1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
DNA Repair (Amst). 2011 December 10; 10(12): 1262-1271. doi:10.1016/j.dnarep.2011.09.017.

The dCMP transferase activity of yeast Revl is biologically
relevant during the bypass of endogenously generated AP sites

Nayun Kim, Sarah V. Mudrak, and Sue Jinks-Robertson”
Department of Molecular Genetics and Microbiology, Duke University Medical Center, Durham,
NC 27710

Abstract

The bypass of AP sites in yeast requires the Rev1 protein in addition to the Pol ¢ translesion
synthesis DNA polymerase. Although Rev1 was originally characterized biochemically as a
dCMP transferase during AP-site bypass, the relevance of this activity in vivo is unclear. The
current study uses highly sensitive frameshift- and nonsense-reversion assays to monitor the
bypass of AP sites created when uracil is excised from chromosomal DNA. In the frameshift-
reversion assay, an unselected base substitution frequently accompanies the selected mutation,
allowing the relative incorporation of each of the four ANMPs opposite endogenously created AP
sites to be inferred. Results with this assay suggest that dCMP is the most frequent dNMP inserted
opposite uracil-derived AP sites and demonstrate that ACMP insertion absolutely requires the
catalytic activity of Revl. In the complementary nonsense-reversion assay, dCMP insertion
likewise depended on the dCMP transferase activity of Revl. Because dAMP insertion opposite
uracil-derived AP sites does not revert the nonsense allele and hence could not be detected, it also
was possible to detect low levels of dGMP or dTMP insertion upon loss of Rev1l catalytic activity.
These results demonstrate that the catalytic activity of Rev1 is biologically relevant and is required
specifically for dCMP insertion during the bypass of endogenous AP sites.
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1. Introduction

Apurinic/apyrimidinic (AP) sites are the most common endogenous DNA lesion [1] and are
formed by hydrolysis of the glycosidic bond between the base and deoxyribose sugar of a
nucleoside. Base loss can occur spontaneously or through enzymatic removal of damaged
bases by specialized DNA N-glycosylases of the base excision repair (BER) pathway [2].
Because an unrepaired AP site is a potent block to replicative DNA polymerases, bypass is
critical for maintaining genetic integrity and completing genome duplication. Translesion
synthesis (TLS) is one of two general tolerance/bypass pathways that circumvent the
replication blocks caused by AP sites, as well as a variety of other DNA lesions (for recent
reviews, see [3, 4]). TLS can be divided into two steps: an insertion step in which a
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nucleotide is incorporated opposite the lesion and an extension step in which the unpaired
primer-template terminus is extended. While the overall efficiency of TLS is determined by
the extension step, whether or not the bypass event is mutagenic depends on the nucleotide
inserted opposite a non-instructive AP site. Under conditions where AP-site repair is
compromised, mutagenesis increases in a TLS-dependent manner [5].

The yeast Saccharomyces cerevisiae contains three, highly conserved TLS polymerases that
potentially can participate in AP-site bypass: Pol 1, Pol £ and Rev1. Pol n is a Y-family
DNA polymerase whose loss results in a variant form of the human cancer-predisposition
syndrome Xeroderma Pigmentosum, which is characterized by extreme sensitivity to UV
light [6, 7]. In yeast, Pol 1 is encoded by the RAD30 gene and its absence is associated with
enhanced UV-induced sensitivity and mutagenesis [8]. Pol ¢ is a B-family DNA polymerase
comprised of two subunits: the Rev3 catalytic and Rev7 accessory proteins (reviewed in
[9]). Pol ¢ is required for most induced, as well as a substantial fraction of spontaneous,
mutagenesis in yeast and is essential in mammalian cells [10, 11]. While it is capable of
independently bypassing lesions in vitro, the primary role of Pol ¢ in vivo is thought to
reflect its unique ability to extend an unpaired primer-template terminus [12, 13]. Finally,
Revl is a Y-family DNA polymerase that is required for Pol {-dependent mutagenesis. It
was initially described biochemically as a deoxycytidyl (/CMP) transferase, specifically
inserting cytosine opposite template lesions [14]. In addition to the catalytic activity, an N-
terminal BRCT domain is important for DNA binding [15] and a C-terminal scaffoloding
domain interacts with Rev3 and Rev7 [16, 17].

In contrast to the general biological significance of the BRCT and C-terminal domains of
Revl, the relevance of the dCMP transferase activity in vivo appears to be lesion-specific.
This activity, for example, is not required for survival or Rev1-dependent mutagenesis
following UV irradiation, but is important for surviving 4-nitroguinoline-1-oxide (4-NQO)-
induced damage [18]. With regard to AP-site bypass, there are conflicting data concerning
the relevance of the Revl dCMP transferase activity. Early experiments examined genomic
mutations induced by the base-alkylating agent methyl methanesulfonate (MMS), which
generates AP sites primarily at purines. Most MMS-induced mutations were GC > TA
transversions, a mutation pattern inconsistent with dCMP insertion opposite AP sites and
shown not to require Rev1 catalytic activity [13]. While these data were used to argue for a
dAMP insertion bias during Revl-dependent bypass of guanine-derived AP sites, it should
be noted that dCMP insertion would not have been mutagenic and hence could not have
been detected in these experiments (see [19]. A study of mutagenesis associated with
expression of T- or C-specific glycosylases reported Rev1-dependent mutation patterns
consistent with dCMP insertion opposite AP sites [5], as did a study examining the
mutagenic consequence of uracil-derived AP sites [20]. Neither of these studies, however,
could have detected non-mutagenic dAMP insertion opposite thymine-derived AP sites and
neither examined the relevance of the protein’s catalytic activity. As an alternative to
studying the bypass of physiologically produced AP sites, oligonucleotides or gapped
plasmids containing a single, defined AP site have been used in transformation-based
studies. These analyses have reported preferential insertion of dCMP opposite an engineered
AP site, [19, 21-24], and have implicated the catalytic activity of Revl during bypass [24].

We previously described very sensitive frameshift- and nonsense-reversion assays that
monitor the bypass of AP sites produced when uracil is excised from highly transcribed
DNA [25, 26]. Because uracil specifically replaces thymine in these assays, the base
substitution pattern at AT base pairs provides a read-out of nucleotides inserted opposite
thymine-derived AP sites. In contrast to previous assays, where non-mutagenic AP-site
bypass via dAMP insertion could not be detected, the frequent occurrence of non-selected
base substitutions in the frameshift-reversion assay allows the relative insertion efficiencies
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of all four dNMPs to be inferred. The data reported here suggest that dCMP is the
predominant nucleotide inserted opposite uracil-derived AP sites in this system and confirm
that dCMP insertion, but not that of alternative dNMPs, requires the catalytic activity of
Revl. Accompanying shifts in mutation spectra suggest that back-up activities compensate
for dCMP transferase loss by inserting primarily dAMP. When considered together with the
nonsense-reversion assay, results indicate that the insertion preference opposite AP sites in
yeast is ACMP > dAMP >»> dGMP ~ dTMP. Finally, we extend the importance of the BRCT
DNA-binding and C-terminal scaffold domains of Rev1 to include the bypass of AP sites.

2. Materials and Methods

2.1. Media and growth conditions

All growth of yeast strains was at 30°C. Cells were grown non-selectively in YEP medium
(1% yeast extract, 2% peptone; 1.5% agar for plates) supplemented with 2% dextrose
(YEPD) or 2% each of glycerol and ethanol (YEPGE). It should be noted that under these
growth conditions, pTET (whose repression requires doxycycline) is maximally activated.
Selective growth was on synthetic, 2% dextrose (SD) medium supplemented with all but the
one relevant amino acid or base. The presence of a hygromycin-resistance marker was
selected by plating transformants on YEPD plates supplemented with 300 pg/ml
hygromycin.

2.2. Strain constructions

All yeast strains were derived from YPH45 (MATa ura3-52 ade2-101,. trpl41). Wild-type
(WT) strains containing the pTET-lys24A746 [27] or pTET-lys2-TAA [26] allele near
ARS306 on Chromosome 111 were previously described. The rev1-BRCT (revl-
G192A,G193A), rev1-AA (revl-D467A,E468A) or revl-CDEL (rev1-Y914Stop,L915Stop)
allele was introduced into these strains by two-step replacement using plasmids pSR836,
pSR838 or pSR986, respectively. To construct these plasmids, REV1 sequences were
subcloned into the URA3-marked integrating vector pRS306 [28]. The desired sequence
changes were then introduced using the Quik-Change Site-Directed Mutagenesis kit
(Stratagene; see Table S1 for mutagenic oligonucleotides used). Deletion strains were
derived by one-step gene disruption using PCR-generated cassettes containing an
appropriate selectable marker flanked by ~60 bp of homology bordering the coding region
of the relevant gene [29]. When appropriate, the marker gene was subsequently deleted
using a Cre/loxP-mediated procedure [30]. A complete list of strains is provided in Table
S2.

2.3. Mutation rates and spectra

For mutation rate determinations, 1-ml YEPGE cultures were inoculated with 250,000 cells
from an overnight culture grown in the same medium. After 3 days growth, appropriate
dilutions were plated on SD-Lys and YEPD plates to determine the number of Lys*
revertants and the total number of cells, respectively, in each culture. Mutation rates were
calculated using the method of the median and the corresponding 95% confidence intervals
were calculated as described previously [31]. Ten to 24 cultures were used for each rate
determination.

To isolate independent Lys* revertants, 1-ml YEPGE cultures were started from
independent colonies. Following 2-3 days growth, an appropriate fraction of each culture
was plated on SD-Lys medium. A single revertant from each culture was purified and
genomic DNA was prepared using an enzymatic lysis method modified for a 96-well format.
The relevant region of LYS2 was amplified using primers LYSWINDF (5'-
GCCTCATGATAGTTTTTCTAACAAATACG) and LYSWINDR (5'-
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CCCATCACACATACCATCAAATCCAC), and sequenced by the Duke University DNA
Analysis Facility.

3.1. AP sites in the pTET- lys2AA746 assay are produced by Ung1l and require Pol g for

bypass

The lys24A746 allele contains a 1-bp deletion in a nonessential region of the LYS2 coding
sequence and reverts by any net +1 frameshift mutation that restores the correct reading
frame of the gene [32]. The Pol { TLS polymerase generates a distinctive mutation signature
in this assay: “complex” 1-bp insertions that additionally contain a nearby, unselected base
substitution. Such complex events are proportionally enhanced in repair-defective
backgrounds, indicating that most are produced during the Pol -dependent bypass of
unrepaired lesions [33]. Because changing the identity of the base pair most often mutated at
complex hotspots eliminates the selected frameshift, we have proposed that complex
mutations are produced by a misincorporation-slippage mechanism [32]. In this mechanism,
misinsertion opposite a discrete lesion precedes and may facilitate slippage in a short
homopolymer run that follows, thereby generating the selected frameshift mutation. A key
feature of misincorporation-slippage is that the position of the base substitution at complex-
mutation hotspots marks the site of the initiating lesion. Because the base substitution is not
the selected event, no functional constraints are placed on the dNMP inserted opposite the
initiating lesion.

When fused to the heterologous pTET promoter, high transcription of the lys24A746 allele
elevates its reversion rate 10-20 fold [27]. This effect was weakly enhanced upon loss of
Rad14, a protein required for nucleotide excision repair (NER; [34]; Apnl, the major AP
endonuclease in yeast [35]; or the Ntgl and Ntg2 lyases, which also nick the DNA backbone
at AP sites [36]. In the apnl mutant, transcription-associated mutagenesis was accompanied
by the appearance of a novel complex-mutation hotspot, with the associated base
substitutions occurring at AT base pairs. Upon additional deletion of RAD14 or NTG1/NTG2
from the apnl background, very strong synergism was observed, indicating functional
overlap in removing potentially mutagenic AP lesions. Mutagenesis in these mutants was
completely dependent on the Ungl DNA glycosylase, which creates AP sites by excising
uracil from the DNA backbone, and on Rev3, the catalytic subunit of Pol { (Table S3).
Furthermore mutagenesis was suppressed by overproduction of the Dutl dUTPase [25, 26].
These genetic data, together with the occurrence of the frameshift-associated base
substitutions at AT base pairs, provided compelling evidence that complex mutations reflect
the Pol (-dependent bypass of AP sites that are generated by the excision of uracil, which is
specifically incorporated in place of thymine. Because we know how (uracil excision) and
where (the thymine of AT base pairs) AP sites are generated in the pTET-lys24A746 system,
the unselected base substitutions at complex hotspots provide an unbiased read-out of
dNMPs inserted opposite the initiating lesion. In the current study, we use this system, plus
a pTET-based nonsense-reversion assay, to explore the roles of Rev1 during AP-site bypass
in apnl single, apnl rad14 double, and apnl ntgl ntg2 triple mutant strains; all
corresponding data are presented in Table S3. Because of the much stronger mutagenesis in
the double and triple mutants, however, only these data are described in the sections that
follow. Hereafter, we refer to the apnl ntgl ntg2 triple and apnl rad14 double mutants as
the BER- and BER/NER-defective backgrounds, respectively.

3.2. AP site bypass yields simple as well as complex frameshifts at a common hotspot

In the BER- and BER/NER-defective strains, the 1-bp insertion at the major complex-
mutation hotspot occurs within a run of six AT base pairs (Figure 1; [25, 26]). Using the
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convention of describing sequences in terms of the coding/nontranscribed strand of LYS2,
this position is referred to as the 6A hotspot. Although our previous analyses focused
exclusively on complex mutations at this hotspot, the rates of “simple” frameshifts that
expand the 6A run to a 7A run were also elevated under high-transcription conditions. These
simple events are likewise dependent on Ungl and Rev3 with loss of either protein causing
Lys* rate decreases in the BER- or BER/NER-defective backgrounds, respectively (Figure 2
and Table S3).

Because the simple and complex events at the 6A hotspot have common genetic
requirements, the most parsimonious explanation is that both are derived via a common AP-
site bypass mechanism. As illustrated in Figure 3, each can be generated by the
misincorporation-slippage mechanism, with the simple versus complex mutation outcome
being determined by the specific ANMP inserted opposite the AP site. For complex events in
a BER-defective background, we previously argued that an Ungl-dependent AP site arises
when uracil replaces one of the thymines immediately 3’ of the 6A run. Insertion of dCMP
opposite the AP site, followed by slippage in the 6A run, gives rise to a complex mutation in
which a T to G transversion accompanies the selected 6A > 7A frameshift (right side of
Figure 3A; see [25]). Insertion of dAMP instead of dCMP opposite the same AP site does
not produce a base substitution, but it will, if followed by slippage in the 6A run, result in a
simple 6A >7A mutation (left side of Figure 3A).

In the BER/NER-defective strain, we proposed that uracil is substituted for one of the
thymines opposite the 6A run [26]. When the resulting Ungl-generated AP site is bypassed,
insertion of dCMP or dAMP opposite the AP site, followed by slippage, results in either a
complex frameshift characterized by an A to C transversion or a simple 6A > 7A frameshift,
respectively (Figure 3B). Additional genetic analyses have shown that the accumulation of
uracil-derived AP sites on complementary strands of the reporter in BER- versus BER/NER-
defective strains reflects transcription-coupled NER of lesions located on the transcribed/
noncoding strand [26]. In either the BER- or BER/NER-defective background, it is
important to note that the rate of complex events at the 6A run exceeds that of simple events
(10- and 4-fold, respectively; Figure 2). This suggests that dCMP insertion opposite the
relevant AP sites normally occurs much more frequently than dAMP insertion. An
alternative possibility is that ACMP insertion is associated with more slippage than is dAMP
insertion, but we think this is unlikely. Finally, complex mutations predicted by dTMP or
dGMP insertion at the 6A hotspot are very rare, suggesting that these two dNMPs are
infrequently inserted relative to dCMP or dAMP.

3.3. Revl is essential for AP-site bypass, and its catalytic activity is required for dCMP
insertion in the pTET-lys2AA746 assay

The effect of REV1 deletion on reversion of the pTET-lys24A746 allele in the BER- or BER/
NER-defective background was indistinguishable from that of REV3 deletion, with either
deletion reducing the Lys™ rate to the level observed in the WT strain (Table S3). In the
BER- and BER/NER-defective backgrounds, complex events at the 6A hotspot were
reduced over 100-fold, demonstrating that dCMP insertion is absolutely dependent on Rev1l
as well as on Pol  (Figure 2). Simple events at the 6A hotspot were not as dramatically
affected by Revl or Rev3 loss. The smaller effects on simple events are presumably because
they occur frequently in the WT background via slippage of replicative DNA polymerases
during genome duplication [32].

The relevance of Revl dCMP transferase activity during AP-site bypass was assessed using
the rev1-AA allele, in which two amino acid residues essential for catalytic activity were
changed to alanine (see Materials and Methods). Although this allele did not significantly
reduce the overall reversion rate of pTET-lys24A746 allele in the BER-defective background
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(Table S3), it dramatically changed the patterns and rates of mutations at the 6A hotspot
(Figures 1 and 2). The complex events reflecting dCMP incorporation were eliminated from
the spectrum and were replaced by a large and compensatory (8-fold) increase in the rate of
the simple 1-bp insertions, indicating the presence of a back-up, AP-site bypass activity that
specifically inserts dAMP. The loss of dCMP insertion in the rev1-AA mutant clearly
demonstrates the biological relevance of Rev1 catalytic activity during AP-site bypass. The
large increase in dAMP insertion in the rev1-AA mutant is particularly significant, as it
indicates that dCMP insertion opposite AP sites in this system normally exceeds dAMP
insertion by 5-10 fold.

In the BER/NER-defective background, introduction of the rev1-AA allele was associated
with a modest, ~ 3-fold reduction in the overall Lys* rate. Importantly, the rate reduction
was accompanied by the disappearance of complex mutations from the corresponding
reversion spectrum, confirming an absolute requirement of Rev1 catalytic activity for AdCMP
insertion opposite the uracil-derived AP sites (Figures 1 and 2). The loss of dCMP insertion
in the rev1-AA mutant was furthermore associated with a 1.6-fold increase in the rate of the
simple 1-bp insertions diagnostic of dAMP insertion, again suggesting that dCMP is the
primary dNMP inserted opposite endogenous AP sites. We note that, in contrast to what was
observed in the BER-defective background, dAMP insertion did not completely compensate
for the loss of dCMP insertion in the BER/NER-defective background. We suggest either
that the back-up insertion polymerase is relatively inefficient in this context, or that it fails to
generate the required frameshift mutation. Finally, of the very small number of complex
mutations that persisted at the 6A hotspot in the BER- and BER/NER-defective backgrounds
(Table S4), most can be explained by dTMP or dGMP insertion opposite the AP site.

3.4. Loss of Revl catalytic activity eliminates most reversion of the pTET-lys2-TAA
nonsense allele

The lys2-TAA allele contains an engineered, in-frame TAA stop codon, the reversion of
which occurs via a base substitution at one of the three nucleotides of the TAA codon [37].
The TAA stop codon monitors AP sites in a locally different sequence context, which is
~100 bp downstream of the 6A hotspot in the pTET-lys24A746 reversion assay. We
previously demonstrated that reversion of the highly-transcribed pTET-lys2-TAA allele, like
that of the pTET-lys24A746 allele, results from the Pol {-dependent bypass of uracil-derived
AP sites in BER- and BER/NER-defective backgrounds (Table S5; [26]). T>Gor A>C
mutations are produced if dCMP is inserted opposite the AP site; insertion of dTMP leads to
T > A or A>T transversions; and insertion of dGMP results in T > C and A > G transitions,
with A > G mutations escaping detection (Figure S1). In contrast to the frameshift-reversion
assay, which was also able to infer JAMP insertion opposite uracil-derived AP sites, similar
dAMP insertion in the base substitution assay would regenerate the stop codon and hence
cannot be detected.

In a WT strain background, all possible base changes at the stop codon were recovered at
comparable frequencies among pTET-lys2-TAA revertants (Table S6 and [26]. The reversion
rate of the pTET-lys2-TAA allele was elevated at least several hundred fold in BER- and
BER/NER-defective backgrounds and there was an accompanying shift in the reversion
spectra, with > 95% of revertants containing the T > G or A > C change diagnostic of AdCMP
insertion (Figure 4; [26]). Deletion of the REV3 or REV1 gene led to dramatic (1000-fold)
decreases in the reversion rate of pTET-lys2-TAA allele in the BER- and BER/NER-
defective backgrounds (Figure 5). The reversion rate was consistently ~3-fold lower in the
absence of Rev1 than in the absence of Rev3, however, suggesting that there may be a very
inefficient, Pol -independent AP-site bypass mechanism that requires Rev1. In addition to
the large Lys* rate reductions in the rev34 and revld mutants, the percentages of T > G and
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A > C transversion mutations were reduced to < 20% of the corresponding spectra (Figure
4).

When the rev1-AA mutation was introduced into the BER- and BER/NER-defective
backgrounds, the reversion rate of the lys2-TAA allele decreased 6- to 8-fold (Figure 5).
Although loss of Rev1 catalytic activity still allowed some mutagenic bypass, the T > G and
A > C mutation classes were almost completely eliminated (Figures 4-5). In the BER/NER-
defective background, there was an accompanying shift in the mutation spectrum to ~90 %
TA > AT transversions. In the BER-defective background, however, TA > CG transitions
indicative of dGMP insertion opposite the corresponding AP sites were as abundant as TA >
AT transversions (Figure 4). We suggest that the apparent lack of dGMP insertion in the
BER/NER-defective strain can be explained if, as we argued previously, AP sites in this
background accumulate primarily on the transcribed strand of the reporter (see Figure 3B;
[26]). The A > G class, which reflects dGMP insertion opposite AP sites on the transcribed
strain, cannot be detected in the nonsense reversion assay because it regenerates a stop
codon. The reciprocal T > C class, which can be detected, reflects the bypass of AP sites on
the nontranscribed strand, which do not accumulate in the BER/NER-defective background.
Consistent with this interpretation, it should be noted that the A > T mutations, which reflect
dTMP insertion opposite AP sites on the transcribed strand, were ~ 10-fold more frequent
than T > A mutations in the NER/BER-defective background (Table S6).

3.5. Pol nis not required for dNMP insertion opposite AP sites in the absence of Revl
catalytic activity

The bypass of AP sites was completely dependent on the presence of Revl in both the
frameshift- and nonsense-reversion assays, but significant bypass persisted when only the
catalytic site was mutated (rev1-AA strains). This was most evident in the pTET-lys24A746
reversion assay, where dAMP insertion could be detected as simple +1 events at the 6A
hotspot. We considered the possibility that insertion of dAMP might be catalyzed by the
remaining TLS polymerase, Pol n, in the revl-AA mutants. While additional deletion of
RAD30 gene did not lead to any significant changes in the pTET-lys24A746 reversion rates
or spectra in the BER/NER-defective background, there was a small (35%), but significant,
decrease in the Lys* rate in the BER-defective background (Figure 2 and Table S3). In the
case of the base-substitution assay, additional deletion of the RAD30 gene in the rev1-AA
strains did not result in any significant changes in mutation rates or spectra (Figures 4 and
6). Although the data fail to convincingly implicate Pol n in AP-site bypass, it is possible
that a minor activity is obscured by one of the replicative DNA polymerases.

3.6. Mutation of Revl BRCT domain reduces AP-site bypass in the pTET-lys2AA746 assay

The original rev1-1 allele (G193R), which has a mutation within the N-terminal BRCT
domain of Revl, did not affect dCMP transferase activity, but eliminated or reduced bypass
of a 6-4 photoproduct or AP site, respectively, engineered into a gapped plasmid [38].
Transformation with an oligonucleotide containing an AP site into a strain with an N-
terminally deleted form of Rev1 also greatly reduced, but did not completely eliminate
bypass [24]. There were, however, conflicting data regarding the nucleotides inserted
opposite the AP site. Preferential insertion of dCMP persisted during the gap-filling reaction
[38], whereas there was a shift to dTMP or dGMP insertion following oligonucleotide
transformation [24].

To examine the effect of a BRCT domain mutation on the bypass of AP sites created in a
chromosomal context, we introduced a rev1-BRCT allele into strains containing the pTET-
lys24A746 allele. In the BER-defective background, both the Lys* rate and the rate of
complex mutations decreased 5-fold when the rev1-BRCT mutation was introduced, rates
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which were significantly higher than those obtained in the revl4 background (Figure 6). The
decrease in complex insertions at the 6A hotspot revealed a novel class of complex deletions
that comprised ~20% of the corresponding spectrum (see Table S4). This new class
contained the T > G base-substitution signature diagnostic of dCMP insertion during AP-site
bypass, but instead of an accompanying 1-bp insertion contained a 2-bp deletion that
reduced the 6A run to a 4A run. Although we cannot discern whether the rate of complex
deletions remained the same or increased upon introduction of the rev1-BRCT allele, their
appearance nevertheless suggests that the BRCT domain of Rev1 regulates slippage during
Pol {-dependent bypass.

In the BER/NER-defective background, introduction of the rev1l-BRCT mutation resulted in
similar (10-20 fold) decreases in overall reversion rate as well as in the rates of simple and
complex events at the 6A hotspot (Figure 6). In contrast to the BER-defective mutant,
however, the novel complex deletions at the 6A run were not evident in the BER/NER-
defective background. It is possible that their absence reflects a greater difficult in
generating the requisite deletion intermediate when the 6A run is effectively shortened by
interruption with an AP site.

3.7. Deletion of the C-terminal domain of Rev1 eliminates AP-site bypass in the pTET-
lys2AA746 assay

The C-terminal domain of yeast Revl mediates physical interaction with Rev3, Rev7 and
Rad30 [17, 39, 40]. Mutations in this region lead to enhanced UV sensitivity and to a
significant reduction in UV-induced mutagenesis, demonstrating its significance in the
bypass of UV-induced lesions [16, 17, 40]. In order to determine whether the C-terminal
domain of Revl is similarly important in the bypass of AP sites, we introduced a mutant
revl allele (revl-CDEL) that eliminates the C-terminal 72 amino acids of the protein into the
BER- and BER/NER-defective strains. In both backgrounds, the rev1-CDEL allele resulted
in pTET-lys24A746 reversion rates and spectra that were indistinguishable from those
associated with the rev14 allele (Figure 6).

4. Discussion

In previous experiments carried out in other labs as well as in the work presented here, the
Revl Y-family DNA polymerase is required for Pol {-dependent lesion bypass, with its loss
resulting in a reversionless phenotype identical to that associated with loss of Rev3
(reviewed in [3]). Deciphering the precise function of Rev1 in lesion bypass has been
complicated by the fact that, in addition to its ability to catalyze dCMP insertion opposite
lesions in vitro, it has a DNA-binding BRCT domain and an essential C-terminal scaffolding
domain. Whereas the latter two domains are assumed to be universally important, the
relevance of the dCMP transferase activity is likely lesion specific [18]. Here, we focus
specifically on the functions of Rev1l during the bypass of endogenously generated AP sites,
which is thought to be a multi-polymerase process requiring different polymerases for the
insertion and extension steps [13]. Accumulated evidence indicates that Pol ¢ is required for
the extension step, but which polymerase is primarily responsible for the insertion step has
remained controversial. The controversy revolves around whether dCMP is the predominant
nucleotide inserted, which would support a catalytic role for Rev1 during AP-site bypass, or
whether dAMP is the preferred nucleotide, which would indicate a primary role for a
different DNA polymerase during the insertion step.

In the current study, highly sensitive pTET-lys2 frameshift- and nonsense-reversion assays
were used as tools to generate AP sites. The uniqueness of these assays is that the source of
the AP sites has been defined: uracil specifically replaces thymine in highly transcribed
DNA, and it is the subsequent excision of uracil by Ung1 that creates the AP sites [25, 26].
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Deletion of the C-terminal 72 amino acids of Rev1 resulted in mutation rates and spectra
that were indistinguishable from those associated with the rev14 allele, indicating no AP-
site bypass. This is in agreement with previous results demonstrating a requirement for the
Rev1l C-terminal domain in Pol {-mediated UV survival and mutagenesis [16]. Similar to the
yeast protein, the analogous C-terminal domain of human Rev1 also mediates interaction
with human Rev7 [41], and is required for DNA-damage tolerance in the avian DT40 cell
line [42]. In contrast to the null phenotype associated with the rev1-CDEL allele, mutation
of the BRCT domain reduced, but did not eliminate AP-site bypass in the pTET-lys24A746
assay. While this is consistent with previous transformation-based assays using engineered
AP sites [23, 24, 38, 43], the associated changes in frameshift-reversion spectrum suggest
that the DNA-binding activity of the BRCT domain affects primer-template slippage during
lesion bypass.

In BER (apnl ntgl ntg2)- and BER/NER (apnl rad14)-defective backgrounds the pTET-
lys24A746 assay selects for net +1 frameshift mutations that arise during the bypass of
uracil-derived AP sites that accumulate when uracil replaces thymine. In particular, complex
frameshifts at a 6A hotspot result from dCMP, dGMP or dTMP insertion, while non-
mutagenic dAMP insertion yields simple +1 frameshifts within the 6A run (see Figure 3).
Because the base substitution is not the selected event, we believe that this specific assay
allows an unbiased assessment of the frequency with which each dNMP is inserted opposite
AP sites, as well as the relevance of Rev1 catalytic activity to the insertion specificity. While
it could be argued that concerted misincorporation-slippage during AP-site bypass is rare
and, therefore, does not provide an appropriate read-out of insertion specificity, it should be
noted that the overall Lys* rates in the frameshift-reversion assay were within 7-fold of
those obtained in the nonsense-reversion assay. This suggests that, if there is a
mononucleotide run appropriately positioned near an AP site, slippage subsequent to the
insertion step is a frequent event.

In the presence of Revl, both complex and simple frameshifts were common in the pTET-
lys24A746 assay, with almost all complex events containing the T > G or A > C transversion
diagnostic of dCMP insertion opposite the AP site. Although introduction of the catalytically
inactive revl-AA allele had only minor effects on the total rate of Lys* revertants, there were
very striking and distinctive changes in mutation types at the 6A hotspot. The complex
events that reflect dCMP insertion opposite AP sites were eliminated in the revl-AA mutants
and there was a compensatory increase in the simple frameshifts predicted to result when
dAMP is inserted opposite the initiating AP site. These data demonstrate that insertion of
dCMP absolutely depends on the catalytic activity of Revl and suggest that AdCMP, rather
than dAMP, is the most frequently inserted dNMP during AP-site bypass in this system.

Analogous experiments were done with BER- and BER/NER-defective strains containing
the pTET-lys2-TAA nonsense allele, a system that only allows detection of dCMP, dGMP or
dTMP insertion opposite uracil-derived AP sites (dAAMP insertion does change the stop
codon). Consistent with Rev1-catalyzed dCMP insertion opposite AP sites, the reversion
rate of the pTET-lys2-TAA allele was reduced 5-10 fold upon introduction of the revl-AA
allele. Reversion spectra confirmed that dCMP insertion is strongly preferred to that of
dGMP or dTMP, and that dCMP insertion absolutely requires the catalytic activity of Rev1.
Because compensatory dAMP insertion is not detected in the pTET-lys2-TAA reversion
assay, we also were able to observe what would normally be very minor insertion of dGMP
or dTMP opposite AP sites. Our data suggest that the nucleotide selectivity during AP site
bypass in yeast follows the pattern of dCMP > dAMP >> dGMP ~ dTMP.

The role of Revl in inserting the nucleotides other than dCMP is presumably structural, and
the identity of the DNA polymerase that steps in to accomplish insertion opposite AP sites in

DNA Repair (Amst). Author manuscript; available in PMC 2012 December 10.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kim et al.

Page 10

rev1-AA strains is not known. While Pol n can accomplish the insertion step in vitro [44], its
loss in the rev1-AA background had very little, if any, effect on reversion rates or spectra in
either assay used here. Among the three yeast replicative DNA polymerases, both Pol 6 and
Pol o have been reported to insert nucleotides opposite AP sites in biochemical assays [13,
45]; Pol ¢ has not been examined. Given that Pol § has a strong preference for dAMP
insertion opposite AP sites in vitro [13], and the requirement for its noncatalytic, Pol32
subunit for Pol {-dependent mutagenesis in vivo [5, 19, 46-49], this replicative polymerase
may be the most likely candidate.

Finally, it should be noted that both of our reporters were located close to the strong ARS306
origin of replication on Chromosome I11. Because AP sites accumulate on complementary
strands in BER- versus BER/NER-defective backgrounds [26], our systems have the
potential to detect replication-related differences in Revl activity during AP-site bypass. AP
sites remain mainly on the nontranscribed strand in BER-defective strains, which
corresponds to the lagging-strand template for a fork originating from the ARS306 [27].
Conversely, in BER/NER-defective strains, AP lesions persist on the transcribed strand,
which is the leading-strand template during replication. Although there were generally no
differences in the mutagenic effects associated with various revl alleles tested in these two
strain backgrounds, there was a difference in the compensatory insertion of dAMP in the
revl-AA mutants. In the BER-defective background, there was complete compensation so
that there was no associated drop in the overall reversion rate; in the BER/NER-defective
background, there was little compensation, resulting in a 3-fold drop in Lys* rate. One
interpretation of this difference is that the dAMP-inserting polymerase has better access to
AP sites encountered during lagging-strand than during leading-strand synthesis. Given that
Pol 5 is responsible for most lagging-strand synthesis in yeast [50], this would be consistent
with it being the major polymerase responsible for dAMP insertion opposite AP sites.

By demonstrating the significance of Revl dCMP transferase activity during AP-site bypass,
our data further support a model in which engagement of the catalytic activity of this protein
depends on the specific lesion being bypassed [18, 51]. The dCMP insertion specificity of
Rev1 would make biological sense if most spontaneous AP sites occur at guanines, as this
would serve to limit AP-associated mutagenesis. Available data suggest, however, that
direct incorporation of uracil is the major source of endogenous AP sites in yeast DNA [52],
which would result in the TA > GC mutations of the type documented here. It still remains
possible, however, that the most biologically relevant lesion, especially outside a laboratory
environment, is a damaged form of guanine, which may or may not lead to AP site
formation. If this were the case, then the dCMP transferase activity of Rev1 would provide
an error-free bypass mechanism.

In higher eukaryotes, the TLS of uracil-derived AP sites is a critical step in the somatic
hypermutation of immunoglobulin genes [4, 53, 54]. In mammalian cells, Rev1 appears to
play an important role in this process, with its loss affecting the spectrum of mutations [55].
Similar shifts in mutation spectra have been observed in mouse or chicken cells expressing
catalytically inactive Rev1l [56, 57]. Finally, the dCMP transferase activity of Revl
documented here might be especially relevant when the cellular ratio of dUTP to dTTP is
perturbed. Inhibitors of thymidylate synthase and anti-folates, for example, are commonly
used chemotherapeutics that elevate uracil in DNA [58]. The presence and/or catalytic
activity of Revl might have implications for cell survival and especially mutagenesis
following treatment with such drugs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Effect of rev1-AA allele on pTET-lys24A746 reversion spectra. The 6A hotspot is
underlined; complex insertions and simple insertions are indicated by “cins” and “+,”
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respectively. In A and B, cins that have an associated T > G base substitution are highlighted
in gray; in C and D, cins that have an associated A > C base substitution are highlighted.
When an insertion occurs outside a run, the base inserted is indicated. Only the first half of
the reversion window is shown, as >95% of reversion events were in this region. N, number

of revertants sequenced. The apnl ntgl ntg2 and apnl rad14 spectra were published

previously [25, 26]

DNA Repair (Amst). Author manuscript; available in PMC 2012 December 10.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kim et al. Page 16

A. BER-defective (apn1 ntg1 ntg2) -ng“&'gx jm',e

rev3A % o >1000X¥  2.1X¥

reviA = 1300X¥ 2.2X¥

revi-AA m - >50X¥  8.0XA
revi-AA rad304 M 1 90X¥ 41X

1010 10° 108 107 106 10

B. BER/NER-defective (apn1 rad14) Complex  Simple
B dCVP EdAMP

REV1/3 1.0 1.0

rev34 = >7900XW¥ 76XV

rovr.1 N— _ | ss000xe  a2x
rov-an S— | sts0xe 6%
rov1-A4 a0+ ESS— = ~180XY  1.2Xa

10-10 109 108 107 106 105
Rates of dCMP and dAMP insertion at the 6A hotspot

Figure 2.

The catalytic activity of Rev1 is required for dCMP insertion opposite AP sites in the pTET-
lys24A746 assay. Striped and solid bars correspond to the rates of simple and complex
frameshifts (JAMP and dCMP insertion opposite uracil-derived AP sites, respectively) at
the 6A hotspot. Changes in simple and complex rates in TLS-polymerase mutants relative to
the REV1/3 background are indicated to the right of the graphs. When none of the relevant
event was observed in the corresponding spectrum, the rate was calculated assuming one
event and “>” precedes the rate change. The total Lys™ rate and the number of mutants
sequenced in each genetic background are in Table S3.
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A. BER-defective strain: AP site bypass reflects dUMP in NTS

TGAAAAAAT T=——> NTS
€ ACTTTTTTA A TS

Uracil replaces thymine
Ung1 generates AP site

TGAAAAAAQ T—>

€A CT TTTTAA

dAMP insertion / \ dCMP insertion

TGAAAAAAO 1T —>
«TTAA

=

TGAAAAAAO 71—
«TTCA

l Polymerase slippage creates +1 intermediate l

TGAAAAAAD 71— TGAAAAAAOD 1—>

€“—ACTTTTTTAA €——ACTTTTTTC A
T T

l Mutations fixed by replication l

TGAAAAAAAG r—>
€——ACTTTTTTTCA

———T GAAAAAAAT T=—>
€“—ACTTTTTTTAA

| Simple +1 (6A > 7A) | | Complex mutation (T > G and 6A > 7A) |

B. BER/NER-defective strain: AP site bypass reflects dUMP in TS

A T T——> NTS
A Aween TS

1 Uracil replaces thymine
Ung1 generates AP site

€——ACTQOTTTTAA

dAMP insertion / \ dCMP insertion

TGAAAA—>
€—ACTQTTTTARA

TGACA A=
€—ACTQTTTTARA

l Polymerase slippage creates +1 intermediate l

A
r¢eaCaannanrr—>
€——ACTQTTTTARA

A
TGAAAAAAT T—>
€“—ACTQOTTTTARA

l Mutations fixed by replication 1

TGAAAAAAATT—>
€——ACTTPTTTTTTAA

reaCannnanrr—>
€—ACTGTTTTTAA

Simple +1 (6A> 7A) | Complex mutation (A > C and 6A > 7A) |

Figure 3.
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Mutagenic bypass of uracil-derived AP sites in the pTET-lys2-4A746 assay. In (A) the
uracil-derived AP site is on the NTS of LYS2, as occurs in the apnl ntgl ntg2 background.
Insertion of dCMP or dAMP opposite the AP site followed by slippage during extension
through the remainder of the 6T run, results in a complex frameshift with an A > C change
or a simple +1 frameshift, respectively. In (B), the uracil-derived AP site is on the TS of
LYS2, as occurs in the apnl rad14 background. Insertion of dCMP or dAMP opposite the
AP site, followed by slippage in the 6A run that follows, results in a complex frameshift
with a T > G change or a simple +1 frameshift, respectively.
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A. BER-deficient (apn1 ntg1 ntg2)

100

dCMP Z dTMP BdGMP W Other*

80 |-

60 |--

a0 |-

% dNMP inserted

20 |-

REV1/3  rev34 revidA  revi-AA  revi-AA
rad304

B. BER/NER-deficient (apn1 rad14)

100 -

80 -

60 -

40 -

% dNMP inserted

20 -

0 .
REV1/3  rev34 revid  rev1i-AA  revi-AA
rad304

Figure 4.

Proportions of dNMPs inserted opposite AP sites in the pTET-lys2-TAA assay. The numbers
of each mutant type are in Table S6. “Other” mutations include deletions and multiple base
changes within a single revertant.
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A. BER-defective (apn1 ntg1 ntg2)

Total
REV1/3 1.0
rev3A r 220XV
reviA 600XV
revi-AA 6.0X¥
revi1-AA rad304 ‘ . 6.2X¥
1010 109 10 107 10 105 104
B. BER/NER-defective (apn1 rad14) Total
REV1/3 iz 1.0
| 1300X¥
4200X¥
8.5X¥
7.8X¥
1010 109 10° 107 100 105 104

Base substitution rates at TAA codon

Figure 5.

Page 20

M dcmP
1.0
6300X¥
8800X¥
170X¥

280XV

M dcmpP
1.0
14,000X¥
22,000X¥
740XV

>700XV¥

Base substitution rates in the pTET-lys2-TAA reversion assay. The total Lys* rate and the
rate of dCMP insertion are indicated by striped and solid bars, respectively. Changes in
these rates in TLS-polymerase mutants relative to the REV1/3 background are indicated to
the right of the graphs. When none of the relevant event was observed in the corresponding
spectrum, the rate was calculated assuming one event and “>" precedes the rate change. The
rates and the number of mutants sequenced in each genetic background are in Table S5.
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A. BER-defective (apn? ntg1 ntg2) -Cgé"&fx i,lcr\nw?ll:e
REVI W 1.0 1.0
reviA ) 1300XW¥ 2.2XV¥

rev1-BRCT ;/ | 56XV 2.2X¥

rev1-CDEL >840X¥ 1.3X¥
10-10 10 108 107 106 105
B. BER/NER-defective (apn1 rad14) Complex Simple
I dCMP dAMP
REV1 | 1.0 1.0
reviA | >5000X%  42X¥
rev1-BRCT h . e _ 18XV 10X¥
rev1-CDEL _ | >5000x¥ 27X
1‘0‘10 10 108 107 109 105
Rate of complex mutation types at 6A hotspot
Figure 6.

Importance of the Revl BRCT and C-terminal domains during AP-site bypass in the pTET-
lys24A746 assay. Striped and solid bars correspond to the rates of simple and complex
frameshifts at the 6A hotspot. Changes in simple and complex rates in TLS-polymerase
mutants relative to the REV1/3 background are indicated to the right of the graphs. When
none of the relevant event was observed in the corresponding spectrum, the rate was
calculated assuming one event and “>” precedes the rate change. The total Lys* rate and the
number of mutants sequenced in each genetic background are in Table S3.
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