed in one strain was
higher compared to that observed for another strain, one-tailed Fisher Exact tests were used
to compare the observed number ura3 mutations of a particular type to the number of wra3
mutations observed that were not of that type. For each mutation type tested, the sequential
P-value procedure was used to limit the false discovery rate [Benjamini and Hochberg,
1995]. For each set of comparisons, uncorrected A-values were determined first and then the
Benjamini-Hochberg procedure was used with an initial value of a = 0.05 to determine
which P-values were statistically significant. To test whether there was an increase in the
length of mutation clusters in rev3-L979F strains, one-tailed, paired t-tests were used.
GraphPad Prism 5.0 software was used for all of the aforementioned statistical tests.

Hotspots were identified as previously described [Nick McElhinny et al., 2008], with two
exceptions. First, sites that exceeded expectations due to[Daly et al., 2012; Saribasak et al.,
2012] random chance (binomial distribution, 2= 0.01) were considered significant for
purposes of further calculations, but only those sites identified as outliers by the Dixon Q
test (P= 0.01) [Dixon, 1950] were defined as hotspots. Second, the number of detectable
sites used in these calculations was binned by mutation type. For all single-base mutations,
these numbers were taken from a database of known mutations in URA3that result in
resistance to 5-FOA (database available upon request). For TBPSs, the number of possible
observable events was conservatively estimated as 1,346, which is the sum of all possible
TBPS events containing at least one substitution found individually in the aforementioned
database, all possible TBPS events yielding nonsense mutations and all observed TBPS
events not covered by the preceding categories. The hotspot analysis was completed using a
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Microsoft Excel spreadsheet that was created by S.A.L. during this study (available upon
request).

RESULTS AND DISCUSSION

Mutation Rates

Mutation rates were determined for both the CANZ and URA3forward mutation reporters in
isogenic strains of S. cerevisiae (Fig. 1, Supporting Information Tables Il and I11). The
CANIand URAS3reporters detect any mutation that alters gene function by selecting for
resistance to canavanine or 5-FOA, respectively. In order to determine whether there was a
reported gene orientation bias, the URA3target was inserted at the AGPI locus on chromo-
some 11 in each of two orientations relative to the ARS306 replication origin, as previously
described [Pavlov et al., 2002]. There was no significant difference in mutation rates for the
two orientations of URA3for any genotype examined (Fig. 1, Supporting Information
Tables Il and I11).

In the NER-deficient background, the spontaneous mutation rates for each of the reporters
were about two-fold higher than those observed for the NER-proficient strains (Fig. 1,
Supporting Information Tables Il and I11). The rev3A knockout was a strong anti-mutator in
the NER-deficient background, but had only a weak effect in the NER-proficient
background (Fig. 1, Supporting Information Tables Il and 111). In the NER-proficient
background, the REV3 and rev3-L 979F strains had similar mutation rates, whereas in the
NER-deficient background, the rev3-L 979F allele resulted in slightly increased mutation
rates for each reporter (Fig. 1, Supporting Information Tables Il and I11). Deletion of RAD30
from REV3or rev3-979F strains did not significantly affect the mutation rates in NER-
proficient or NER-deficient backgrounds (Fig. 1, Supporting Information Tables Il and I11).
In contrast, REVI was required for Pol C-dependent mutagenesis both in NER-proficient
and NER-deficient backgrounds (Supporting Information Tables Il and 111).

Mutation Spectra

Single Base

The URA3ORF of independent 5-FOAR isolates from NER-proficient and NER-deficient
strains was sequenced (Supporting Information Figs. 1-8, and Supporting Information
Tables IV=VIII). For the NER-proficient wild-type strains [Nick McElhinny et al., 2010],
the mutation spectra with URAZin Orientations 1 and 2 are composed of 80-85% base
substitutions, 8-13% single base frameshifts, and 7% multi-base mutations that are primarily
large duplications and deletions. Compared to NER-proficient RADI14 strains, NER-
deficient radZ4A strains encoding wild-type or L979F Pol C (but not rev3A strains) had
small increases in the rates of single base substitutions and frameshifts (Figs. 2A-2C).
Greater increases were observed in rates for mutations involving multiple sequence changes
(Figs. 2D and 2E). Multiple mutations from each isolate occurred within short patches, and
were classified as either TBPSs or clustered mutations. A few 5-FOAR isolates contained
two or three widely spaced mutations in the URA3 ORF (see Supporting Information Tables
IV and V, “=2 ura3mutations”). The four main mutation types observed are considered
individually below.

Mutations

In our previous study using the CANI reporter gene, we observed an elevated rate of C:G to
G:C substitutions in a rev3-L979F strain compared to wild-type [Sakamoto et al., 2007].
This normally rare type of mutation has been suggested to result from bypass of modified
guanines commonly induced by endogenous oxidative stress [Minnick et al., 1994;
Minesinger et al., 2006; Neeley and Essigmann, 2006]. In the present study, the rate of C:G
to G:C substitutions in the rev3-L979F strain is slightly decreased in Orientation 1 of the
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URA3 gene when compared to wild-type (Supporting Information Table 1V). This may
reflect a difference in the reporter gene used or an unknown difference in the strain
backgrounds used in the two studies. Nonetheless, consistent with our original study, the
rate of C:G to G:C substitutions in the rev3-L979F strain is slightly elevated in URA3
Orientation 2 (Supporting Information Table V). In the present study, we also observe a
significantly elevated rate of C:G to G:C mutations in the radZ4A strain compared to the
wild-type strain (Supporting Information Table V), including one hotspot for C:G to G:C
changes at URA3base pair 356 (Supporting Information Fig. 4). This supports the notion
that NER-deficiency elevates the level of unrepaired, modified guanines that are mutagenic
when bypassed by Pol C. This idea is supported by decreases in the rate of C:G to G:C
mutations in the radZ4A rev3A strains (Supporting Information Tables 1V and V). In fact, a
more general 2- to 4-fold bias exists for transversions over transitions in the REV3and rev3-
L 979F strains, regardless of NER status (Figs. 2A and 2B), whereas equal numbers of
transitions and transversions are observed in the radZ4A rev3A strains lacking Pol
activity. This suggests that Pol C bypass of unrepaired spontaneous lesions preferentially
favors formation of mismatches that result in transversions.

There is a strong bias for —1 deletions over +1 insertions in all of the REV3and rev3-L979F
strains examined in this study (Supporting Information Tables IV and V), indicating that Pol
G does generate single base deletion mismatches /n vivo. Disruption of NER resulted in 2- to
6-fold increases in the rates of —1 deletions (Fig. 2C), and these increases were not apparent

in the rad14A rev3A strain, indicating some single base deletions are generated during TLS

by Pol C. The rate of -1 deletions in the NER-deficient background was slightly exacerbated
by the rev3-L979F allele (Fig. 2C), but the increase was not statistically significant.

Tandem Base Pair Substitutions

TBPSs observed in this study were primarily tandem double substitutions (boxed in Figs. 3
and 4). There were also rare tandem triple base substitutions (Figs. 3B, 3D, and 4A).
Compared to NER-proficient strains, the rates of TBPSs in NER-deficient strains were
elevated from 3- to 42-fold in REV3and rev3-L979F strains, respectively (Fig. 2D). In
contrast, no such mutations were recovered from radZ4A rev3A strains lacking Pol C
(Supporting Information Tables IV and V). This indicates that the vast majority of TBPSs
result from Pol C-dependent bypass of endogenous lesions that would normally be removed
by NER. In the rad14A background, the rev3-L979F allele significantly elevated TBPS
events when compared to the otherwise isogenic REV3strain (Fig. 3D). Deleting RAD30
had no significant effect on the level of TBPSs in the radZ4A or radl4A rev3-L979F
backgrounds.

Closer examination of TBPS events from all radZ4A strains (Figs. 3 and 4, Supporting
Information Table VI1) reveals two interesting features. First, TBPS events commonly occur
at specific locations. For example in the radZ4A rad30A rev3-L979F strains (Fig. 4B), three
or more TBPS events were observed at three TC:AG locations and at four GC:CG locations
(Fig. 4). Two of these sites are statistically significant hotspots (see Methods) for TBPSs
(indicated by red text in Fig. 4). Multiple TBPS events were also observed at these same
locations in the radZ4A rev3-L979F and radl4A rad30A strains (Figs. 3 and 4). This
specificity indicates that formation of TBPSs is highly sequence context-dependent, which
could be due to the probability of initial lesion formation, the probability of mutagenic
bypass, or both.

The second feature of interest is that the vast majority of TBPSs represent but a small subset
of the 64 possible types of TBPSs. For example, among 61 TBPSs observed in the radZ4A
rad30A rev3-L979F strains (Fig. 4B), 23 occurred at TC:AG dinucleotides and 25 occurred
at GC:CG dinucleotides, despite the fact that these two dinucleotides are not over-
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represented in the URA3 ORF (Table I). Moreover, most of these TBPS events involved
insertion of A and/or T bases (Table I). While Table | illustrates this finding using the TBPS
events from the radZ4A rad30A rev3-L979F strains, it is also the case for TBPS from the
other rad14A strains, regardless of whether they are REV3, rev3-L979F, or rad30A (Figs. 3
and 4, Supporting Information Table VII). The data therefore indicate that spontaneous
TBPSs are due to endogenous TLS that requires Pol ¢ but is independent of Pol r, and that
TBPSs are due to bypass of a lesion (or a variety of lesions) that is usually removed by
NER. While the lesions responsible for the mutagenesis are unknown, the TBPS hotspots
suggest that some locations in the genome may be more prone to lesion formation than
others. In addition, the high rates of TBPS events seen here suggest that L979F Pol C, and to
a lesser extent wild-type Pol C, can create, and then extend, primers containing two, and
sometimes even three, consecutive terminal mismatches.

Clustered Mutations

For this study, clustered mutations are defined as two or more mutations separated by less
than 10 nucleotides. This class excludes TBPSs, as well as deletions, insertions, and
duplications of two or more adjacent bases (Supporting Information Table VIII). The
clustered mutation class is quite diverse (Supporting Information Table V1). Clustered
mutations contain from 2 to 16 sequence changes, separated by distances ranging from 1 to
20 base pairs. All types of single base changes (substitutions, insertions, and deletions) were
observed within the clusters. Clustered mutations were classified as “cbps” if composed of
only base substitutions (blue boxes in Figs. 3 and 4), “cins” if composed of one or more
substitution and insertions (green boxes), and “cdel” if composed of one or more
substitutions and deletions (red boxes).

The rates of clustered mutations were elevated 3- to 14-fold in NER-deficient strains
compared to NER-proficient strains (Fig. 2E). Deletion of RAD30did not affect the rate of
clustered mutations in any genetic background examined, suggesting that Pol ) is not
required for their creation. Clustered mutations were observed in every strain examined
except the rad14A rev3A strain, indicating that they are Pol C-dependent. The rev3-L979F
allele significantly elevated the rate of clustered mutations compared to the corresponding
REV3strain in RADI14, rad14A, and rad14A rad30A backgrounds for URA3 Orientation 2
and in the radl4A background for URA3 Orientation 1 (Fig. 2E). Additionally, mutation
clusters (TBPS events plus clustered mutations) span significantly longer overall distances
in each of the rev3-L 979F strains compared to their isogenic REV3 counterparts (P values
<0.05; Supporting Information Tables VI and VII). These data are in agreement with our
previous observations that the rev3-L979F mutation exacerbates the tendency of Pol C to
create mutation clusters [Sakamoto et al., 2007; Stone et al., 2009].

As with the TBPS events, the data suggest that spontaneous clustered mutations are
generated during bypass of lesions that would normally be removed from DNA by the NER
machinery and this bypass is Pol C-dependent, but Pol n-independent. This observation is
consistent with previous studies from the Jinks-Roberston group, in which spontaneous
complex mutations were detected in a /ys2A A746 frameshift reporter assay that selects
primarily for +1 and rarely —2 frameshifts [Harfe and Jinks-Robertson, 2000; Minesinger
and Jinks-Robertson, 2005; Minesinger et al., 2006]. The clustered mutations observed in
lysZA A 746 studies almost always contained a +1 frameshift and tended to occur at one of
three hotspots. While we did observe some TBPS hotspots in this study, we did not find any
hotspots for clustered mutations. This could be due to the two different sequence contexts;
the /ys2A A746 reporter has a reversion window of ~150 bases, while the URAS3 reporter
used in this study is 804 bases.
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Because our study used a forward mutation reporter, we were able to observe clustered
mutations composed of only base substitutions, in addition to clustered mutations that
involve a frameshift. Of the 210 clustered mutations observed in all strains used in this
study, 36% include at least one deletion, 30% include at least one insertion, and 34% contain
only base substitutions (Figs. 3 and 4, Supporting Information Table V). There is a
significant overrepresentation of insertions observed within clustered mutations compared to
+1 insertions observed as single-base mutations. For example, 22 of the 48 complex
mutations from the radZ4A rad30A rev3-L979F URAS Orientation 2 strain contained at
least one insertion, compared to 4 insertions among 157 single-base mutations (£ < 0.0001;
Supporting Information Table V). The overrepresentation of insertions within clustered
mutations is independent of the NER status of the strain or whether the strain is REV3or
rev3-L. 979F. There were no overrepresentations for deletions or for any type of base
substitution observed as part of clustered mutations or TBPS events, compared to single
mutations for any strain studied (Supporting Information Tables I\V-VI).

This study shows that Pol C-dependent, Pol n-independent bypass of unrepaired endogenous
lesions could be a significant source of multiple, clustered, simultaneously introduced
sequence changes. TBPSs and clustered mutations like those observed in this study have the
potential to change multiple amino acids in one mutagenic DNA synthesis reaction.
Compared to single base changes that may alter only a single amino acid, multiple amino
acid changes resulting from multiple closely-spaced base substitutions provide a more
diverse pool of mutant alleles upon which selection could act to more rapidly jump fitness
barriers [Smith, 1970] and to increase survival in changing environments, in a manner
similar to that discussed for multiple mutations spread over hundreds to thousands of base
pairs [i.e., so-called “mutation showers” reviewed in Drake, 2007].

Among all DNA polymerases studied to date, the unique ability of Pol C to generate
multiple closely spaced point mutations may be relevant to the evolutionary conservation of
Pol C. As recently pointed out by Roberts et al. [2012], there are likely to be positive
selective advantages to mutagenesis that can produce locally high mutation densities without
overloading the rest of the genome, thereby reducing the chance of deleterious mutations
that could obscure an advantageous change. For example, in pathogenic unicellular
eukaryotes, multiple mutations introduced by Pol C may provide the mutations upon which
selection can act to allow survival in the face of host defense mechanisms and/or drug
treatments. In mammals, two recent studies demonstrate that DNA synthesis errors by
mouse Pol C strongly contribute to somatic hypermutation of immunoglobulin genes [Daly
etal., 2012; Saribasak et al., 2012]. Both studies report a high frequency of TBPSs in the
hyper-variable region of immunoglobulin genes generated during affinity maturation.
Conversely, mutagenesis can have adverse consequences, for example, in initiating and
promoting multistage carcinogenesis [Loeb, 2011]. Recent studies demonstrate that
mutagenic TLS by Pol C during replication of damaged, single-stranded DNA results in
clustered, strand-specific hypermutation [Roberts et al., 2012]. During such a transaction,
TBPS and clustered mutations like those observed herein have the potential to contribute
more rapidly than single base substitutions to multistage carcinogenesis.
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Overall spontaneous mutation rates. Mutation rates are shown for (A) vra3and (B) canl
forward mutation reporters. Mutation rates from the URAS3 Orientation 1 strain and the
isogenic Orientation 2 strain are shown in white and gray, respectively. Error bars indicate

95% confidence intervals.
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Rates for each mutation type. Mutation spectra were determined by sequencing
independently isolated 5-FOAR derivatives from each indicated genotype. The numbers in
parenthesis under the genotypes indicate the total number of ura3 mutations examined for
URAZ3 Orientation 1 and Orientation 2, respectively. Mutation rates are shown for (A)
transitions, (B) transversions, (C) —1 frameshifts, (D) TBPS, and (E) clustered mutations
(multiple mutations with <10 base pairs between each adjacent mutation). Genotypes are
indicated at the bottom. Mutation rates from the URA3 Orientation 1 strain and the isogenic
Orientation 2 strain are shown in white and gray, respectively. Mutation rates and error bars
for each mutation type were calculated as indicated in the Materials and Methods. One-
tailed Fisher exact tests were used to compare the number of mutations of a particular type
to all other mutations in a pair of strains. Asterisks (*) indicate that a statistically significant
increase is observed in the rev3-L 979F strain when compared to the isogenic REV3strain
using the same test (P value = 0.0027). Plus signs (+) indicate that a statistically significant
increase is observed for the radl4A strain when compared to the isogenic RADI14 strain (P
values < 0.0006).
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Fig. 3.

Spectra of clustered and TBPS mutations observed in wild-type, rev3-L979F, rad14A, and
rad14A rev3-L979F strains. The sequence of the URA3 coding sequence is shown in black
text with dots marking every 10 bases. Mutations from the URAS3 Orientation 1 strain are
shown above the URA3reference sequence and mutations from the isogenic URA3
Orientation 2 strain are shown below. Boxed letters indicate TBPS with the mutant sequence
indicated within the box. Filled boxes indicate clustered mutations with the length of the box
extending from the first to the last mutated base in the mutation cluster. Blue boxes indicate
cbps, clustered mutations composed of only base substitutions; green boxes indicate
clustered mutations that include =1 insertions; and red boxes indicate clustered mutations
that include =1 deletions. A white number within a box indicates the number of identical
clustered mutations observed. Mutation spectra for the entire URA3 ORF and the sequences
of clustered mutations are shown in the Supporting Information.
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Spectra of clustered and TBPS mutations observed in radZ4A rad30A and radl4A rad30A
rev3-1L. 979F strains. All text and symbol are as designated in Figure 3. Red boxes and text
indicate TBPS mutations considered to be at hotspots. Mutation spectra for the entire URA3
ORF and the sequences of clustered mutations are shown in the Supporting Information.
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