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To understand the role of POL30 in mutation suppression, 11 Saccharomyces cerevisiae pol30 mutator
mutants were characterized. These mutants were grouped based on their mutagenic defects. Many pol30
mutants harbor multiple mutagenic defects and were placed in more than one group. Group A mutations
(pol30-52, -104, -108, and -126) caused defects in mismatch repair (MMR). These mutants exhibited mutation
rates and spectra reminiscent of MMR-defective mutants and were defective in an in vivo MMR assay. The
mutation rates of group A mutants were enhanced by a msh2 or a msh6 mutation, indicating that MMR
deficiency is not the only mutagenic defect present. Group B mutants (pol30-45, -103, -105, -126, and -114)
exhibited increased accumulation of either deletions alone or a combination of deletions and duplications (4
to 60 bp). All deletion and duplication breakpoints were flanked by 3 to 7 bp of imperfect direct repeats. Genetic
analysis of one representative group B mutant, pol30-126, suggested polymerase slippage as the likely muta-
genic mechanism. Group C mutants (pol30-100, -103, -105, -108, and -114) accumulated base substitutions and
exhibited synergistic increases in mutation rate when combined with msh6 mutations, suggesting increased
DNA polymerase misincorporation as a mutagenic defect. The synthetic lethality between a group A mutant,
pol30-104, and rad52 was almost completely suppressed by the inactivation of MSH2. Moreover, pol30-104
caused a hyperrecombination phenotype that was partially suppressed by a msh2 mutation. These results
suggest that pol30-104 strains accumulate DNA breaks in a MSH2-dependent manner.

Cancer can be viewed as a genetic disease whereby the
accumulation of mutations leads to the eventual activation of
cellular oncogenes or inactivation of tumor suppressor genes
(53). These events, in turn, confer growth or survival advan-
tages to tumor cells. This framework predicts that genetic
defects causing increased mutation rates should predispose
cells to carcinogenesis. Such a prediction has been fulfilled by
the discovery that inherited defects in DNA mismatch repair
genes underlie the etiology of hereditary nonpolyposis colon
carcinoma, a cancer predisposition syndrome (22, 44). Given
this example, it seems likely that other genetic defects giving
rise to mutator phenotypes should also contribute to carcino-
genesis. One potential class of such mutator genes is the group
of genes encoding DNA replication accessory factors, since
these factors modulate the fidelity of DNA replication as well
as participate in various aspects of DNA repair.

Proliferating cell nuclear antigen (PCNA) is a replication
accessory factor encoded by the essential gene POL30 in Sac-
charomyces cerevisiae (4). PCNA forms a homotrimeric ring
around the DNA that serves as a binding platform for DNA
polymerases. In doing so, PCNA enhances the processivity of
DNA polymerases (26, 51). PCNA homologues from various
eukaryotes share a high degree of sequence identity (19), and
despite the lack of significant primary sequence homology be-
tween the Escherichia coli DNA polymerase III processivity
factor and PCNA homologues, the three-dimensional crystal

structures of these two proteins are superimposible (24, 26).
This strong evolutionary conservation suggests that informa-
tion obtained about PCNA in lower eukaryotes may be appli-
cable to more complex organisms.

In addition to serving as a polymerase processivity factor,
PCNA modulates the fidelity of DNA synthesis in vitro (41) as
well as interacts with factors involved in nucleotide excision
repair (9), mismatch repair (MMR) (18, 52), and base excision
repair (42). PCNA also participates in the processing of
branched DNA structures, including those formed during lag-
ging-strand DNA synthesis (31, 56). The abundance of PCNA-
interacting proteins led to the suggestion that PCNA may serve
as a “docking bay” for many proteins and, in the process,
coordinate various aspects of DNA synthesis and repair (19).
Of the above-mentioned processes, DNA polymerase fidelity,
MMR, and branch structure processing are mutation suppress-
ing mechanisms pertinent to the results presented in this re-
port.

Three major factors determine the ability of a polymerase to
conduct faithful DNA replication, and all three are modulated
by PCNA (5, 16, 30, 41): the selection of nucleotides that
properly pair with the template (nucleotide discrimination),
the 39359 exonuclease activity that removes misincorporated
nucleotides (proofreading), and adherence to the template
during DNA replication (processivity). Defects in nucleotide
discrimination or proofreading could lead to base substitution
formation via nucleotide misincorporation. Failure of the
DNA polymerase to adhere to the template properly could
result in polymerase slippage, causing frameshifts, deletions, or
duplications (27). Since specific types of mutations are associ-
ated with particular DNA polymerase defects, the defects of a

* Corresponding author. Mailing address: Ludwig Institute for Can-
cer Research, UCSD School of Medicine-CMME3080, 9500 Gilman
Dr., La Jolla, CA 92093-0660. Phone: (619) 534-7804. Fax: (619) 534-
7750. E-mail: rkolodner@ucsd.edu.

7801



mutant polymerase may be inferred by an analysis of the types
of mutations that it caused. For instance, the pol2-4 allele in S.
cerevisiae encodes a proofreading-deficient form of DNA poly-
merase ε that causes a roughly 10-fold increase in mutation
rate. Not surprisingly, the mutation spectrum of pol2-4 is no-
table for an increased accumulation of base substitutions (40).
Another example is the pol3-t allele, which encodes a temper-
ature-sensitive (ts) form of DNA polymerase d. This mutation
facilitates the formation of deletions flanked by short repeats,
suggesting that pol3-t increases polymerase slippage (48, 49).

In addition to modulating polymerase fidelity, PCNA is also
required for MMR in a human crude extract system (52).
MMR is an evolutionarily conserved process which corrects
misincorporated bases that escape DNA polymerase proof-
reading. Cells completely defective in MMR exhibit a 10- to
1,000-fold increase in the rate of mutation accumulation. Most
of these mutations occur as frameshift mutations in mononu-
cleotide runs (13, 35, 47). In S. cerevisiae, MMR initiates with
the binding of mismatches by the MSH2-MSH6 or the MSH2-
MSH3 heterodimer. Subsequent to this binding, other factors
are recruited to the mismatch, leading to the eventual nicking,
degradation, and resynthesis of the DNA strand containing the
mutagenic nucleotide (23). In E. coli, this strand discrimination
is mediated by (i) transient undermethylation of newly synthe-
sized GATC sites by the Dam methylase and (ii) activation of
MutH, the MMR-initiating endonuclease, to cleave the un-
methylated DNA strand at hemimethylated GATC sites (38).
The mechanism of strand discrimination in eukaryotes, where
DNA methylation is probably not involved, is less clear. The
observation that PCNA functions in MMR at a step prior to
strand excision (14, 52) raises the possibility that PCNA func-
tions at the initiation stages of MMR and that this may involve
coupling of mismatch repair proteins to the replication ma-
chinery by PCNA (11, 22, 28, 39).

In vitro studies suggest that PCNA may participate in the
processing of branched DNA structures via its interaction with
RAD27 (31, 56). RAD27 (also known as RTH1, FEN1, MF-1,
and exonuclease IV) is an evolutionarily conserved protein
that has both a 59 flap endonuclease and a 59-to-39 exonuclease
activity. These activities are crucial for the processing of Oka-
zaki fragments during DNA replication (32, 55). S. cerevisiae
rad27 mutants accumulate double-strand breaks (DSBs) and
exhibit a strong mutator phenotype (47). The mutations that
arise in rad27 mutants are predominately duplications where
the region duplicated is flanked by short stretches of imperfect
direct repeats. These duplications are believed to result from
mutagenic repair of DNA strand breaks involving misanneal-
ing of short single-stranded DNA tails (21, 47). Similar dupli-
cations have been reported as inactivating somatic mutations
in the adenomatous polyposis coli as well as the p53 gene (12,
47).

Since PCNA participates in many processes that normally
contribute to mutation suppression, we screened a panel of
previously isolated S. cerevisiae pol30 mutants for mutator phe-
notypes. Eleven pol30 mutator mutants were identified. Muta-
tion rate, spectrum, and epistasis analyses suggest that PCNA
functions in multiple mutation-suppressing processes, ranging
from polymerase fidelity to MMR. Detailed characterization of
one MMR-defective mutant (pol30-104) yielded genetic evi-
dence consistent with the notion that PCNA plays an impor-
tant role in strand discrimination during MMR.

MATERIALS AND METHODS

General genetic methods. YPD (yeast extract-peptone-dextrose), sporulation,
SD (synthetic dextrose), 5FOA (5-fluoroorotic acid), and canavanine media were
prepared as previously described (6). Transformations were also performed as

previously described (6). All strains were propagated at 37°C. Chromosomal
DNA preparations were isolated by using glass bead lysis (18a) or Puregene kits
(Gentra). PCR was performed in 50- to 100-ml reactions containing 0.5 U of
Klentaq DNA polymerase (Ab Peptides), 0.08 U of Pfu DNA polymerase (Strat-
agene), 20 ng of genomic DNA, and 10 pmol of each primer in 13 PCII buffer
(Ab Peptides). Primers were synthesized by the Dana-Farber Cancer Institute
Molecular Biology Core Facility or Cybersyn Corp (Lenni, Pa.). Unless other-
wise noted, standard three-temperature PCR was performed. Prior to DNA
sequencing, PCR products were purified by using QIAquick Spin PCR purifica-
tion kits (Qiagen). All DNA sequencing was performed with a Perkin Elmer/
Applied Biosystems 377 DNA sequencer and dye terminator chemistry according
to the manufacturer’s instructions.

Mutation rates and recombination rates were calculated by fluctuation analysis
using the method of the median in experiments with sets of five independent
cultures as previously described (29, 35). For the recombination/chromosomal
loss experiment, independent colonies of approximately 1.5-mm diameter were
inoculated into 5 ml of YPD and grown overnight at 30°C. Appropriate dilutions
were then plated onto SD complete as well as canavanine-containing plates. The
colonies were scored after 3 days. The colonies on canavanine plates were then
replica plated onto SD 2Thr (threonine-deficient SD) plates, and the SD 2Thr
plates were scored after further incubation at 30°C for 1 day. Statistical compar-
isons were done by the Mann-Whitney test, the chi-square test statistic, or the
two-tailed t-test statistics (7). All rates shown represent the average of two or
more independent fluctuation analyses. Mutation spectra were determined by
PCR amplification of target regions followed by DNA sequence analysis of one
mutant per independent culture as previously described (6, 35, 47).

Overexpression of RAD27 by pRDK762 in RDKY3578 was induced by inoc-
ulating isolates into SD 2Ura containing 2% galactose and 2% raffinose. Ap-
propriate dilutions of these cultures were grown to saturation at 30°C and then
plated onto SD 2Ura 2Lys plates containing 2% galactose and 2% raffinose as
well as SD 2Ura plates containing 2% galactose and 2% raffinose. Colonies were
scored after 5 days. Parallel experiments were performed with RDKY3588,
which harbors the vector control. Mutation rates were calculated as described
above.

Strain and plasmid construction. All haploid strains used were derivatives of
S288C parental strains provided by Fred Winston (Harvard Medical School).
Five series of strains, all derived from RDKY3023 (MATa ura3-52 leu2D1
trp1D63 his3D200 lys2DBgl hom3-10 ade2D1 ade8), were constructed. The first
series (RDKY3546 to RDKY3548) was derived by transforming RDKY3023
with TRP1 ARS-CEN plasmids bearing pol30-41, -45, and -52 (pBL245-41,
pBL230-45, pBL230-52; reagents kindly provided by Peter Burgers, Washington
University, St. Louis, Mo. [3]). The POL30 gene in the first series was disrupted
with a hisG-URA3-hisG cassette by transforming with MluI-KpnI-digested
pBL243 (also provided by Peter Burgers) to generate the second series of strains,
consisting of RDKY3549 to RDKY3551. Proper disruptions were verified by
PCR amplification with 59-TCA CAC TGA TGT AGT GGT GG and 59-CCT
GTT CCA CCG GCC CAG GG. The third series (RDKY3552 to RDKY3561)
was derived by replacing POL30 in RDKY3023 with LEU2-tagged pol30 alleles
by transformation with SacI-digested pCH1572 (POL30), pCH1573 (pol30-100),
pCH1575 (pol30-102), pCH1576 (pol30-103), pCH1577 (pol30-104), pCH1579
(pol30-105), pCH1580 (pol30-106), pCH1578 (pol30-108), pCH1637 (pol30-126),
and pCH1638 (pol30-114) (2, 37). Proper integrants were confirmed by PCR
amplification with 59-CGA ATT GAC CTT CTA CTG GGA and 59-TGT CGC
CGA AGA AGT TAA GA. The fourth series (RDKY3543 and RDKY3562 to
RDKY3569) was derived by disrupting the MSH2 gene of the third series with a
hisG-URA3-hisG cassette by transformation with AatII-PvuII-digested pRDK351
(35). Proper integrants were confirmed by PCR amplification with 59-TCA AGT
CAA TAC TTA AAC GCC and 59-GAT TCG GTA ATC TCC GAA CAG
AAG G. The fifth series (RDKY3544 and RDKY3570 to RDKY3577) was
derived by disruption the MSH6 gene of the third series with a hisG-URA3-hisG
cassette by transformation with EcoRI-SphI-digested pEAI108 (provided by Eric
Alani, Cornell University). Proper integrants were confirmed by PCR amplifi-
cation with 59-CCA TTG ATG CGG ACG AAA ACT CGG and 59-ATT TGC
AAA GGG AAG GGA TG. RDKY3588 was constructed by transforming
RDKY3560 with pCH1071 (URA3 GAL). RDKY3578 was constructed by trans-
forming RDKY3560 with pRDK762 (URA3 GAL-RAD27). RDKY3668 was con-
structed by transforming RDKY3552 with pRDK762 (URA3 GAL-RAD27).

RDKY3545 was constructed by transforming RDKY3023 with pCH1511
(URA3 POL30). Likewise, RDKY3583 was constructed by transforming
RDKY3556 with pCH1511 (URA3 POL30). 59-GAA AAG ACG AAA AAT
ATA GCG GCG GGC GGG TTA CGC GAC CGG TAT CGA GGC CTC CTC
TAG TAC ACT C and 59-TAA TAA ATA ATG ATG CAA ATT TTT TAT
TTG TTT CGG CCA GGA AGC GTT GCG CGC CTC GTT CAG AAT G
were used to amplify a HIS3-bearing RAD52 disruptor fragment. This fragment
was used to disrupt the RAD52 gene in RDKY3583 to generate RDKY3585. The
correct disruption was verified with 59-ACG ACA CAT GGA GGA AAG AAA
AAC T and 59-CTC TCC CGT TAG TGA TTC TCG ATG. RDKY3584 was
constructed by transforming RDKY2709, a strain that is isogenic to RDKY3023
except that the MSH2 gene is disrupted with hisG, with pCH1511 (URA3
POL30). POL30 in this strain was replaced with pol30-104.LEU2 by transforma-
tion with SacI-digested pCH1577 (2). Finally, the RAD52 gene in this strain was
disrupted as described above to generate RDKY3586. RDKY3587 and
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RDKY3669 were constructed by transforming RDKY3586 and RDKY3585,
respectively, with pRDK447 (TRP1 MSH2).

The diploid strain RDKY3579 was derived by crossing CH2165 (MATa
ura3-52 leu2 LEU2.POL30) and CH2338 (MATa leu2 can1-51 hom3).
RDKY3581 was derived by crossing CH2161 (MATa ura3-52 leu2 LEU2 pol30-
104) and CH2340 (MATa leu2 can1-51 hom3 LEU2.pol30-104). 59-ATG TCC
TCC ACT AGG CCA GAG CTA AAA TTC TCT GAT GTA TCA GAG AGC
AGC TGA AGC TTC GTA CGC and 59-TTA TAA CAA CAA GGC TTT TAT
ATA TTT CAG GTA ATT ATC GTT TTC CTT TTG CAT AGG CCA CTA
GTG GAT CTG were used to PCR amplify a G418-bearing MSH2 disruptor
fragment (54). The MSH2 gene in CH2165, CH2338, CH2161, and CH2340 was
disrupted with the PCR fragment. Proper disruptions were confirmed by PCR
amplification with 59-CCA AAA ATC CAA TCA GAA CTC CAG and 59-TGT
ACC CAA TTC GTT CGG ACC TA. The resulting strains were crossed to yield
RDKY3580 and RDKY3582. The genotypes of all diploids generated were
further verified with POL30-specific primers (59-CGA ATT GAC CTT CTA
CTG GGA and 59-TGT CGC CGA AGA AGT TAA GA) and MSH2-specific
primers (59-CCA AAA ATC CAA TCA GAA CTC CAG and 59-TGT ACC
CAA TTC GTT CGG ACC TA). All strains constructed for the purpose of this
study are shown in Table 1.

A two-step method was used to construct the GAL-RAD27 overexpression
plasmid (pRKY762). In the first step, the RAD27 gene was amplified from
genomic DNA by using primers 59-GAG CTC GAG ATG GGT ATT AAA GGT
TTG AAT G and 59-GCG CTC GAG CGA TGG TTC CGA TAT GCC AAA
AGC. The resulting PCR fragment contains AvaI sites on both ends of RAD27.
The fragment was gel purified, digested with AvaI and HindIII (cleaves at 11393
of RAD27), and ligated into SalI-HindIII-digested YEp352 (URA3 2mm). The
second step involved excising the RAD27 coding region plus 12 bp of plasmid by
digestion with BamHI-HindIII and ligating this fragment into BamHI-HindIII
digested pCH1071 (pGAL YCp50). The resulting construct was sequenced with
the following primers to verify that the RAD27 fragment cloned was free of
mutations: 59-ATG GGT ATT AAA GGT TTG AAT G, 59-TAC CGT TAT
CAA TCA TTC TCA GTG, 59-TCA AGA AGG GTG GAA ACA GAA A,
59-GGC GAC CAT TTC AAG TTT ATT TC, 59-TCG CCA CCA AAG GAG
AAG GAA CT, and CGA TGG TTC CGA TAT GCC AAA AGC. pRKY762
was shown to fully rescue the ts, methyl methanesulfonate-sensitive (MMSs), and
mutator phenotypes of rad27 null mutants in both glucose- and galactose-con-
taining media.

In vivo MMR assay. The phagemids and most methods used to construct the
mismatch-containing heteroduplexes were as previously reported (25). The het-
eroduplexes were purified by either benzoylated naphthoylated DEAE-cellulose
chromatography followed by exonuclease V digestion (33) or high-pressure liq-
uid chromatography (1). Comparable results were obtained in assays using sub-
strates purified by using either protocol. The heteroduplex DNA was trans-
formed into appropriate S. cerevisiae strains via lithium acetate or
electroporation transformation. The transformants were plated onto SD 2Ura
plates supplemented with 6 mg of adenine per liter, incubated at 37°C, and
scored after 5 days.

RESULTS

POL30 mutants exhibit variable increases in spontaneous
mutation rates. We screened a panel of previously isolated S.
cerevisiae pol30 mutants (2, 3) for mutator phenotypes. Since
many of the pol30 mutants were cold sensitive, mutation rates
were assessed at 37°C. Three mutator assays were used: an
assay that scores for arginine permease inactivation (CAN1),
an assay that detects reversion of a 14 insertion in the LYS2
gene (lys2-Bgl), and an assay that detects reversion of a 11
insertion in the HOM3 gene (hom3-10) (13, 35, 47). Whereas
the lys2-Bgl and the hom3-10 assays are particularly sensitive
indicators of defective MMR, the CAN1 assay is less specific
for defective MMR and more sensitive to other mutagenic
pathways (6, 13, 35, 47, 50). Eleven of the twelve mutants
examined exhibited elevated mutation rates in all three assays
(Table 2, set A). Of these mutants, pol30-52 and -104 exhibited
the most dramatic mutator phenotypes, particularly in assays
sensitive to defective MMR (41- and 21-fold increases in lys2-
Bgl, respectively; 243- and 324-fold increases in hom3-10, re-
spectively). However, these increases were lower (Mann-Whit-
ney test, P , 0.05) than those caused by an msh2 mutation, a
mutation thought to completely inactivate MMR (82-fold in
lys2-Bgl; 500-fold in hom3-10). These observations suggest that
pol30-52 and -104 did not completely inactivate MMR. The
comparable CAN1 mutation rates of the pol30-52, pol30-104,

and msh2 mutants (15-, 26-, and 18-fold increases, respective-
ly), then, suggests that pol30-52 and -104 caused mutagenic
defects that are not related to MMR in addition to causing
partial defects in MMR. The mutator phenotypes of the other
pol30 mutants were more subtle. pol30-100, -108, -126, and
-114 caused modest rate elevations that were most evident in
the hom3-10 assay. pol30-41, -45, -102, -103, and -105 caused
weak rate elevations in all three assays.

Since pol30-52 exerts a dominant negative effect on cellular
growth and sensitivity to DNA-damaging agents (3), we tested
whether pol30-52 exerts a dominant negative effect with regard
to its mutator phenotype. Although the mutation rates in a
pol30-52/POL30 strain were lower than those of a pol30-52
strain (Table 2, set a), these rates were still significantly ele-
vated relative to those of a wild-type strain. This dominant
negative effect was not due to the presence of an additional
copy of POL30 since a POL30/POL30 strain exhibited muta-
tion rates comparable to those of a wild-type strain. Similar
partial dominant mutator effects were observed in pol30-104/
POL30 strains in patch assays (data not shown).

POL30 mutants can be divided into distinct categories
based on CAN1 mutation spectra. Although the assays used in
this study are differentially sensitive to various mutagenic de-
fects, they are not completely specific. Thus, it is difficult to
determine the mutagenic defects of pol30 mutants based solely
on mutation rate analyses. Because the analysis of mutations
accumulated in mutator mutants have been instrumental in
deciphering the mechanism of mutagenesis (6, 8, 13, 35, 47,
48), we determined the mutation spectra of the various pol30
mutants. The CAN1 assay was selected for this purpose be-
cause it is sensitive to a variety of mutational events, including
base substitutions, frameshifts, deletions, duplications, inver-
sions, and translocations (6, 35, 47). Given the large number of
pol30 alleles studied and the absence of rationale for focusing
on a specific allele, we sequenced 20 to 30 CAN1-inactivating
mutations isolated from each pol30 mutant (Tables 3 and 4).

To estimate the rate with which each type of mutations
accumulated in the various pol30 mutants (Table 5), we mul-
tiplied the proportion of each type of mutation (Table 3) by the
CAN1 mutation rate (Table 2, set a). Based on the rate of
accumulating various types of mutations, the pol30 mutants
were divided into groups. Some mutants were placed in more
than one group; this reflects the likelihood that some of the
pol30 mutations cause more than one defect due to the mul-
tifunctional nature of PCNA. Group A mutants (pol30-52,
-104, -108, and -126) exhibited a greater tendency to accumu-
late frameshifts than base substitutions, an observation remi-
niscent of strains completely defective in MMR, such as msh2
(35, 47). The rates of accumulating frameshift mutations in
msh2 and pol30-52, -104, -108, and -126 strains were elevated
60-, 48-, 76-, 8-, and 6-fold, respectively, relative to wild-type
strains, whereas the rates of accumulating base substitution
mutations were elevated only 4-, 5-, 11-, 4-, and 4-fold, respec-
tively (Table 5).

Group B mutants (pol30-45, -103, -105, -126, and -114) ac-
cumulated either deletions or a combination of deletions and
duplications in addition to base substitutions and frameshifts.
pol30-103 and -105 strains accumulated only deletions (36 to 60
bp), whereas pol30-45, -126, and -114 accumulated both dele-
tions (4 to 39 bp) and duplications (13 to 38 bp). The percent-
age of deletions and duplications was small in some pol30
mutants. However, the detection of one deletion or duplication
in a sample size of 30 translates to approximately 1028 dele-
tion/duplication events per cell per generation. This rate rep-
resents a significant increase over the rate of accumulating
such mutations in wild-type cells, which is approximately 10210
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TABLE 1. S. cerevisiae strains used in this study

Strain Genotype

RDKY3023a ....................MATa ura3-52 leu2D1 trp1D63 his3D200 lys2DBgl hom3-10 ade2D1 ade8
RDKY2706 .....................MATa ura3-52 leu2D1 trp1D63 his3D200 lys2DBgl hom3-10 ade2D1 ade8 MSH2::hisG
RDKY3545 .....................MATa ura3-52 leu2D1 trp1D63 his3D200 lys2DBgl hom3-10 ade2D1 ade8 [URA3 POL30]
RDKY3546 .....................MATa ura3-52 leu2D1 trp1D63 his3D200 lys2DBgl hom3-10 ade2D1 ade8 [TRP1 pol30-41]
RDKY3547 .....................MATa ura3-52 leu2D1 trp1D63 his3D200 lys2DBgl hom3-10 ade2D1 ade8 [TRP1 pol30-45]
RDKY3548 .....................MATa ura3-52 leu2D1 trp1D63 his3D200 lys2DBgl hom3-10 ade2D1 ade8 [TRP1 pol30-52]
RDKY3549 .....................MATa ura3-52 leu2D1 trp1D63 his3D200 lys2DBgl hom3-10 ade2D1 ade8 POL30::hisG-URA3-hisG [TRP1 pol30-41]
RDKY3550 .....................MATa ura3-52 leu2D1 trp1D63 his3D200 lys2DBgl hom3-10 ade2D1 ade8 POL30::hisG-URA3-hisG[TRP1 pol30-45]
RDKY3551 .....................MATa ura3-52 leu2D1 trp1D63 his3D200 lys2DBgl hom3-10 ade2D1 ade8 POL30::hisG-URA3-hisG[TRP1 pol30-52]
RDKY3552 .....................MATa ura3-52 leu2D1 trp1D63 his3D200 lys2DBgl hom3-10 ade2D1 ade8 LEU2.POL30
RDKY3553 .....................MATa ura3-52 leu2D1 trp1D63 his3D200 lys2DBgl hom3-10 ade2D1 ade8 LEU2.pol30-100
RDKY3554 .....................MATa ura3-52 leu2D1 trp1D63 his3D200 lys2DBgl hom3-10 ade2D1 ade8 LEU2.pol30-102
RDKY3555 .....................MATa ura3-52 leu2D1 trp1D63 his3D200 lys2DBgl hom3-10 ade2D1 ade8 LEU2.pol30-103
RDKY3556 .....................MATa ura3-52 leu2D1 trp1D63 his3D200 lys2DBgl hom3-10 ade2D1 ade8 LEU2.pol30-104
RDKY3557 .....................MATa ura3-52 leu2D1 trp1D63 his3D200 lys2DBgl hom3-10 ade2D1 ade8 LEU2.pol30-105
RDKY3558 .....................MATa ura3-52 leu2D1 trp1D63 his3D200 lys2DBgl hom3-10 ade2D1 ade8 LEU2.pol30-106
RDKY3559 .....................MATa ura3-52 leu2D1 trp1D63 his3D200 lys2DBgl hom3-10 ade2D1 ade8 LEU2.pol30-108
RDKY3560b ....................MATa ura3-52 leu2D1 trp1D63 his3D200 lys2DBgl hom3-10 ade2D1 ade8 LEU2.pol30-126
RDKY3561 .....................MATa ura3-52 leu2D1 trp1D63 his3D200 lys2DBgl hom3-10 ade2D1 ade8 LEU2.pol30-114
RDKY3543 .....................MATa ura3-52 leu2D1 trp1D63 his3D200 lys2DBgl hom3-10 ade2D1 ade8 LEU2.POL30 msh2::hisG-URA3-hisG
RDKY3562 .....................MATa ura3-52 leu2D1 trp1D63 his3D200 lys2DBgl hom3-10 ade2D1 ade8 LEU2.pol30-100 msh2::hisG-URA3-hisG
RDKY3563 .....................MATa ura3-52 leu2D1 trp1D63 his3D200 lys2DBgl hom3-10 ade2D1 ade8 LEU2.pol30-102 msh2::hisG-URA3-hisG
RDKY3564 .....................MATa ura3-52 leu2D1 trp1D63 his3D200 lys2DBgl hom3-10 ade2D1 ade8 LEU2.pol30-103 msh2::hisG-URA3-hisG
RDKY3565 .....................MATa ura3-52 leu2D1 trp1D63 his3D200 lys2DBgl hom3-10 ade2D1 ade8 LEU2.pol30-104 msh2::hisG-URA3-hisG
RDKY3566 .....................MATa ura3-52 leu2D1 trp1D63 his3D200 lys2DBgl hom3-10 ade2D1 ade8 LEU2.pol30-105 msh2::hisG-URA3-hisG
RDKY3567 .....................MATa ura3-52 leu2D1 trp1D63 his3D200 lys2DBgl hom3-10 ade2D1 ade8 LEU2.pol30-108 msh2::hisG-URA3-hisG
RDKY3568b ....................MATa ura3-52 leu2D1 trp1D63 his3D200 lys2DBgl hom3-10 ade2D1 ade8 LEU2.pol30-126 msh2::hisG-URA3-hisG
RDKY3569 .....................MATa ura3-52 leu2D1 trp1D63 his3D200 lys2DBgl hom3-10 ade2D1 ade8 LEU2.pol30-114 msh2::hisG-URA3-hisG
RDKY3544 .....................MATa ura3-52 leu2D1 trp1D63 his3D200 lys2DBgl hom3-10 ade2D1 ade8 LEU2.POL30 msh6::hisG-URA3-hisG
RDKY3570 .....................MATa ura3-52 leu2D1 trp1D63 his3D200 lys2DBgl hom3-10 ade2D1 ade8 LEU2.pol30-100 msh6::hisG-URA3-hisG
RDKY3571 .....................MATa ura3-52 leu2D1 trp1D63 his3D200 lys2DBgl hom3-10 ade2D1 ade8 LEU2.pol30-102 msh6::hisG-URA3-hisG
RDKY3572 .....................MATa ura3-52 leu2D1 trp1D63 his3D200 lys2DBgl hom3-10 ade2D1 ade8 LEU2.pol30-103 msh6::hisG-URA3-hisG
RDKY3573 .....................MATa ura3-52 leu2D1 trp1D63 his3D200 lys2DBgl hom3-10 ade2D1 ade8 LEU2.pol30-104 msh6::hisG-URA3-hisG
RDKY3574 .....................MATa ura3-52 leu2D1 trp1D63 his3D200 lys2DBgl hom3-10 ade2D1 ade8 LEU2.pol30-105 msh6::hisG-URA3-hisG
RDKY3575 .....................MATa ura3-52 leu2D1 trp1D63 his3D200 lys2DBgl hom3-10 ade2D1 ade8 LEU2.pol30-108 msh6::hisG-URA3-hisG
RDKY3576b ....................MATa ura3-52 leu2D1 trp1D63 his3D200 lys2DBgl hom3-10 ade2D1 ade8 LEU2.pol30-126 msh6::hisG-URA3-hisG
RDKY3577 .....................MATa ura3-52 leu2D1 trp1D63 his3D200 lys2DBgl hom3-10 ade2D1 ade8 LEU2.pol30-114 msh6::hisG-URA3-hisG
RDKY3578b ....................MATa ura3-52 leu2D1 trp1D63 his3D200 lys2DBgl hom3-10 ade2D1 ade8 LEU2.pol30-126 [pRDK762 (URA3 GAL-

RAD27)]
RDKY3588b ....................MATa ura3-52 leu2D1 trp1D63 his3D200 lys2DBgl hom3-10 ade2D1 ade8 LEU2.pol30-126 [pCH1071 (URA3 GAL)]
RDKY3668 .....................MATa ura3-52 leu2D1 trp1D63 his3D200 lys2DBgl hom3-10 ade2D1 ade8 LEU2.POL30 [pRDK762 (URA3 GAL-

RAD27)]
RDKY3579 .....................MATa ura3-52 leu2 LEU2.POL30

MATa leu2 can1-51 hom3
RDKY3580 .....................MATa ura3-52 leu2 LEU2.POL30 MSH2::G418

MATa leu2 can1-51 hom3 MSH2::G418
RDKY3581 .....................MATa ura3-52 leu2 LEU2 pol30-104

MATa leu2 can1-51 hom3 LEU2 pol30-104
RDKY3582 .....................MATa ura3-52 leu2 LEU2 pol30-104 MSH2::G418

MATa leu2 can1-51 hom3 LEU2 pol30-104 MSH2::G418
RDKY3583 .....................MATa ura3-52 leu2D1 trp1D63 his3D200 lys2DBgl hom3-10 ade2D1 ade8 LEU2.pol30-104 [pCH1511 (URA3 POL30)]
RDKY3584 .....................MATa ura3-52 leu2D1 trp1D63 his3D200 lys2DBgl hom3-10 ade2D1 ade8 LEU2.pol30-104 msh2::HisG [pCH1511 (URA3

POL30)]
RDKY3585 .....................MATa ura3-52 leu2D1 trp1D63 his3D200 lys2DBgl hom3-10 ade2D1 ade8 LEU2.pol30-104 rad52::His3 [pCH1511 (URA3

POL30)]
RDKY3586 .....................MATa ura3-52 leu2D1 trp1D63 his3D200 lys2DBgl hom3-10 ade2D1 ade8 LEU2.pol30-104 rad52::His3 msh2::hisG

[pCH1511 (URA3 POL30)]
RDKY3587 .....................MATa ura3-52 leu2D1 trp1D63 his3D200 lys2DBgl hom3-10 ade2D1 ade8 LEU2.pol30-104 rad52::his3 msh2::hisG

[pCH1511(URA3 POL30)] [pRDK447 (TRP1 MSH2)]
RDKY3669 .....................MATa ura3-52 leu2D1 trp1D63 his3D200 lys2DBgl hom3-10 ade2D1 ade8 LEU2.pol30-104 msh2::hisG [pCH1511 (URA3

POL30)] [pRDK447 (TRP1 MSH2)]

a The nature of the ade8 mutation in RDKY3023 was previously undetermined. In the course of this study, we determined that the ade8 mutation resulted from the
deletion of a CT dinucleotide at positions 104 and 105 (where the A of the initiating methionine codon is nucleotide 11).

b pol30-112 was originally described as a mutation that changed nucleotide 719 from an A to a G (2). However, on resequencing the original pol30-112 plasmid, we
found that the originally described mutation was present along with a second T3A change at nucleotide position 443, resulting in a V3D change at amino acid position
148. Thus, the original pol30-112 allele was a double mutant. When this double mutation was transferred to the strains constructed here by gene replacement, only the
N-terminal T3A change at nucleotide position 443 was inherited and was responsible for the phenotypes observed. Because this resulted in the creation of a new allele,
we have named this allele pol30-126 in accordance with the numbering used in reference 2.
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per cell per generation (5a). The deletion breakpoints in pol30
mutants were flanked by direct imperfect repeats (3 to 7 bp),
similar to those observed in rad27 and pol3-t mutants. The
duplications in pol30 mutants were also similar to those seen in
rad27 mutants in that the region duplicated was flanked by
direct imperfect repeats (5 to 7 bp) and that the duplication
always included one of the flanking repeats. However, the
duplications in pol30 mutants were, on average, smaller than
those seen in rad27 mutants (27 bp versus 39 bp; chi-square
test, P , 0.05). This difference was mainly due to the absence
of duplications of .50 bp in pol30 mutants.

The two remaining pol30 mutator mutants could not be
easily classified based on their mutation spectra. pol30-100

caused a moderate increase in the rate of accumulating base
substitution mutations (sixfold) and a small increase in the rate
of accumulating frameshift mutations (twofold). pol30-102
caused roughly equal increases (twofold) in the rate of accu-
mulating base substitution and frameshift mutations.

The lys2-Bgl reversion spectrum of pol30-104 suggests a de-
fect in DNA MMR. Since mutants that are completely defective
in MMR (e.g., msh2, mlh1, and pms1) exhibit a characteristic
lys2-Bgl reversion spectrum (8, 13, 35), we wished to determine
whether such a spectrum could be seen in any of the group A
mutants. pol30-104 was selected as a representative allele for
this purpose. As shown in Fig. 1, all of the pol30-104 Lys1

revertants resulted from 21 frameshifts; 65% of these frame-

TABLE 2. Mutation rate analysis

Genotype RDKY no. Group(s)
Mutation ratea

CAN1 hom3-10 lys2-bgl

Set a (pol30 mutants)
POL30 3552 3.6 3 1027 (1) 1.0 3 1028 (1) 1.7 3 1028 (1)
POL30/POL30 3545 3.3 3 1027 (1) 1.2 3 1028 (1) 1.9 3 1028 (1)
pol30-41/POL30 3546 6.5 3 1027 (2) n.d. 6.9 3 1028 (3)
pol30-45/POL30 3547 2.2 3 1027 (1) n.d. 1.8 3 1028 (1)
pol30-52/POL30 3548 11 3 1027 (3) 57 3 1028 (57) 63 3 1028 (37)
pol30-41 3549 6.4 3 1027 (2) 2.7 3 1028 (3) 4.1 3 1028 (2)
pol30-45 3550 B 4.8 3 1027 (1) 1.5 3 1028 (2) 3.4 3 1028 (2)
pol30-52 3551 A 55 3 1027 (15) 243 3 1028 (243) 70 3 1028 (41)
pol30-100 3553 C 16 3 1027 (4) 16 3 1028 (16) 8.4 3 1028 (5)
pol30-102 3554 6.8 3 1027 (2) 2.2 3 1028 (2) 2.8 3 1028 (2)
pol30-103 3555 B, C 13 3 1027 (4) 2.8 3 1028 (3) 6.6 3 1028 (4)
pol30-104 3556 A 94 3 1027 (26) 324 3 1028 (324) 35 3 1028 (21)
pol30-105 3557 B, C 6.8 3 1027 (2) 1.5 3 1028 (2) 3.3 3 1028 (2)
pol30-106 3558 3.6 3 1027 (1) 0.9 3 1028 (1) 1.6 3 1028 (1)
pol30-108 3559 A, C 19 3 1027 (5) 15 3 1028 (15) 6.4 3 1028 (4)
pol30-126 3560 A, B 22 3 1027 (6) 19 3 1028 (19) 8.6 3 1028 (5)
pol30-114 3561 B, C 7.7 3 1027 (2) 6.0 3 1028 (6) 3.8 3 1028 (2)
msh2 3543 64 3 1027 (18) 500 3 1028 (500) 140 3 1028 (82)

Set b (pol30 msh2 double mutants)
msh2 3543 97 3 1027 (27) 800 3 1028 (800) 144 3 1028 (85)
msh2 pol30-100 3562 C 153 3 1027 (43) 742 3 1028 (742) 157 3 1028 (92)
msh2 pol30-102 3563 75 3 1027 (20) 860 3 1028 (860) 134 3 1028 (79)
msh2 pol30-103 3564 B, C 200 3 1027 (54) 3,363 3 1028 (3,363) 663 3 1028 (390)
msh2 pol30-104 3565 A 310 3 1027 (84) 1,700 3 1028 (1,700) 251 3 1028 (148)
msh2 pol30-105 3566 B, C 127 3 1027 (34) 740 3 1028 (740) 155 3 1028 (91)
msh2 pol30-108 3567 A, C 297 3 1027 (80) 1,567 3 1028 (1,567) 274 3 1028 (161)
msh2 pol30-126 3568 A, B 97 3 1027 (27) 1,077 3 1028 (877) 140 3 1028 (82)
msh2 pol30-114 3569 B, C 98 3 1027 (27) 985 3 1028 (985) 129 3 1028 (76)

Set c (pol30 msh6 double mutants)
msh6 3544 21 3 1027 (6) 5.8 3 1028 (6) 2.6 3 1028 (2)
msh6 pol30-100 3570 C 90 3 1027 (25) 44 3 1028 (44) 16 3 1028 (9)
msh6 pol30-102 3571 20 3 1027 (6) 4.5 3 1028 (5) 2.2 3 1028 (1)
msh6 pol30-103 3572 B, C 84 3 1027 (23) 17 3 1028 (17) 15 3 1028 (9)
msh6 pol30-104 3573 A 252 3 1027 (70) 879 3 1028 (879) 122 3 1028 (72)
msh6 pol30-105 3574 B, C 48 3 1027 (13) 3.8 3 1028 (4) 2.8 3 1028 (2)
msh6 pol30-108 3575 A, C 131 3 1027 (36) 56 3 1028 (56) 27 3 1028 (16)
msh6 pol30-126 3576 A, B 55 3 1027 (15) 37 3 1028 (37) 11 3 1028 (6)
msh6 pol30-114 3577 B, C 36 3 1027 (10) 32 3 1028 (32) 9 3 1028 (5)

Set d (presence or absence of RAD27 overexpression)
wt 3552 ND ND 1.0 3 1028 (1)
wt (GAL-RAD27) 3668 ND ND 1.8 3 1028 (2)
pol30-126 3588 A, B ND ND 6.5 3 1028 (7)
pol30-126 (GAL-RAD27) 3578 A, B ND ND 5.6 3 1028 (6)

a Average of two or more experiments. Numbers in parentheses indicate fold induction relative to the wild-type (wt) mean value. pol30 msh2 or pol30 msh6 double
mutants that are significantly higher than those for corresponding msh2, msh6, or pol30 single mutants (Mann-Whitney test, P , 0.05) are in boldface. ND, not
determined.

VOL. 19, 1999 S. CEREVISIAE pol30 (PCNA) MUTATOR MUTATIONS 7805



TABLE 3. CAN1 mutation spectra for various pol30 mutants

Genotype Type of event Frequency (%) Mutationa

pol30-41
Gross deletions 0/22 (0)
Gross insertions 0/22 (0)
Frameshifts 7/22 (32)

1/22 G13G0
1/22 G23G3
1/22 G33G2
1/22 C13C0
1/22 T43T3
1/22 T63T7
1/22 T23T1

Base substitution 15/22 (68)
1/22 G3T
1/22 G3A
1/22 G3C
4/22 C3T
4/22 C3G
1/22 C3A
1/22 T3G
2/22 A3T

Complex events 0/21 (0)
pol30-45

Gross deletions 1/23 (4) 39 bp1

Gross insertions 1/23 (4) 38 bp2

Frameshifts 1/23 (4) C13C0
Base substitution 20/23 (88)

1/23 C3T
2/23 C3A
3/23 C3G
3/23 G3A
4/23 G3C
2/23 G3T
1/23 T3A
1/23 T3G
1/23 T3C
1/23 A3T
1/23 A3G

Complex events 0/23 (0)
pol30-52

Gross deletions 0/20 (0)
Gross insertions 0/20 (0)
Frameshifts 16/20 (80)

2/20 G43G3
1/20 G03G1
1/20 A33A2
5/20 A63A5
1/20 A23A3
1/20 A63A7
1/20 T53T4
1/20 T33T2
1/20 T43T3
2/20 T63T7

Base substitution 4/20 (20)
1/20 C3T
1/20 T3C
1/20 A3T
1/20 A3G

Complex events 0/20 (0)
pol30-100

Gross deletions 0/21 (0)
Gross insertions 0/21 (0)
Frameshifts 2/21 (10)

1/21 T63T7
1/21 G23G1

Base substitution 19/21 (90)
2/21 G3T
3/21 G3A
2/21 G3C

Continued on following page
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TABLE 3—Continued

Genotype Type of event Frequency (%) Mutationa

1/21 C3T
2/21 C3G
4/21 C3A
1/21 T3G
1/21 T3A
1/21 A3G
1/21 A3C

Complex events 0/21 (0)
pol30-102

Gross deletions 0/29 (0)
Gross insertions 0/29 (0)
Frameshifts 9/29 (31)

3/29 T23T1
2/29 T13T0
1/29 T33T4
1/29 T63T5
2/29 C33C2

Base substitution 20/29 (69)
5/29 G3A
3/29 G3T
6/29 C3A
3/29 C3T
1/29 T3G
1/29 T3C
1/29 A3T

Complex events 0/29 (0)
pol30-103

Gross deletions 4/20 (20) 60 bp3

40 bp4

49 bp5

41 bp6

Gross insertions 0/20 (0)
Frameshifts 5/20 (25)

1/20 G33G4
1/20 A33A4
1/20 T63T5
2/20 T63T7

Base substitution 10/20 (50)
2/20 C3A
5/20 G3T
1/20 T3G
2/20 C3G

Complex events 1/20 (5)
1/20 TATgGGTTcTTT-GG3TATtGGTTtTTTtGG

pol30-104
Gross deletions 0/22 (0)
Gross insertions 0/22 (0)
Frameshifts 16/22 (73)

1/22 G13G0
1/22 G13G2
1/22 A63A5
1/22 C23C1
4/22 T43T3
7/22 T63T7
1/22 T13T0

Base substitution 6/22 (27)
2/22 G3T
2/22 G3A
1/22 C3G
1/22 C3A

Complex events 0/22 (0)
pol30-105

Gross deletions 1/28 (4) 36 bp7

Gross insertions 0/28 (0)
Frameshifts 5/28 (18)

3/28 T73T6
1/29 T63T5
2/28 T23T1

Continued on following page
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TABLE 3—Continued

Genotype Type of event Frequency (%) Mutationa

1/28 A23A1
Base substitution 21/28 (74)

4/28 G3A
2/28 G3T
6/28 C3A
1/28 C3T
1/29 C3G
2/28 T3G
2/28 T3C
3/28 T3A

Complex events 1/28 (4)
pol30-108

Gross deletions 0/24 (0)
Gross insertions 0/24 (0)
Frameshifts 10/24 (42)

1/24 G33G2
1/24 G23G1
1/24 G13G0
1/24 A33A2
1/24 A53A6
1/24 T63T5
4/24 T63T7

Base substitution 14/24 (58)
3/24 G3T
4/24 G3A
1/24 G3C
2/24 C3T
4/24 C3A

Complex events 0/24 (0)
pol30-126

Gross deletions 2/22 (9) 4 bp8

10 bp9

Gross insertions 5/22 (23) 38 bp insertion10

13 bp insertion11

23 bp insertion12

27 bp insertion13

17 bp insertion14

Frameshifts 5/22 (23)
2/22 G13G0
2/22 T73T8
1/22 C23C1

Base substitution 10/22 (45)
5/22 C3A
1/22 G3A
1/22 G3T
2/22 C3G
1/22 T3C

Complex events 0/22 (0)
pol30-114

Gross deletions 1/28 (4) 27 bp15

Gross insertions 1/28 (4) 34 bp16

Frameshifts 4/28 (14)
2/28 C23C1
1/28 C13C0
1/28 G13G0

Base substitution 19/28 (68)
1/28 C3T
6/28 C3A
3/28 C3G
5/28 G3A
3/28 G3C
1/28 G3T

Complex events 3/28 (10)
1/28 GTTTTcTCACAA3GTTTTtTtCACAA
1/28 ATATcATATTTATttatGGG3ATATTTATTTATGCG
1/28 AAGAGAGaGcTTGAG3AAGAGAGGTTGAG

a Superscript numbers correspond to those preceding the sequences in Table 4. Altered nucleotides are in lowercase; relevant microhomologies are in boldface.
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shifts occurred in a run of 6 A’s (nucleotides 664 to 669), 20%
occurred in a run of four C’s (nucleotides 697 to 700), and 10%
occurred in a run of five T’s (nucleotides 689 to 693). The
distribution of these frameshift mutations is similar to those
observed in msh2, mlh1, and pms1 strains, further supporting
the notion that pol30-104 causes defective MMR.

An in vivo MMR assay indicates that pol30-104, -108, and
-126 cause defects in MMR. To directly assess the defects of
group A mutants in MMR, various pol30 ura3-52 ade2 ade8
strains were transformed with either an A/C or a G/T mis-
match-containing URA3 ADE8 plasmid (25). The mismatch
resides in the ADE8 gene such that only one strand of the
plasmid encodes a functional protein. If the mismatch is cor-
rected prior to DNA replication, the resulting colony will be
nonsectored and either red or white. However, if the mismatch
is not corrected, then the two ADE8 alleles will segregate after
replication, resulting in a red/white sectored colony. Thus, the
efficiency of MMR in various pol30 mutants can be assessed by
scoring for Ura1 sectored colonies. For comparison, we se-
lected pol30-103 from group B and pol30-100.

Comparable results were obtained using an A/C or a G/T
substrate (Table 6). For the wild-type strain, 3% of all trans-

formants were sectored. This percentage increased to approx-
imately 60% in a MMR-defective strain (msh2). No significant
percentage increase in sectored colonies was observed in
pol30-100 or -103 mutants, indicating that these mutants are
not defective in MMR. The group A mutants (pol30-104, -108,
and -126) showed significant increases in the percentage of
sectored colonies (to approximately 40, 25, and 14%, respec-
tively), indicating that they are defective in MMR. Of these
mutants, pol30-104 mutants exhibited the largest increase in
the sectoring phenotype. However, this increase is still signif-
icantly lower than that observed for a msh2 mutant (P ,
0.005), suggesting that pol30-104, -108, and -126 all caused only
partial defects in MMR. The same partial MMR defect was
observed for pol30-104 strains in two chromosome-based mu-
tator assays (Table 2, set a). Overall, these results suggest that
group A mutants are partially defective in MMR.

lys2-Bgl duplications in pol30-126 mutants differ from those
observed in rad27 mutants. The duplication mutations that
arose in group B mutants were similar to those observed in
rad27 mutants (47). Since PCNA is known to stimulate the
endo/exonucleolytic activity of RAD27 in vitro (31, 56), one
interpretation of these observations is that group B mutants

TABLE 4. Sequences surrounding the junction of insertions and deletions

Genotype Sequencea

pol30-45 1GTTGGTTCC...GTTGGCTCCTAAATTCCT
2AATGGTGTTAGCTttgctgccgcctatatctctattttcctgttcttagctTTGCTGCCGCCTATATCTCTATTTTCCTGTTCTTAGCTGTTTGGATC

pol30-103 3GGCCGGCTT...TCACGGCTTTTGCACCAA
4TTCTACATCATT...CCATACAATCCTAAACTA
5GGTGCTGGGGTT...GGTGCCTGGGGTCAAGGTATAATA
6GGTGCTGGGGTT...AAACCCAGGTGCCTGGGGTC

pol30-105 7AGACATCTA...TATTAAATACACTGGTG
pol30-126 8ATATCATATTTATTTATGGGTTCTTT

9AAGTACAGTAGTGCGCTGAAGTGAAGAGAGA
10CAATGGTGTTAGCTtttgctgccgcctatatctctattttccctgttcttagCTTTGCTGCCGCCTATATCTCTATTTTCCCTGTTCTTAGCTGTTTTG
11TCACAGTTTTCTacaaagattccttACAAAGATTCCTTCCAGCATT
12GTGTTAGCTTTGCTGccgcctatatctctattttcctgCCGCCTATATCTCTATTTTCCTGTTCTTAGCT
13TACCGGCCCAGTTGGattccgttattggagaaacccaggtggATTCCGTTATTGGAGAAACCCAGGTGGCTGGGGTCC
14ACGCTGAAGTGAAGAGAgagcttaagcaaagagaGAGCTTAAGCAAAGACATATTGGTAT

pol30-114 15CATATTGGTACTATTGGTACAGGTCTTTT
16CTCTATGGAATˆattctgtca...aatggctacATTCTGTCA...AATGGCTAC

a Altered nucleotides are in lowercase; deleted sequences are underlined; inserted sequences are in italicized lowercase; ˆ indicates that a space has been inserted.
Relevant microhomologies are indicated in boldface.

TABLE 5. Summary of CAN1 mutation spectra for pol30 mutantsa

Genotype Group(s) Substitution
(%)

Frameshifts
(%)

Deletions
(%)

Insertions
(%)

Complex events
(%)

Wild typeb 65 (1) 25 (1) 0 0 10
msh2b 15 (4) 85 (60) 0 0 0
pol30-41 68 (1) 32 (1) 0 0 0
pol30-45 B 88 (1) 4 (0.3) 4 4 0
pol30-52 A 20 (5) 80 (48) 0 0 0
pol30-100 C 90 (6) 10 (2) 0 0 0
pol30-102 69 (2) 31 (2) 0 0 0
pol30-103 B, C 50 (4) 25 (4) 20 0 0
pol30-104 A 27 (11) 73 (76) 0 0 0
pol30-105 B, C 74 (2) 18 (1) 4 0 4
pol30-108 A, C 58 (4) 42 (8) 0 0 0
pol30-126 A, B 45 (4) 23 (6) 9 23 0
pol30-114 B, C 68 (2) 14 (1) 4 4 10

a Indicated in parentheses is the fold increase in the estimated rate of frameshift and base substitution accumulation in various mutants over the wild-type rate. The
estimated rates were calculated by multiplying the proportion of frameshifts and base substitutions (Table 2) by the respective CAN1 mutation rates (Table 1). Group
A mutants exhibit mutation rates and spectra reminiscent of mutants defective in MMR. Group B mutants accumulated either deletions or a combination of deletions
and duplications in addition to base substitutions and frameshifts. Group C mutants exhibit mutation rates which were synergistic in the presence of a msh6 mutation.
Many pol30 mutants harbor multiple mutagenic defects and were placed into more than one group.

b From reference 47.
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are defective in stimulating RAD27 activity. To explore this
possibility, we tested whether galactose-induced RAD27 ex-
pression in a pol30-126 strain would suppress duplication for-
mation. pol30-126 was selected because it exhibited the highest
rate of duplication accumulation in group B. For this analysis
we used the lys2-Bgl assay because the small mutation window
in this system (0.5 kb versus 2.1 kb for CAN1) minimizes the
sequencing effort necessary to obtain a large sample size (13,
35).

Galactose-induced RAD27 expression did not alter the lys2-
Bgl reversion rate or spectrum of pol30-126 mutants (Table 2,
set d; Fig. 1). The RAD27-expressing plasmid was shown to
fully rescue the ts, MMSs, and mutator phenotypes of rad27
null mutants in both glucose- and galactose-containing media
(data not shown). When galactose induction was carried out in
cells harboring the vector control plasmid or the RAD27 ex-
pression plasmid, approximately 90% of the Lys1 revertants
were 21 frameshifts; 10% were duplications or deletions, in-
dicating that RAD27 function is not likely to be limiting in
pol30-126 mutants. Furthermore, the Lys1 duplications that
occurred in the lys2-Bgl assay in pol30-126 mutants were dif-
ferent from those that occurred in rad27 mutants. The rad27
lys2-Bgl revertants consisted of 21% 21 frameshifts and 79%
duplications which involved duplication of unique segment of
DNA bounded by short repeat sequences (47). In contrast,
unlike the pol30-126 CAN1 duplications (Table 3), the pol30-
126 Lys1 duplications consisted of simple duplications of two
or five nucleotides and did not involve duplication of a unique
sequence bounded by repeated sequences. The rad27 Lys1

duplications were identical to the rad27 CAN1 duplications, as
both types of duplications involved duplication of unique se-
quences located between short imperfect repeats. Finally, the
frameshift mutations in pol30-126 mutants were different from
those that occurred in rad27 mutants. Approximately 50% of
the 21 frameshifts in pol30-126 were clustered at the same hot
spots as those seen in mutants completely defective in MMR,
such as msh2, mlh1, and pms1 (8, 13, 35). This result is con-
sistent with the partial defect that pol30-126 mutants exhibited
in the plasmid-based MMR assay. Such clustering was not
observed for the rad27 21 frameshifts (47).

Epistasis analyses with msh2 and msh6 mutations suggest
that pol30 mutations also cause mutagenic defects that are
distinct from defects in MMR. Except for group A mutants,
the mutation spectra of pol30 mutants differed from that of a

msh2 mutant, suggesting that pol30 mutations cause defects in
processes distinct from MMR. Additionally, mutation rate
analyses of some group A mutants (pol30-52 and -104) suggest
that defective MMR constitutes only one of the mutagenic
defects in these mutants. To explore these possibilities, we
conducted an epistasis analysis between the various pol30 mu-
tations and a msh2 mutation. In at least one mutator assay,
double mutants containing a combination of msh2 and pol30-
100, -103, -104, or -108 exhibited mutation rates significantly
higher than that of a msh2 or a pol30 single mutant (Mann-
Whitney test, P , 0.05) (Table 2, set b). This result indicates
that pol30-100, -103, -104, and -108 caused defects in processes
distinct from MMR.

The disparity between the mutation rates of a msh2 mutant
and those of many pol30 mutants makes the detection of syn-
ergistic effects difficult (Table 2, set b), especially if the pol30
mutants are confined to accumulating base substitution muta-
tions. We therefore compared the mutation rates of various
pol30 msh6 double mutants to those of msh6 and pol30 single
mutants (Table 2, set c). Recall that MMR initiates with mis-
match binding by either the MSH2-MSH6 heterodimer, which
recognizes primarily base-base mispairs, or the MSH2-MSH3
heterodimer, which recognizes only insertion/deletion mispairs
(10, 35). Since MSH2 is required for the formation of both
complexes, msh2 mutations completely inactivate MMR and
cause a strong mutator phenotype. The mutation rates of msh6
mutants are lower than those of msh2 mutants but comparable
to those of most pol30 mutants. Because base-base mispairs are
recognized by the MSH2-MSH6 heterodimer and not by the
MSH2-MSH3 heterodimer (10, 35), msh6 mutations com-
pletely inactivate MMR of base-base mispairs (23). Thus, the
mutation rates in msh6 strains primarily reflect increased ac-
cumulation of base substitution mutations. Of all of the muta-
tions examined (Table 2, set c), pol30-102 was the only one
whose mutation rate was not enhanced by a msh6 mutation. Of
the remaining mutations, five (pol30-100, -103, -105, -108, and
-114) exhibited synergistic mutator effects in the CAN1 assay
when combined with a msh6 mutation. Because this synergy
suggests that pol30-100, -103, -105, -108, and -114 caused de-
fects that increased polymerase misincorporation (see Discus-
sion), these mutants were placed into group C. Many of the
group C mutants also belonged to group A or B (Table 5).

A msh2 mutation rescues the synthetic lethality between
pol30-104 and rad52. A series of genetic observations in E. coli
raised an interesting hypothesis regarding the defect of group
A mutants in MMR. The initial proposal of methyl-directed
MMR in E. coli was based on the genetic observation that dam
mutations were lethal in combination with recA mutations and
that this lethality was suppressed by MMR-inactivating muta-
tions, such as mutS (36). These observations were interpreted
to mean that in the absence of a strand discriminating signal,
the MMR machinery (e.g., MutH) aberrantly nicks both the
parental and the daughter DNA strands, leading to DSBs
which require RecA-mediated recombinational repair. When
MMR is inactivated by a mutS mutation, DNA breaks are not
generated, and RecA is no longer required for viability. The
mechanism of daughter strand discrimination has yet to be
described in eukaryotes. However, the recent observation that
PCNA functions in MMR at a step prior to strand excision
raises the possibility that it can facilitate strand discrimination
(14, 52). If PCNA does facilitate strand discrimination in
MMR, then defects leading to aberrantly initiated MMR may
cause DNA breaks. Interestingly, a number of pol30 mutations,
including the group A mutations, were reported to be synthet-
ically lethal with mutations in the RAD52 series of genes—
genes required for recombinational repair of DNA breaks

TABLE 6. In vivo MMR assay

Substrate Genotype RDKY
no.

No. of sectored
coloniesa

Total no. of
coloniesa

%
Sectoringa

A/C
Wild type 3023 57 1,783 3.2
msh2 2706 843 1,400 60.2
pol30-100 3553 116 2,723 4.3
pol30-103 3555 71 2,192 3.2
pol30-104 3556 439 1,025 42.8
pol30-108 3559 83 293 28.3
pol30-126 3560 401 2,513 15.9

G/T
Wild type 3023 85 3,142 2.7
msh2 2706 943 1,455 64.8
pol30-100 3553 99 2,255 4.4
pol30-103 3555 66 1,801 3.7
pol30-104 3556 238 704 33.8
pol30-108 3559 249 1,140 21.8
pol30-126 3560 183 1,701 10.7

a Results of a typical experiment, each repeated at least twice.
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(37). Thus, by analogy to the genetics of MMR in E. coli, a
msh2 mutation might rescue the synthetic lethality between
rad52 and group A mutations. Moreover, if the above analogy
is appropriate, then msh2 should not rescue the synthetic le-
thality between rad52 and other pol30 mutations.

To test these possibilities, the RAD52 gene was disrupted in
pol30-104, pol30-100, pol30-103, pol30-104 msh2, pol30-100
msh2, and pol30-103 msh2 strains containing a Pol301 (POL30
URA3) plasmid. pol30-104 was selected because it caused the
strongest MMR defect among group A mutations. pol30-100
and -103 were selected because they exhibit synthetic lethality
with rad52 but do not cause MMR defects. The pol30-104
rad52 [pPOL30 URA3] strain did not grow on 5FOA plates,
whereas the pol30-104 msh2 rad52 [pPOL30 URA3] strain
grew, albeit with slightly reduced viability (Fig. 2a and b).
These results indicate that the synthetic lethality between
pol30-104 and rad52 was almost completely rescued by a msh2
mutation. This suppression, as predicted, was abolished by the
introduction of a MSH2-containing plasmid (Fig. 2c and d).
The effect of the msh2 mutation appeared specific for defects
in POL30 since msh2 mutations did not suppress the MMS or
the hydroxyurea sensitivity of rad52 mutants (data not shown).
pol30-103 rad52, pol30-100 rad52, pol30-103 msh2 rad52, and
pol30-100 msh2 rad52 strains containing a Pol301 plasmid

were sensitive to killing by 5FOA (data not shown), suggesting
that MSH2 inactivation did not rescue the synthetic lethality
between pol30-100 or pol30-103 and rad52. Similar to the be-
havior of pol30-100 and pol30-103, a RFC allele exhibiting
synthetic lethality with rad52 that is not suppressed by MSH2
inactivation has been reported (57). Together these studies
suggest that the suppression of the synthetic lethality between
pol30-104 and rad52 by msh2 is allele specific.

A msh2 mutation decreases the hyper-rec phenotype caused
by pol30-104. Since DNA breaks are known to be recombina-
genic (43) and since pol30-104 strains accumulate DNA breaks
(37), pol30-104 might be expected to cause a hyperrecombina-
tion (hyper-rec) phenotype. Moreover, if the DNA strand
breaks in pol30-104 mutants occurred as a result of aberrantly
initiated MMR, then the hyper-rec phenotype should be sup-
pressed by a msh2 mutation. To test this, we used a diploid
strain carrying two recessive alleles (can1-51 and hom3) on one
copy of chromosome V; the other copy of chromosome V is
wild type for both alleles (15, 17). Phenotypically, the strain is
canavanine sensitive and prototrophic. However, if gene con-
version at CAN1 occurs or if there is a crossover between
CAN1 and the centromere followed by proper segregation,
canavanine-resistant and homoserine prototrophic progeny
will be obtained. On the other hand, loss of the wild-type

FIG. 2. A msh2 mutation rescues the synthetic lethality between pol30-104 and rad52. (a and b) pol30-104 (RDKY3583), pol30-104 msh2 (RDKY3584), pol30-104
rad52 (RDKY3585) and pol30-104 msh2 rad52 (RDKY3586) strains bearing a URA3 POL30 plasmid were grown at 30°C in liquid SD 2Ura to saturation; 10-fold serial
dilutions of each culture were spotted onto an SD 2Ura plate to determine viability (a) and an SD 15FOA plate to determine whether the URA3 POL30 plasmid was
required for viability (b). (c and d) pol30-104 msh2 (RDKY3669) and three independent isolates of pol30-104 msh2 rad52 (RDKY3587), all bearing URA3 POL30 and
TRP1 MSH2 plasmids, were grown at 30°C in liquid SD 2Ura 2Trp media to saturation; 10-fold serial dilutions of each culture were spotted onto an SD 2Ura 2Trp
plate to determine viability (c) and an SD 2Trp 15FOA plate to determine whether the URA3 POL30 plasmid was required for viability in the presence of the TRP1
MSH2 plasmid (d).
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chromosome V will lead to canavanine-resistant but homo-
serine auxotrophic progeny.

As shown in Table 7, a pol30-104 diploid strain had a 50-fold
increase in mitotic recombination and a 72-fold increase in
chromosome loss. A msh2 mutation caused a twofold increase
in mitotic recombination but had essentially no effect on chro-
mosome loss. In the pol30-104 msh2 double mutant, the rates
of mitotic recombination and chromosome loss were higher
than wild-type rates (17- and 22-fold, respectively). However,
these rates were threefold lower (P , 0.05, Mann-Whitney)
than those observed in pol30-104 mutants. While the suppres-
sion of the pol30-104 hyper-rec phenotype by msh2 was modest
in absolute terms, it was striking considering that pol30-104
and msh2 each independently caused a hyper-rec phenotype.

DISCUSSION

In this report, we described the effects of 12 pol30 alleles on
the rate of mutation accumulation. Eleven of the twelve pol30
mutations studied caused increased accumulation of base sub-
stitutions, frameshifts, deletions, duplications, or some combi-
nation of these types of mutations. Although the pol30 alleles
studied here were previously shown to cause defects in DNA
replication and to cause sensitivity to various DNA-damaging
agents (2, 3, 37), we could not find any correlation between
these phenotypes and the mutator phenotype of pol30 mutants.
The lack of such correlation suggests that the pol30 mutants
are simultaneously defective in multiple cellular processes.
Consistent with this interpretation, many pol30 mutations
caused more than one mutagenic defect.

Based on their mutator phenotypes, the pol30 mutants were
divided into three groups. Because many pol30 mutants harbor
multiple mutagenic defects, they were placed in more than one
group (Table 5). Group A mutations (pol30-52, -104, -108, and
-126) caused MMR defects. Two of the group A mutations
(pol30-52 and -104) were previously reported to cause defects
in MMR because they induce mutator phenotypes that were
epistatic to MMR-inactivating mutations (18, 52). Our results
extend these observations by demonstrating that pol30-52 and
-104 strains exhibited mutation spectra indistinguishable from
mutants completely inactivated for MMR, such as msh2 (35,
47). Moreover, we showed that pol30-104 strains are defective
in the in vivo repair of plasmids containing mispaired bases.
Using mutation spectra analysis and in vivo MMR defect as
criteria, two additional MMR-defective POL30 alleles, pol30-
108 and -126, were identified. pol30-104 and -108 were mutated
at the same amino acid (A251V for pol30-104 and A251T for
pol30-108). Although these two alleles were similarly defective
in terms of cold sensitivity and cell cycle arrest, pol30-104
caused a significantly more severe MMSs phenotype (2, 37)
and a stronger mutator phenotype.

Although the mutator phenotypes of the pol30-52 and -104

strains were initially thought to result solely from defective
MMR, two recent studies indicate that polymerase slippage
also contributes to the pol30-52 mutator phenotype (20, 57).
Our mutation spectra analyses as well as the msh2 and msh6
epistasis analyses of pol30-104, -108, and -126 suggest that
these MMR-defective pol30 alleles, like pol30-52, are addition-
ally defective in some aspect of replicative fidelity. Contrary to
the results presented here, Johnson et al. (18) reported that
pol30-104 caused a mutator phenotype that is epistatic to
msh2, mlh1, and pms1. This discrepancy may be explained if
the plasmid based dinucleotide instability assay used by John-
son et al. is more specific to MMR-related defects than our
assays. The disagreement between our results and the reported
epistatic relationship between pol30-104 and mlh1 in the CAN1
assay (18) may have resulted from differences in strain back-
ground or from differences between a mlh1 and a msh2 muta-
tion.

Group B mutants (pol30-45, -103, -105, -126, and -114) ex-
hibited increased accumulation of either deletions alone or a
combination of deletions and duplications. All of the CAN1
duplications in pol30 mutants, like those seen in rad27 mutants,
involved short repeated sequences at the breakpoint. Since
PCNA stimulates the activity of RAD27 in vitro (31, 56), one
interpretation of these observations is that group B mutants
are defective in stimulating RAD27 activity. This interpreta-
tion suggests that group B mutants, like rad27 mutants, accu-
mulate DSBs and that these breaks are repaired by misanneal-
ing of single-stranded DNA tails (21, 47). However, two lines
of evidence are inconsistent with this idea. First, the lys2-Bgl
duplications in pol30-126 mutants differed from those observed
in rad27 mutants. Second, the CAN1 duplications in pol30-126
mutants were, on average, shorter than those observed in rad27
mutants. Finally, the duplications in pol30-126 could not be
suppressed by the expression of RAD27 under a GAL10 pro-
moter. Although the third observation could be explained by
insufficient RAD27 expression, this explanation fails to ac-
count for the first two observations. One explanation that takes
into account all three observations is that defective PCNA-
DNA polymerase or PCNA-DNA interactions decreases the
adherence of the polymerase to the template, thereby facili-
tating polymerase slippage. Consistent with this explanation,
recent studies suggest that pol30-52, an allele defective in
MMR, also induced replication slippage in the context of sim-
ple repeated sequences such as dinucleotide repeats (20, 57).
Also, DNA polymerase mutants have been shown to accumu-
late repeat-mediated deletions and duplications (34, 48).
While the above hypothesis is appealing, we cannot exclude the
possibility that in the absence of wild-type PCNA, RAD27 may
mediate the removal of some but not all of a flap structure. In
vitro, however, RAD27 removes the entire flap structure in the
absence of PCNA (32). We also cannot exclude that possibility

TABLE 7. Rates of heteroallelic recombination and chromosome loss in msh2, pol30-104, and pol30-104 msh2 mutants

Strain

Ratea

Heteroallelic
recombination

Chromosome
loss

RKY3579 (wild type/wild type) 3.6 3 1025 (1) 3.2 3 1026 (1)
RKY3580 (msh2/msh2) 8.0 3 1025 (2) 4.2 3 1026 (1)
RKY3581 (pol30-104/pol30-104) 1.8 3 1023 (50) 2.3 3 1024 (72)
RKY3582 (pol30-104 msh2/pol30-104 msh2) 0.6 3 1023 (17) 0.7 3 1024 (22)

a Average of two more more experiments. Numbers in parentheses indicate fold induction relative to the wild-type rate. The Mann-Whitney test indicates that the
recombination rate and the chromosomal loss rate in pol30-104/pol30-104 mutants were significantly higher than those of pol30-104 msh2/pol30-104 msh2 diploids (P ,
0.05).
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that the pol30 mutants are defective in a yet to be identified
repair system that specifically prevents deletion/duplication
formation.

Group C mutants (pol30-100, -103, -105, -108, and -114)
exhibited increased accumulation of base substitutions (Table
5) and synergistic mutator effects in the CAN1 assay when
combined with msh6 mutations (Table 2, set c). The synergistic
effect with msh6, a mutation thought to completely inactivate
the repair of base-base mispairs, suggests that group C muta-
tions increased polymerase misincorporation. Another inter-
pretation of this synergy with msh6 is that the pol30 mutants
are defective in MSH3-dependent MMR. This interpretation is
unlikely because the mutator phenotype of msh3 msh6 double
mutants differed from those of group C msh6 double mutants;
msh3 msh6 double mutants were potent mutators in the
hom3-10 and the lys2-bgl assay but were modest mutators in
the CAN1 assay (increases of roughly 500-, 100-, and 30-fold,
respectively, over wild-type rates) (35). The group C msh6
double mutants exhibited CAN1 mutation rates comparable to
that of msh3 msh6 double mutants. However, the hom3-10 and
lys2-bgl reversion rates of group C msh6 double mutants (rang-
ing from increases of 6- to 15-fold over wild-type rates) were
significantly lower than those of msh3 msh6 double mutants.

Since the crystal structure of PCNA has been solved (26), we
wished to determine whether group A, B, and C mutations
were localized to any particular region of PCNA. The amino
acids altered by group A mutations (pol30-52, -104, -108, and
-126) were located in three distinct regions. pol30-52 changed
a residue located in the monomer-monomer interface region.
pol30-104(-108) changed a residue in the beta sheets connect-
ing the two monomer domains (i.e., the interdomain region).
pol30-126 changed a residue in one of the alpha helices con-
tacting DNA. Therefore, we could not define a single region of
PCNA where amino acid substitutions caused MMR defects.
Likewise, group B and C mutations were not localized to any
particular region of the PCNA structure. We were also unable
to find any correlation between the known biochemical defects
of pol30 mutants and the severity of their defects in MMR. For
instance, pol30-52 trimers exhibited a notable decrease in sta-
bility relative to pol30-104 trimers (7a). However, the two mu-
tants were equally defective in MMR by the criteria established
here.

Suppression of the pol30-104 rad52 synthetic lethality and
the pol30-104-induced hyper-rec phenotype by MSH2 inactiva-
tion provides some insights into the mechanistic details of
MMR. One interpretation of these results is that PCNA me-
diates a signal that targets newly synthesized DNA strands for
excision during MMR. By analogy to the genetic interaction
between mutations in dam, recA, and mutS in E. coli (36), in
the absence of such a signal (as may be the case in a pol30-104
mutant), the MMR machinery might nick both the template
and the daughter DNA strands. Alternatively, in the absence of
a strand discrimination signal, the MMR machinery can nick
the template strand. In the presence of the many nascent
strand breaks induced by pol30-104 (37), these template strand
nicks lead to the formation of DSBs. Another explanation is
that PCNA couples MMR proteins to replication proteins. In
this scenario, pol30-104 causes replication fork stalling when
MMR is initiated such that the stalled replication fork is con-
verted to a DSB (46). These models are not mutually exclusive.
We are currently testing these possibilities by isolating addi-
tional suppressors of the pol30-104 rad52 synthetic lethality.

The observations reported here have a number of implica-
tions regarding the genetics of cancer susceptibility. First, the
observation that many pol30 mutants are mutators suggests
that missense mutations in the human PCNA could increase

cancer susceptibility. This possibility is particularly intriguing
when one takes into consideration the partial dominant muta-
tor effect of some pol30 alleles, such as pol30-52 and -104.
Second, though many pol30 mutants were by themselves weak
mutators, their mutator effects were dramatically elevated in
the presence of a msh6 mutation. This observation suggests
that weak pol30 mutator alleles, which might exist as natural
polymorphic variants in a population, could act as modifiers of
partially defective MMR alleles, such as partial loss of function
MSH2 alleles or MSH6 null alleles. Finally, pol30-induced du-
plications may lead to trinucleotide expansion, a process un-
derlying the pathogenesis of many human neurological disor-
ders (45). All of these possibilities await further examination.
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