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Abstract

DNA polymerases influence genome stability through their involvement in DNA replication,
response to DNA damage, and DNA repair processes. Saccharomyces cerevisiae possess four non-
essential DNA polymerases, Pol A, Pol m, Pol ¢, and Rev1, which have varying roles in genome
stability. In order to assess the contribution of the non-essential DNA polymerases in genome
stability, we analyzed the pol4A reviA rev3A rad30A quadruple mutant in microhomology
mediated repair, due to recent studies linking some of these DNA polymerases to this repair
pathway. Our results suggest that the length and quality of microhomology influence both the
overall efficiency of repair and the involvement of DNA polymerases. Furthermore, the non-
essential DNA polymerases demonstrate overlapping and redundant functions when repairing
double-strand breaks using short microhomologies containing mismatches. Then, we examined
genome-wide mutation accumulation in the po/4A rev1A rev3A rad30A quadruple mutant
compared to wild type cells. We found a significant decrease in the overall rate of mutation
accumulation in the quadruple mutant cells compared to wildtype, but an increase in frameshift
mutations and a shift towards transversion base-substitution with a preference for G:C to T:A or
C:G. Thus, the non-essential DNA polymerases have an impact on the nature of the mutational
spectrum. The sequence and functional homology shared between human and S. cerevisiae non-
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essential DNA polymerases suggest these DNA polymerases may have a similar role in human
cells.
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1. Introduction

Replication fidelity, under favorable conditions, ensures the preservation of nucleic acid
sequences and continued genomic stability of daughter cells in subsequent generations.
However, genetic variation due to mutations impact an organism’s ability to survive and
reproduce in changing environmental conditions (1-3). While mutations allow for genetic
variation to exist in a population, the process by which mutations accumulate in a genome
over generations has been difficult to study. Analysis of mutation rates in the budding yeast
Saccharomyces cerevisiae has primarily focused on the use of reporter gene assays, such as
CANI, which is thought to serve as a proxy for mutation accumulation in the entire genome
(4-8). The use of reporter genes has several advantages: (1) mutants are easily identified
because they use selectable read-out, and (2) the small size of each gene reduces the cost and
time required to characterize each mutation. However, mutation rates are not uniform across
the entire genome (9). In particular, gene expression patterns and genomic location can
influence the mutation rate observed (6,10-12). Thus, conclusions drawn from mutation rates
of single gene reporter assays since they may not represent mutation rates at other genomic
loci.

Advances in genome sequencing technology, has reduced the cost and time required to
sequence and analyze individual samples (13). This allowed the use of whole genome
sequencing to determine the spontaneous mutation rates and spectrum in model organisms,
with relatively small genomes (14-16). Continued reduction in costs has resulted in the
inclusion of genome sequencing and analysis in clinical care, such as sequencing of cells
from human patients who have a disease where the genetic cause is unknown or individual
tumors (17-19). Taken together, the identification of single-nucleotide spontaneous
mutations and genome rearrangements within a genome are now feasible for both research
and clinical care. Of particular interest is determining how the rate of spontaneous mutations
and overall genome stability is influenced by the loss of candidate genes involved in genome
maintenance, due to the effect it would have on the lifetime risk of diseases such as cancer
(20,21). Several studies have started to establish the genome-wide mutation spectrum in the
absence of genes required for genome stability (22,23), but an examination of the impact
DNA polymerases have on the process has yet to be explored.

DNA polymerases play an essential role in genome stability through their contributions to
DNA replication, repair, and recombination (24,25). These processes help cells avoid
mutations and genome rearrangements, which may be detrimental to cellular viability (26).
Mutations within the exonuclease domain of DNA polymerase delta (Pol &) and epsilon (Pol
e), which are responsible for the vast majority of nuclear DNA replication, are associated
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with elevated mutagenesis and genome rearrangements (27). In addition to Pol 6 and Pol €,
cells possess specialized low-fidelity DNA polymerases which function in specific pathways
such as DNA repair and damage tolerance (27). For instance, DNA polymerase eta (Pol 1)
inserts two adenines opposite a thymine dimer and DNA polymerase zeta (Pol ) along with
Rev1 extend primer-templates possessing a distortion in the helical structure (28). This
process can be error-free or error-prone depending on the type of lesion and which DNA
polymerase is recruited, thereby impacting mutagenesis and the development of cancer or
disease (28-30). DNA polymerase lambda (Pol A) is another low-fidelity DNA polymerase,
which facilitates the use of microhomologies (MH) to repair double-strand breaks (DSBs)
(31-33).

In S. cerevisiae, the repair of DSBs using MHs of 5-25 bp is known as microhomology-
mediated repair (MHMR) and relies on proteins used in other DSB repair pathways (32-34).
One such protein is Pol &, which functions to extend MH pairing intermediates of varying
lengths and quality (31,35). The involvement of Pol 6 in MHMR is at least partially
dependent on Pol A to extend mispaired nucleotides from the 3’-hydroxyl end before taking
over extension (31). While the involvement of Pol 6 in MHMR is more defined, the precise
involvement of the non-essential polymerases in yeast (Pol A, Pol ), Pol € and Rev1)
remains unclear. Before its cooperative role with Pol & was elucidated, Pol A. was originally
implicated in promoting MHMR in both S. cerevisiae (32) and Schizosaccharomyces pombe
(33). However, studies examining Pol n and Pol ¢ in MHMR have shown conflicting results
depending on the assay system used (32,35), while the role of Rev1 has not been reported.

In the current study, we report the involvement of Pol A, Pol ), Pol ¢, and Rev1 in genome
stability by assessing their impact on MHMR and whole-genome mutation accumulation in
S cerevisiae. Previous reports have shown the functional overlap among different DNA
polymerases allows for a complete or partial substitution of function (36,37). Therefore, to
reduce the likelihood of functional redundancy when determining the spectrum of mutations
(22), we examine mutation accumulation on wild type and quadruple mutant po/4A reviA
rev3A rad30A cells.

2. Materials and Methods

2.1. Strain and plasmid construction.

Standard techniques for yeast growth and genetic manipulation were used throughout this
study (38). Yeast strains used in the study of MHMR were isogenic with W303-1A and are
wild type for the RADS5 gene (39). Yeast strains used in the study of mutation accumulation
were derived in the BY4741 background (40). PCR was used to generate gene disruptions
using primers specific to the selectable marker of interest and flanked by sequence
homologous to the upstream and downstream sequence of the ORF for each gene to be
disrupted. Dr. Lorraine Symington kindly provided the po/32::KANMX mutant (41).
Creation of the interchromosomal MHMR substrates were described previously (31).
Intrachromosomal //53-43’-HOcs-URA3-HOcs-his3A45° MHMR substrates (14-2-2 bp,
14-2-4 bp, 14-2-9 bp, and 20 bp) were generated by PCR and subsequent recombination to
introduce the substrate into the H/53locus on chromosome XV. Briefly, the first round of
PCR was performed (42) using the interchromosomal MHMR //s3-A43°-HOcs substrates (list
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strains/plasmids), URA3from Kluyveromyces lactis (list strains/plasmids), and //s3-A45-
HOcs (list strains/plasmids) as templates. A second round of PCR was used to fuse the PCR
products of each h/s343°-HOcs substrate with varying microhomologies to a truncated
ura3A3’ PCR product and a second PCR fusion reaction using //s345°-HOcs with a
truncated wra345°PCR product. The resulting //5s343°-HOcs-ura343’ and his345°-HOcs-
ura3A5’ fragments were cotransformed into cells and homologous recombination between
the overlapping wra3segments generated the /is343°-HOcs-URA3-his3A5°-HOcs
substrates. Verification by PCR was used to confirm proper genomic integration.

Microhomology-mediated repair assay.

Diploid cells of the appropriate genotype were identified and single colonies were used to
inoculate 2 mL of YP-Raffinose medium (1 % yeast extract, 2 % peptone, and 2 % raffinose)
as described previously (31). Cells containing the intrachromosomal MHMR assay were
maintained on synthetic medium lacking uracil (SD-Ura) to maintain the #is3A43°-HOcs-
URA3-his345°-HOcs substrate before inoculation and induction. The median translocation
frequencies and 95% confidence intervals from at least 15 independent cultures was
determined.

2.3. Pulse-field gel electrophoresis, gross chromosomal rearrangement and CAN1
mutation rate assays

WT and pol4A rev1A rev3A rad30A4 quadruple mutants possessing both CANZI and URA3on
chromosome V (43) were identified from dissection plates. These cells from the dissection
plates and following 24 serial bottleneck passages (approximately 600 mitoses) were grown
in 5 mL of YPD medium for 24 hrs at 30 °C. The next day, an appropriate dilution of cells
were plated onto YPD and synthetic medium containing canavanine (SD+canavanine),
which were incubated at 30 °C to allow colony formation. The remaining portion of the
YPD culture was used to make agarose plugs for pulse-field gel electrophoresis.
Chromosomes were separated and visualized using ethidium bromide as previously
described (44). Visible colonies from YPD and SD+canavanine plates were counted and
colonies appearing on the SD+canavanine were replica plated to SD-Ura medium and
allowed to grow at 30 °C overnight. The CANI mutation frequency was calculated by
counting the number of colonies growing on both SD+canavanine and SD-Ura media over
the total number of viable cells plated. The median CANI mutation rates and 95%
confidence intervals were determined using the CANZ mutation frequencies from at least 15
independent cultures (45). Cells which grew on SD+canavanine but not SD-Ura were
categorized as having gone through a gross chromosomal rearrangement (GCR). GCR rate
was calculated by fluctuation analysis from at least 15 independent cultures (46).
Comparison of GCR rates and generation of a p-value was done using a contingency table.

2.4, Serial bottleneck passaging and mutome analysis

WT and pol4A rev1A rev3A rad30A4 quadruple mutants identified following dissection were
subject to serial bottleneck passaging by first streaking the original colony (~25 generations)
from the dissection plate to single cells on a fresh YPD plate, which were grown at 30 °C to
form colonies. From this plate (~50 generations) a single colony was selected and used to
restreak onto a fresh YPD plate to generate new single colonies. Each colony was estimated
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to have gone through approximately 25 generations. In total, 24 serial bottleneck passages
were performed on each independent line (16 WT and 16 quadruple mutants) for a total of
600 mitoses each. Genomic DNA from 10 quadruple mutants lines having gone through 600
mitoses analyzed by next-generation sequencing as described previously (22). Base
substitutions and frameshifts identified through Illumina whole-genome sequencing were
verified by PCR and subsequent Sanger sequencing. De novo mutations were identified by
bioinformatic analysis using standard pipeline (Suppl. Fig. 1A).

2.5 DNA Polymerase A Microhomology Extension reactions

Reactions were carried as described in (47) Briefly, 100 nM 5’-32P radiolabeled pssDNA
preincubated for 10° at 30 °C (25 mM Tris-HCI, pH 8, 10% glycerol, 1 mM DTT, 10 mM
MgCI2, and 0.1 mg/ml BSA) was mixed with 100 nM Pol4 for 15 min; this was followed by
the addition of 500 uM dNTPs for another 30 min at 30 °C in a total volume of 20 pl.
Reactions were terminated by the addition of 4 pl of stop buffer (10 mg/ml proteinase K, 100
mM EDTA, and 1.0% SDS); Radiolabeled DNA was resolved in denaturing 10%
polyacrylamide gels. Gels will be dried, imaged with a Molecular Dynamics Phosphor
Imager and analyzed using ImageQuant software. All DNA was obtained from Integrated
DNA Technologies and purified by 10% denaturing acrylamide gel electrophoresis.
Substrates were prepared as described in (47). Shortly, 26 mer oligonucleotides were 32P-5-
radiolabeled with T4 polynucleotide kinase (NEB) and [y-32P]ATP (PerkinElmer). All
pssDNA templates were formed by the annealing of 14 mer oligonucleotide (5’-
CTAAGCTCACAGTG-3’) to the following 32P-5’-radiolabeled 26 mer: pssDNA6 (5° -
CACTGTGAGCTTAGGGTTAGCCCGGG -3%); pssDNA4
(5’CACTGTGAGCTTAGGGTTAGAGCCGG-3’); pssDNA2 — (5’-
CACTGTGAGCTTAGGGTTAGAGATCG-3’) and pssDNA2-1 - (5° -
CACTGTGAGCTTAGGGTTAGAGATAC-3’). DNA polymerase 4 purification will be
described in a manuscript in preparation.

3. Results

3.1.

To assess the role of the four non-essential nuclear DNA polymerases on mutation
accumulation and genome stability, we designed two experimental systems to study MHMR
in diploid S. cerevisiae using varying MHs (Fig. 1). We focus on diploid cells, as they
represent the natural state of budding yeast, which is a diplontic organism as most eukaryote
species (48).

DNA polymerases impact on microhomology-mediated repair is dependent on the

length, continuity, and chromosomal position of microhomology

Pol & , a heterotrimeric protein encoded by POL3, POL31, and POL32in S. cerevisiae,
facilitates the repair of DSBs using MH of varying lengths and quality . The modest but
reproducible and significant 2-fold reduction in the absence of Pol A, encoded by POL4in
S. cerevisiae, suggested a role for Pol A in MHMR (31). In order to explore the role of Pol A
in MHMR, we determined the repair frequency between two A/s3alleles, his3-A3and his3-
A5”, located on different chromosomes, interchromosomal MHMR (Fig. 1A), or on the same
chromosome, intrachromosomal MHMR (Fig. 1B). Both assay systems generate histidine
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prototrophs. The £is3-A3’and his3-A57 alleles share MH with varying lengths of incomplete
homology (14-2-2 bp, 14-2-4 bp or 14-2-9 bp, where the bold-faced number signifies two
mismatches), 20 bp of complete homology, or no homology with Ais34200 (Fig. 1C). The
presence of a HO endonuclease recognition sequence allows for DSBs to be generated due
to a galactose-inducible HO endonuclease (49). Examination of wild type cells show an
increase in MHMR frequency, when the /4/s3-A3”and his3-A5’alleles are located on the
same chromosome (Fig. 2A, Table 1). In agreement with previous results examining
interchromosomal MHMR (31), an increase in MH length lead to a corresponding increase
in MHMR frequency (Figure 2A and Table 1). In particular, the increase was most dramatic
between 14-2-2 bp and 14-2-4 bp of MH (Fig. 2A, Table 1). Interestingly, the Pol A
homozygous mutant po/4A/pol4A showed a significant decrease in MHMR, when the MHs
were shorter (14-2-2 bp and 14-2-4 bp) and contained a mismatch (Fig. 2B, Table 1). These
results are identical to pol/4-D367E/pol4-D367E homozygous mutant we examined, which
possesses a single amino acid change eliminating the polymerase catalytic activity (Table 1)
(32). This decrease was independent of /is3-A3’and his3-A5’ allele genomic location (Table
1) and suggests a specialized role for Pol A in MHMR when the MH is relatively short and
contains terminal mismatches. To confirm our results, we tested /n vitro whether Pol4
performs DNA synthesis of MMEJ substrates containing variable microhomology lengths
(47) (Fig. 3A). Partially single-strand DNA (pssDNA) substrates were incubated with Pol4,
in the presence of deoxy-ribonucleotides (ANTPs), for 30 min and terminated by protein
degradation by proteinase K to determine the ability of Pol4 to incorporate nucleotides in
front of DNA substrates. Confirming the preference for mismatched substrates, Pol4 did not
incorporate any nucleotide in front DNA synapses with 2, 4 or 6 nucleotides of
microhomology (pssDNA2, pssDNA4 and pssDNAG respectively), but was efficient in
incorporating up to 4 nucleotides, in presence of a 1 nucleotide mismatch at 3’-OH termini
(pssDNA2-1) (Fig. 3B).

Loss of function among multiple DNA polymerases reveal functional redundancies

and specialized usage of MHs in MHMR

In our previous work, we observed a synergistic decrease in pol4A/pol4A pol3-ct/pol3-ctand
pol4A/pol4A pol324/pol324 homozygous double mutants using 14-2-4 bp of MH located on
different chromosomes, suggesting a cooperation between Pol A and Pol & (31). We
explored this further by determining how the length and quality of MH used for repair
influenced MHMR frequency in the po/44 pol/32A double mutant. In agreement with our
previous result with MHs of 14-2-4 bp, the pol4A pol32A double mutants showed a
synergistic decrease in MHMR frequency when using 14-2-2 bp of MH (Fig. 4, Table 1).
However, the use of 14-2-9 bp or 20 bp of MH for repair in po/4A pol32A double mutants
resulted in MHMR frequencies similar to po/324 single mutants (Fig. 4, Table 1). These
results suggest the cooperation between Pol A. and Pol & in MHMR is dependent on the
length and quality of MH. This dependence is dictated by the substrate specificity of Pol A
due to the preferential repair of MHs which are short and contain a mismatch (Fig. 4, Table
1).

In order to explore the role of other low-fidelity DNA polymerases in MHMR, we explored
how the loss of Pol C, Pol 1, and Rev1 influences the repair process. Pol € in S. cerevisiae is
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a heterodimeric protein encoded by REV3and REV7, while Revl is encoded by REVI (50).
These two DNA polymerases function together to bypass DNA lesions and are responsible
for at least 50% of spontaneous mutations due to the ability of Rev1 to provide structural
support to Pol ¢, which extends mismatch 3’-hydroxy termini (50,51). The MHMR
frequency in rev34/rev3A and reviA/reviA homozygous mutants show a modest reduction
when 14-2-4 bp of MH is used for repair, regardless of the chromosomal position of //s3-
A3’and his3-A5’ (Fig. 5, Table 1). However, rev3A and reviA mutants use MHs of other
lengths and quality (14-2-2 bp, 14-2-9 bp, and 20 bp) on the same or different chromosomes
with the same efficiency as wild type cells, with the exception of intrachromosomal 14-2-2
bp reviA mutants (Table 1). Finally, the impact of Pol 1, which is encoded by RAD30, was
examined in rad30A/rad30A homozygous mutants and showed a modest decrease in the
repair of intrachromosomal /753 substrates sharing 14-2-2 bp and 14-2-4 bp of MH, but wild
type for all other MHs tested (Fig. 5, Table 1). These results suggest the involvement of low-
fidelity DNA polymerases in MHMR is dependent on the MH length, quality, and
chromosomal position.

The involvement of Pol A, Pol G, Pol 1, and Revl in MHMR prompted an analysis of
various mutant combinations to explore the possibility of functional overlap among the low-
fidelity DNA polymerases, which might explain the modest reduction in MHMR frequencies
of the single pol4A, rev3A, reviA, and rad30A mutants. Since Pol A had a clear function in
MHMR using short MHs with terminal mismatches, we tested rev3A4, reviA, and rad30A
mutants in combination with po/4A4 mutants using /is3-A3’and //s3-A57 substrates on
different chromosomes. Each of the homozygous double mutants explored, pol4A/pol4A
rev3A/rev3A, pol4A/pol4A reviA/reviA, and pol4A/pol4A rad30A/rad304, were no different
than the pol44 single mutants (Fig. 5, Table 1). However, a synergistic reduction in MHMR
frequency of 8-fold was observed in the homozygous pol4A/pol4A reviA/reviA rad30A/
rad30A triple mutant and 17-fold for the pol4A/pol4A reviA/reviA rev3A/rev3A rad304/
rad30A4 quadruple mutant (Fig. 5, Table 1). This suggests functional redundancy between the
low-fidelity DNA polymerase. Therefore, the loss of function in one low-fidelity DNA
polymerase is potentially compensated by the function of the remaining polymerases. The
overall reduction in MHMR frequency of 17-fold observed for the po/4A reviA rev3A
rad30A quadruple mutant is not as large as that observed for pol4A pol32A double mutants
(2,441-fold reduction, Table 1). While Pol32 is a subunit of both Pol ¢ and Pol & (52,53),
the much stronger effect of the po/4A pol/324 double mutant compared to the pol4A reviA
rev3A rad30A quadruple mutant is apparently owed to the significant contribution of Pol6 to
MHMR. In order to determine the contributions of the low-fidelity DNA polymerases and
Pol & to MHMR, we examined pol4A rev1A rev3A rad304 pol324 quintuple mutants using
14-2-2 bp, 14-2-4 bp, or 20 bp of MH on different chromosomes for repair. As expected
from the extremely low frequency in the po/4 po/32 double mutant, we observed no His+
recombinants when 14-2-2 bp or 14-2-4 bp was used, suggesting a synergistic decrease in
MHMR that is similar to our observations in the po/4A pol324 double mutant (Table 1).
However, the frequency of His+ recombinants using 20 bp of MH in the po/4A pol32A
double mutant is sufficiently high to document a potential further decrease. We observed the
frequency in the pol4A reviA rev3A rad30A4 pol32A quintuple mutant to not be significantly
different from the pol4A pol324 double mutant (Table 1). Taken together, these data
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illustrate the complex interactions between the low-fidelity DNA polymerases and Pol & in
MHMR, which is dependent on MH length and continuity.

3.3. Genome stability is influenced by the loss of non-essential DNA polymerase function

Our results above demonstrate that deletions of POL4, REVI, REV3and RAD30 have the
greatest impact on MHMR compared to any other loss-of-function combination tested. In
agreement with these results is the impact the individual low-fidelity DNA polymerases
Revl, Rev3, and Rad30 have on specific types of genome rearrangements and mutagenesis
(29,54-56). Mutations in these genes reduce forward mutation rates in CANZ 1-2.5 fold and
increase the gross chromosomal rearrangement (GCR) rate 1-2 fold. In addition, we
determined the CANI mutation and GCR rates for po/44 single mutants to be 1.56 x 10~/
and 3.52 x 107, respectively, and to be not different from wildtype (p < 0.05). We therefore
wanted to determine if genome stability is altered in the po/4A reviA rev3A rad304
quadruple mutant by examining mutation rates and genome rearrangements compared to
wild type. The CANI forward mutation rate was 2-fold lower in the quadruple mutant
compared to wild type (Fig. 6A), while genome rearrangements as measured by GCR were
similar in both genotypes (Fig. 7A). These results support a role of the low-fidelity DNA
polymerases in mutagenesis, but not in the creation of large-scale genomic rearrangements
typical of proteins involved in DNA repair (43).

The impact of pol4A rev1A rev3A rad30A4 quadruple mutants on mutagenesis prompted us to
examine the accumulation of mutations in these cells over time. In order to test this, ten
independent quadruple mutant clones were passaged over 25 bottlenecks (~ 600 mitoses)
and analyzed by whole genome sequencing to identify de novo spontaneous mutations
(Materials and Methods, Suppl. Fig. 1). It revealed a significant decrease in the number of
accumulated mutations in the quadruple mutant compared to wild type cells (Fig. 6B). No
large-scale genomic rearrangements nor variations in chromosome copy number were
identified (data not shown). Consistently, no rearrangements were detected upon
chromosome pulsed-field gel electrophoresis (PFGE) in cells before and after serial
bottleneck passages (Fig. 7B). Thus, our results support the role of the low fidelity
polymerases in the accumulation of de novo point mutations.

To further assess the low-fidelity DNA polymerases involvement in mutation accumulation,
we characterized the specific mutations identified by whole genome sequencing in the po/4A
revlA rev3A rad30A mutant. In agreement with previous CANI mutation analysis in rev3
mutants, a significant shift in the proportion of base-substitution and frameshift mutations
was observed in the DNA polymerase quadruple mutants compared to wild type (Fig. 6C,
Table 2) (57). The 3 de novo frameshift mutations observed in the quadruple TLS mutant are
two +1T and one —1A indels located in poly-T sequence on chromosome 1 and 10, and in a
poly-A sequence on chromosome 16, respectively (Suppl. Fig. 1). Thus, as generally
observed in WT and for example, mismatches repair mutants, frameshift mutations occur
most often within mononucleotide runs (58-60). Examination of base-substitution mutations
revealed a shift toward transversions versus transitions in the pol4A reviA rev3A rad304
mutants from the near equal proportion seen in wild type cells (22/41 versus 10/14,
respectively) (Fig. 6D). Furthermore, the preference in transversions of G:C base pairs to
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T:A or C:G base pairs in DNA polymerase quadruple mutants compared to wild type (10/10
versus 12/22) demonstrates a mutation spectrum (Table 2).

4. Discussion

The maintenance of genome stability is necessary for the proper functioning of cells and in
the prevention of disease and cancer (61). While many repair pathways in cells can respond
to specific types of DNA damage, if DNA replication occurs before repair than the damaged
DNA can become a fixed mutation, which can exert its effects slowly over time (62). In
addition, decreased fidelity of DNA replication polymerases 6 and e results in a mutator
phenotype associated with certain cancers (63). DNA damage can also promote spontaneous
mutagenesis through the action of low-fidelity DNA polymerases, which facilitate tolerance
to DNA damage during lesion bypass and extension of improperly paired nucleotides
(28-30). In this study we examined how the low-fidelity DNA polymerases, Pol m, Pol ¢, Pol
A, and Rev1 contribute to genome stability by testing their involvement in MHMR and
mutagenesis.

While previous studies examined low-fidelity DNA polymerases individually in their
contribution to MHMR, we examined loss-of-function double, triple, and quadruple mutants
to determine if they exhibit any functional redundancy or cooperation during repair using
MHs (31-33,35). We observed a clear specialization of function for each DNA polymerase
which was dependent on the proximity of a mismatch to the 3’-hydroxyl end, the length of
MH, and to a lesser extent the location of MHSs used for repair. The most consistent decrease
in MHMR frequency was observed in low-fidelity DNA polymerase mutants using 14-2-4
bp of MH for repair. In fact, the pol4A reviA rev3A rad30A4 quadruple mutant resulted in the
most dramatic decrease in MHMR frequency. This suggests functional redundancy between
these DNA polymerases in MHMR, such that the loss of function in one can fully or
partially compensated for by the function of the remaining DNA polymerases. Results from
the pol4A reviA rev3A rad304 pol32A quintuple mutant suggest the functional overlap
between the low-fidelity DNA polymerases also depends on a fully functional Pol & and the
sequence context of MH used for repair. Since MHs have been observed in several
chromosomal repair events, the DNA polymerase engaged may depend on the length and
quality of MH used for repair, cell type, and phase of the cell cycle (64-67).

The synergistic effects observed in MHMR from the pol4A reviA rev3A rad30A mutant
prompted us to examine the impact genome-wide. Our results demonstrate that the
accumulation of spontaneous mutations is dependent, in part, on low-fidelity DNA
polymerases. This is most likely due to their specialized functions in lesion bypass,
extension and repair (28,29). In fact, it is this specialization of function among the low-
fidelity DNA polymerases, which gives them specificity in facilitating MHMR when certain
MHs are used. This is supported by mutation spectra analysis of accumulated mutations in
the pol4A reviA rev3A rad304 mutant, which show a shift in the types of mutations
observed, compared to wild type. The appearance of frameshift mutations and a change in
the types of base-substitutions observed in DNA polymerase mutants compared to wild type
strongly suggest a direct impact of these low-fidelity DNA polymerases on spontaneous
mutation accumulation. Furthermore, it is highly likely that in the presence of a DNA

DNA Repair (Amst). Author manuscript; available in PMC 2020 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Meyer et al.

Page 10

damaging agent, such as UV radiation, the total number and spectra of mutations would also
deviate from wild type in pol4A reviA rev3A rad304 mutants (68-70). Finally, in the absence
of the low-fidelity DNA polymerases it is highly likely that the replicative DNA
polymerases, Pol & and Pol e, contribute to the observed mutation spectra which may
represent the unique mis-incorporation profiles of these DNA polymerases (71,72)

Our data support a role for the low-fidelity DNA polymerases in maintaining genome
stability by facilitating repair and impacting spontaneous mutation accumulation. While
mutation and MHMR genome rearrangements are associated with negative cellular
consequences related to fitness, it is not always a certainty (20,65). Studies in S. cerevisiae
examining fitness-altering mutations during mutation accumulation found up to 13% of such
mutations were beneficial (73,74). This suggests a positive evolutionary role for these low-
fidelity DNA polymerases and explains why they are relatively well conserved in many
eukaryotes (75). Therefore, DNA polymerases that contribute to mutation accumulation may
support genetic diversity and minimize other types of mutations, such as frameshifts, which
are more likely to have a negative impact on fitness. In a similar manner, MHMR may
prevent chromosome loss by allowing for the repair of DSBs, which are not repaired by
homologous recombination or non-homologous end-joining. The resulting deletion or
translocation, following MHMR, is potentially less detrimental to organismal fitness than
chromosome loss. Taken together, the response to DNA damage is a trade-off between
survival and overall fitness where the consequences of repair, mutations or genomic
rearrangements, are less detrimental than the alternatives in the absence of these repair
pathways.
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Highlights
. Location and quality of microhomology influence DNA polymerase repair
efficiency
. Non-essential DNA polymerases function in overlapping roles during MHMR
. Non-essential DNA polymerases influence mutation accumulation
. Non-essential DNA polymerases contribute to specific types of mutations.
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Figure 1. Microhomology mediated repair assays use varying locations, lengths, and continuity
of microhomology.

(A and B) Two mutant alleles of /4753, his3A3”and his3A5°, are located on different
chromosomes (A, interchromosomal) or the same chromosome (B, intrachromosomal) and
share varying lengths and continuity of microhomolgy (C). The homologous chromosome
possesses a complete deletion of the H/S3 ORF, the his3A200allele. HO endonuclease,
located at the 7/PZ locus and induced in the presence of galactose (44), creates two
simultaneous DSBs within the 117 bp HO endonuclease recognition site (HO), located next
to each Ais3allele. Microhomology mediated repair results in His+ recombinants and in the
case of intrachromosomal repair, Ura auxotrophs. (C) Microhomology between £is3A3’and
his345° varies in length (16-25 bp) and is complete or contains a two base pair mismatch
(shown in red) located at varying locations along the microhomology. Microhomology
pairing intermediates contain the same non-homologous 3’-tails (68 nt and 49 nt) derived
from cutting HO.
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Figure 2. Genomic location and sequence continuity of shared microhomology impact repair in
wild type and pol4A mutants.

(A and B) The median frequency of MHMR, + 95% CI, was determined from a minimum of
15 independent cultures which possess the /75343 and his3A5° mutant alleles sharing
complete (20 bp) or incomplete (14-2-2 bp, 14-2-4 bp, or 14-2-9 bp) microhomologies. (A)
MHMR frequencies of wild type cells with the #is343’and his345° mutant alleles located
on the same chromosome (intra) or ectopic chromosomes (inter). (B) Impact of po/4A single
mutants (po/44) on intrachromosomal MHMR. The frequencies of intrachromosomal
MHMR in wild type (WT) cells using 14-2-2 bp, 14-2-4 bp, 14-2-9 bp, and 20 bp is
represented in panel A and B.
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Figure3. DNA Polymerase Lambda extends from a mismatched 3’-hydroxy terminus.
(A) Model of MMEJ reaction: pssDNAs were incubated to obtain paired 3’-overhangs of

variable microhomology lengths and continuity, followed by the addition of Pol4 to
determine the extension activity of Pol4 for each substrate. (B) Denaturing sequencing gel
showing MMEJ reactions with each pssDNA (pssDNA2-1: Lanes 1 and 2, pssDNA2: Lanes
3 and 4, pssDNA4: Lanes 5 and 6, pssDNAG6: Lanes 7 and 8) in the absence (=) or presense
(+) of Pol4.
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Figure 4. Cooperation between Pol4 and Pol32 when microhomology is limiting and mismatches

are close to the 3’-hydroxyl end.

The median frequency of MHMR, £ 95% CI, was determined for wild type, po/4A and

pol32A4 single mutants, and pol4A4 pol32A double mutant cells. A minimum of 15

independent cultures were examined which possess the #5343’ and his345° mutant alleles

sharing complete (20 bp) or incomplete (14-2-2 bp, 14-2-4 bp, or 14-2-9 bp)

microhomologies located on the same chromosome.
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Figure 5. TLS DNA polymerases cooperate and serve redundant functions in microhomology
mediated repair.

The median frequency of MHMR, * 95% CI, was determined for wild type (WT), single
mutants of each non-essential DNA polymerase (pol44, reviA, rev3A, and raad304), select
double (pol4A reviA, pol4A rev3A, and pol4A rad304) and triple mutants (pol4A reviA
rad304), and quadruple mutant (pol4A reviA rev3A rad304) cells. A minimum of 15
independent cultures, which possess the £1is343’and his345° mutant alleles on ectopic
chromosomes sharing 14-2-4 bp of microhomolgy were examined.
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Figure 6. The absence of non-essential DNA polymerases alters the accumulation of mutations
and mutational profile over time.

(A) The median CANZ forward mutation rate and 95% CI from 16 independent cultures,
was determined for wild type (WT) and pol4A reviA rev3A rad304 quadruple mutant cells
(B) The whole genome mutation rate was determined by taking the number of identified
mutations following whole genome sequencing and dividing by the number of parallel
cultures analyzed and the number of serial bottleneck passages (4 clones 100 passages for
WT, 10 clones 25 passages for quad). A total of 4 wild type (WT) (22) and 10 po/4A reviA
rev3A rad30A quadruple mutant cells were used to determine the whole genome mutation
rate and mutation rates were compared using a contingency table. (C) The normalized
number of mutation classes (base substitutions and frameshifts) between wild type (WT) and
pol4A reviA rev3A rad30A quadruple mutant cells was compared using Fisher’s exact test.
(D) The normalized number of base substitution types (transitions and transversions)
between wild type (WT) and pol4A reviA rev3A rad304 quadruple mutant cells was
compared using Fisher’s exact test. WT data from a previous study (22) was used in panels
B-D.
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Figure 7. Non-essential DNA polymerases do not contribute to gross-chromosomal
rearrangements.

(A) The rate of gross chromosomal rearrangements, measured as the simultaneous loss of
CANI and hxt13.:URAS3, was determined for wild type (WT) and pol4A reviA rev3A
rad30A quadruple mutant cells after 25 serial bottleneck passages. A total of 16 independent
cultures were used to calculate the gross chromosomal rearrangement rate and compared
using Fisher’s exact test. (B) Whole chromosomes of po/4A rev1A rev3A rad30A quadruple
mutant colonies taken from a tetrad dissection plate following sporulation and genotyping,
(~25 mitoses) and following 25 serial bottleneck passages (~600 mitoses), were analyzed by
pulse-field gel electrophoresis. A total of 16 independent po/4A rev1A rev3A rad30A
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quadruple mutant colonies were analyzed for large-scale genomic rearrangements at ~25 and
~600 mitoses.
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Table 2:

Types of Genomic Mutations Identified in Wildtype and Mutant Halploidsa

Base Substitutions Frameshifts
- . Total
X Transition Transversion Mutations
Genotype AT—>GC GC—>AT AT—>TA GC—>TA AT—>CG GC—>CG +1 -1
Wild type 6 13 6 8 4 4 0 0 41
pol4A reviA 2 1 0 6 0 4 2 1 16

rev3A rad30A

aGenomic de novo mutations were identified from four independent strains for WT (22) and ten for pol4A reviA rev3A rad304 using whole-
genome Illumina sequencing and analysis.

bAII strains are derived from BY4741 and 4742 and subjected to 100 passages for WT, and 25 passages for po/4A reviA rev3A rad30A.
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