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ABSTRACT

Iron-sulfur clusters (4Fe—4S) exist in many enzymes
concerned with DNA replication and repair. The con-
tribution of these clusters to enzymatic activity is not
fully understood. We identified the MET18 (MMS19)
gene of Saccharomyces cerevisiae as a strong mu-
tator on GC-rich genes. Met18p is required for the
efficient insertion of iron-sulfur clusters into vari-
ous proteins. met18 mutants have an elevated rate
of deletions between short flanking repeats, consis-
tent with increased DNA polymerase slippage. This
phenotype is very similar to that observed in mutants
of POL3 (encoding the catalytic subunit of Pol 3) that
weaken binding of the iron-sulfur cluster. Compara-
ble mutants of POL2 (Pol £) do not elevate deletions.
Further support for the conclusion that met18 strains
result in impaired DNA synthesis by Pol 6 are the ob-
servations that Pol § isolated from met18 strains has
less bound iron and is less processive in vitro than
the wild-type holoenzyme.

INTRODUCTION

Mutations must occur frequently enough to generate vari-
ants suited for evolution, but infrequently enough that
essential genes are not often inactivated. In mutation-
accumulation studies in Saccharomyces cerevisiae (1—

7), the rate of single-base mutations is about 3 x
101 /bp/division, and the rate of small insertion/deletions
(in/dels) is at least 10-fold lower. The relatively low in
vivo mutation rate for single-base mutations in eukary-
otes is a consequence of three processes that operate se-
quentially: accurate base selectivity of the replicative poly-
merases (Pols) a, 8 and €; a proofreading exonuclease asso-
ciated with Pols 8 and €, and the error-correcting mismatch
repair (MMR) system (8). In addition, the catalytic subunits
of DNA Pol 8 and € associate with other proteins (such as
PCNA) that increase their processivity. These associations
reduce the frequency of insertion/deletions (in/dels), muta-
tions that likely reflect DNA polymerase slippage (9).

In yeast, as in other eukaryotes, the replicative Pols have
specialized functions (8). Pol « and its co-factors synthe-
size short RNA-DNA fragments that are used as primers
for synthesis catalyzed by the more processive Pols & and €.
Although some issues remain controversial, in unstressed
wild-type cells, synthesis on the leading and lagging strands
is primarily performed by Pols € and 8, respectively; how-
ever, in certain mutant backgrounds and in certain genomic
regions in wild-type cells, Pol & replicates both leading and
lagging strands (10,11).

Pol & in Saccharomyces cerevisiae is composed of three
subunits: Pol3p which has the catalytic activities of the
enzyme (12), and the accessory subunits Pol31 and Pol32
(13,14). Pol3p and Pol31p are encoded by the essential yeast
genes POL3 and POL31, respectively. POL32 is not es-
sential. Previous studies showed that point mutations or
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low levels of Pol3 substantially increase mutation rates in
yeast, particularly the rates of multi-base deletions flanked
by short direct repeats (15,16). Amino acid substitutions in
POLS3 that reduce base selectivity or eliminate the proof-
reading exonuclease, as expected, have a strong mutator
phenotype (3,17).

Pol a in S. cerevisiae is composed of four essential pro-
teins: Poll (catalytic subunit), Pol12 (B subunit of the com-
plex), and two proteins with primase activity, Pril and Pri2
(8). Pol € has four subunits encoded by the yeast genes
POL2, DPB2, DPB3 and DPB4 (8). Although strains with
a deletion of POL2 are not viable, strains that have a dele-
tion of Pol2p that removes the catalytic region of the pro-
tein are viable (18) as a consequence of the ability of Pol 8 to
substitute for € in replicating the leading strand (11).

Pol3p was shown to have an iron-sulfur (Fe-S) cluster of
the 4Fe—4S type coordinated within the protein by four cys-
teine residues (19,20) located close to its C terminus. While
the exact role of this metal cofactor in DNA polymerases is
not completely understood, in vitro studies showed that the
redox state of the Fe—S cluster can control the rate of DNA
synthesis catalyzed by Pol 8 (21). Mutations of the Fe-S co-
ordinating cysteine residues strongly reduce iron binding to
Pol3 (19) and some of these mutants are inviable or thermo-
sensitive in vivo (22). These observations strongly suggest an
important role of the Fe-S cluster for the proper function-
ing of the Pol 8. Since cysteine mutants of Pol3 prevent the
binding of the accessory subunits Pol31 and Pol32 (19), one
may attribute some of the effects of these mutants to the
absence of these accessory proteins.

A well-studied cysteine mutation po/3—13 (22) is located
within the Fe-S cluster binding domain of Pol3p. The muta-
tion results in thermosensitivity, and is synthetically lethal
with some other mutations, including metl8/mmsl9 (23).
METI8 (MMS19) encodes a component of the cytosolic
iron-sulfur cluster assembly (CIA) machinery (24) and is re-
sponsible for the introduction of the Fe-S cluster into target
proteins.

As described below, we identified a mutation that had a
substantial mutator phenotype with particularly strong ef-
fects on GC-rich genes. We previously demonstrated (25)
that a URA3 gene constructed to be GC-rich had a seven-
fold elevated rate of mutation compared to a ‘normal’
URA3 gene. We find that the met?/8 mutation elevates the
mutation rate of a GC-rich gene about 100-fold relative
to a wild-type strain, and elevates mutation rates about 7-
fold throughout the genome. Almost all of the mutations
induced in GC-rich genes are deletions between short di-
rect repeats, suggesting that they arise through DNA poly-
merase slippage. Further, we show that the mutator pheno-
type of the metl8 strain is likely a consequence of loss of
the Fe-S cluster from Pol 8. We also demonstrate that Pol &
isolated from metI8 strains binds less iron than that isolated
from wild-type strains, and is less processive in vitro.

MATERIALS AND METHODS
Strain constructions and growth conditions

Most of the yeast strains used in these experiments were
derivatives of W1588-4C (26), a RAD5 derivative of W303-
1A (27). Derivatives of strains JED213-30 (15) and BJ2168

(ATCC® 208277™) were used for protein analysis. Strain
MD702 is a derivative of YJM789 (28). The genotypes of
each strain and the details of their constructions are in
Supp. Expt. Procedures and in Supplementary Table SI.
Plasmids and primers used for these constructions are in
Supplementary Table S2. Standard media were used, in-
cluding rich (YPD), sporulation media, synthetic complete
(SC), and synthetic complete lacking one or more compo-
nents (29).

Gene deletions were made by single-step transplacement
with PCR-generated fragments encoding either the nar M X4
or hph M X4 cassettes (30), and were selected on plates con-
taining YPD with nourseothricin (100 mg/I) or hygromycin
B (300 mg/1), respectively. Point mutations were introduced
into chromosomal copies of POLI, POL2 and POL3 by
two-step plasmid integration and excision (31).

The CANI-GC sequence was synthesized by GenScript.
Sanger sequencing was performed by Eton Bioscience.
Oligonucleotides used in this study are listed in Supple-
mentary Table S2 and were synthesized by Eton Bioscience
or Integrated DNA Technologies. Site-directed mutagenesis
was performed by using Q5 Site-Directed Mutagenesis Kit
(New England BioLabs) or the QuikChange Site-Directed
Mutagenesis Kit (Agilent) according to the manufacturer’s
instructions.

Canavanine-resistant colonies were selected on SC-Arg
media with 120 mg/l canavanine added. Ura~ colonies
were selected on SC media with 0.1% of 5-fluoro-orotate
(5-FOA). Strains bearing the following mutations were
temperature-sensitive, and were grown at 23°C: pol3—
13, pol3-C1069S, pol2-C763S and pol2-C665S,C677S. All
other strains were grown at 30°C unless otherwise indicated.

Determination of mutation rates and mutation analysis

To estimate CANI and URA3 mutation rates, we performed
fluctuation analysis. Multiple (about 20) single colonies de-
rived from each strain were isolated from YPD plates and
patches were made from each colony on YPD. After two-
three days of growth, the resulting patches were suspended
in sterile water. The appropriate dilutions were then grown
on selective plates containing canavanine or 5-FOA to de-
termine the rate of CANI or URA3 mutations, and on non-
selective plates to determine the total number of cells in
the patch. Plates were scored after three days of incuba-
tion at 30°C for most strains or after five days of incu-
bation at 23°C for temperature-sensitive strains. Mutation
rates were calculated using the method of the median (32).
VassarStats tools (http://www.vassarstats.net/) were used to
produce confidence intervals for proportions and for the
chi-square test. Confidence intervals for individual muta-
tion events were calculated as described previously (25).
Mutated URA3 genes were isolated by PCR amplification
of DNA isolated from independent 5-FOAR isolates using
the primers DKo3 and DKo4 (Supplementary Table S2-2),
and the resulting product was sequenced using the same two
primers. Mutant CANI genes were amplified from indepen-
dent Can® isolates using the primers DKo74 and DKo79
(Supplementary Table S2-2). The resulting fragments were
sequenced using these two primers plus the primers DKo76
(CANI-WT) or DKo77 (CANI-GC) and DKo78.
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For mutation-accumulation experiments, DNA samples
were prepared, sequenced (paired-end Illumina sequencing
with HiSeq 4000), and analyzed as described in (33). Muta-
tions were detected and classified using ‘muver’ (mutations
verificatae) software as described in (34). Data from the
wild-type strain (TAK948) are archived on the GEO
database (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE101698) listed as GSM2712335. Sequencing data
for the wild-type strain deltal(-2)I-7B-YUNI300 (33) is
archived at: (https://www.ncbi.nlm.nih.gov/geo/download/
?acc=GSE56939) (LO3_ref_v2). The data from the metl8
strain DKy361 are located on the Sequence Read Archive
database (BioProject ID: PRINA703018).

Mapping the met18-410 mutation using DNA microarrays

As described in the Results, we crossed DKy240 (the hap-
loid strain containing the mutator mutation) to an isogenic
wild-type strain of the opposite mating type (DKy97) to
form the diploid DKy309. When the heterozygous diploid
was sporulated, the phenotype of the elevated mutation rate
of URA3-GC segregated 2:2 in 10 of 10 tetrads. This result
indicates that the mutator phenotype is a consequence of
a single mutation in DKy240. To identify the mutation, we
crossed DKy240 to MD702, a haploid strain of the opposite
mating type. The MD702 strain was derived from the strain
YJIM789 that contains about 55 000 single-nucleotide poly-
morphisms (SNPs) relative to the W303-1A background of
DKy240 (35). Following tetrad dissection of the resulting
diploid (DKy359), we screened the haploids derived from
the spores for those that produced 5-FOAR colonies at a
high rate.

We then used SNP-specific microarrays to determine
which genomic sequences within each haploid strain were
from the W303-1A-derived homolog or the YJM789-
derived homolog (35,36). Of the ten meiotic segregants that
had the mutator phenotype (examined in five pools of two
segregants), all ten shared the same 21-kb segment of chro-
mosome [X of the W303-1A-derived genotype; no other ge-
nomic segment was shared among the ten mutator strains.
An example of the analysis is shown in Supplementary
Figure S2. This region contains five genes: ASGI, TAO3,
METIS, RRTI4 and STHI. A mutation in METI8 would
be expected to result in a Met™ phenotype, and we found
that all spores that had a high frequency of mutations for
URA3-GC were Met~. Subsequently, by sequence analysis,
we showed that the Met™ meiotic products had a frameshift
mutation (AT to G in position 2816-2817) in MET18. This
mutant allele (which we called ‘met18—410C") was absent
from the unmutagenized parental strains.

Isolation and analysis of Pol 6

To evaluate levels of (3xHA)-Pol3, we used the following
protocol. Cells were grown in liquid YPD to an ODgg of
0.4-0.5, harvested by centrifugation, and washed twice with
water. Cells were broken by agitation with acid-washed glass
beads in the lysis buffer (10% glycerol, 20mM Tris pHS,
1 mM EDTA pH 8, 150 mM NaCl, 1x cOmplete™ Mini
EDTA-free Protease Inhibitor Cocktail (Roche)). Lysates
were cleared by centrifugation at 10 000g for two minutes,
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and then mixed with 4x sample buffer (40% glycerol, 280
mM Tris pH 6.8, 4% SDS, 0.02% bromophenol blue, 2%
2-mercatoethanol). Proteins were separated on a Novex™
WedgeWell™ 4-12% Tris—glycine Mini Protein Gel (Thermo
Fisher Scientific), and transferred to an Invitrolon™ PVDF
(Thermo Fisher Scientific) membrane. Membranes were
probed with anti-HA antibody (ab9110, Abcam) or an anti-
GAPDH antibody (ab9385, Abcam).

Multi-subunit DNA polymerase & purification was
adapted from (37-40). Briefly, overexpression of proteins
was performed in the strain BJ2168 or its metl/8A deriva-
tive (DKy501). For Pol 8 holoenzyme overexpression, these
strains were transformed with pBL341 and pBL335, grown
in SCGL media (SC with 1 g/1 glucose, 30 g/1 glycerol,
20 g/1 lactic acid as carbon sources) without uracil and
tryptophane followed by induction with equal volume of
4% galactose YPGL media (YPD with 2 g/1 glucose, 30
g/1 glycerol, 20 g/1 lactic acid, 40 g/1 galactose as carbon
sources) for 6 h. Pelleted cells were resuspended in water
(cells to water ratio 2:1), frozen in liquid nitrogen and lysed
by freezer mill. Lysed cells were thawed and solubilized 2:1
in 3X Hep150 buffer (90 mM Hepes, pH 7.8, 150 mM NaCl,
30% glycerol, 6 mM EDTA, 0.06% NP40, 6 mM DTT, 30
mM NaHSOs;, 30 wM pepstatin A, 30 wM leupeptin) with
1 mM PMSF, to which ammonium sulfate and polymin-P
were added in two steps to 150 mM and 45 pl/ml, respec-
tively. The solution was spun in the ultracentrifuge, 18 000
RPM for 30 minutes at 4°C.

The supernatant was precipitated with 0.3 g/ml ammo-
nium sulfate over 1 h at 4°C. The pellet was collected by
ultracentrifuging at 18 000 RPM for 30 min at 4°C and re-
suspended in 1x Hep0. Solubilized pellet was batch bound
overnight at 4°C to 2 ml Hep250 equilibrated glutathione
Sepharose 4B beads. The slurry was washed by gravity fil-
tration with 35 mL Hep250, 10 mL Hep250 containing 1
mM ATP and 3 mM MgOAc, 10 mL Hepl50, then 10
mL Hep50. The purified DNA polymerase 8 complex was
washed from beads at 4°C with 9 ml Hep50 + 20 mM glu-
tathione (pH 8.0) and collected overnight into conical tube
on ice containing 20U PreScission Protease. Extra purifica-
tion was performed by FPLC using a MonoS column over a
15 mL linear gradient of 50 mM NaCl and 1000 mM NaCl
solutions containing 30 mM HEPES pH 7.4, 10% glycerol,
1.5 mM EDTA, 0.01% NP40, 5 mM DTT, 2 uM pepstatin
A, 2 uM leupeptin, 0.1% ampholytes 3.5-9.

Analysis of the polymerizing and exonuclease activ-
ities of Pol & were done as described in (41). In brief,
a Cy3-labeled oligonucleotide used for the primer (5'-
/5Cy3/AAAAATTGTACTTGGCGGATAATGCC
TTTAGCGGCTTAACT) was annealed to a template
oligonucleotide (5-GGATATCTTGACTGATTTTTCC
ATGGAGGGCACAGTTAAGCCGCTAAAGGCATT
ATCCGCCAAGTACAATTTTT) by heating at 94°C
then slow cooling in a heat block to 30°C. 15 pl reactions
consisting of 50 nM DNA hybrid, 50 nM Enzyme (WT
or Met-18 Pol 3), cellular concentrations of each of the
four dNTPS (dA, 16 uM; dC, 14 pM; dG, 12 pM; dT,
30 pM) ImM DTT, 5% glycerol, 1XTE were preincubated
for 10 min at 30°C. These reactions were initiated by the
addition of 2 pl of a solution containing 11 mM MgCl,,
4.g/ml heparin and stopped after 2 min by the addition
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of equal volume 95% formamide, 20 mM EDTA, 0.01%
bromophenol blue. 10 wl of these stopped reactions were
analyzed by denaturing 12% polyacrylamide gels, and
quantified with ImageQuant.

The iron content in samples with FPLC-purified Pol3 was
determined by inductively coupled plasma mass spectrom-
etry (ICP-MS), and was performed by RTT International at
Research Triangle Park, NC.

Yeast two-hybrid analysis

The interaction between Pol3 and Pol31 was analyzed
by yeast two-hybrid assays carried out in the wild-
type strain L40 (M ATa, his3-A200, trpl-901, leu2-3,112,
ade2, LYS2::(lexAop)4-HIS3, URA3::(lexAop)s-lacZ) or
the isogenic strain DKy440, a metl8A derivative of
L40. The strains L40-pBL322/pBL364 and DKy440-
pBL322/pBL364 were used to measure Pol3—Pol31 interac-
tions with the plasmids pBL322 (LexABD-POL3 in 2. vec-
tor pPBTM116 with TRPI marker) and pBL364 (GAL4AD-
POL31 in 2 vector pACT2 with LEU2 marker). In strains
L40-pBL323/pBL363 and DKy440-pBL323/pBL363, the
interactions were measured with the plasmids pBL323
(GAL4AD-POLS3 in 2. vector pACT2 with LEU2 marker)
and pBL363 (LexBD-POL3! in 2 vector pBTM116 with
TRPI marker). The plasmids used in this analysis are de-
scribed in (13). Quantitative B-galactosidase assays were
carried out in triplicate.

RESULTS

Identification of met18 as a strong mutator biased toward mu-
tagenesis of a GC-rich gene

In our previous study (25), we showed that a gene with a
high-GC content (URA3-GC, 63%) had an elevated rate of
both mutations and recombination relative to a gene with
a more average GC content (URA3-WT, 43%); the GC-
content of the nuclear genome of S. cerevisiae is about 38%
(42). We found that the high mutation rate of the URA3-GC
allele was a consequence of a strongly elevated rate of dele-
tions between direct repeats (likely a consequence of DNA
polymerase slippage by the replicative Pols) as well as an
elevated rate of single-base mutations caused by increased
recruitment of the error-prone Pol {. Based on these obser-
vations, we performed a mutant hunt to look for variants
that had an elevated rate of mutations for the URA3-GC
template but lesser effects on the rate of mutations in a gene
with a lower GC content (41%, CANI).

The haploid strain DKy232-8C (isogenic except for alter-
ations introduced by transformation with W303-1A (27))
was mutagenized with ultraviolet light with a dose (20 J/m?)
that reduced viability to about 50% (Supplementary Fig-
ure S1). DKy232-8C has two markers that were used to
screen for mutations, CAN1 (41% GC-content) and URA3-
GC (63% GC-content). Mutations in CAN/I and URA3-GC
result in derivatives that are resistant to canavanine and 5-
fluoro-orotate (5-FOA), respectively. Following mutagene-
sis, the cells were allowed to form colonies on a rich growth
medium, and the resulting colonies were replica-plated onto
medium containing canavanine or 5-FOA. Out of approxi-
mately 14,000 colonies tested, a single isolate (DKy240) re-

producibly had 26-fold more colonies than the unmutage-
nized isogenic strain on plates containing 5-FOA, but only
a 4-fold increase in colonies resistant to canavanine (details
in Materials and Methods).

We crossed DKy240 to an isogenic wild-type strain of the
opposite mating type (DKy97) to form the diploid DKy309.
When the heterozygous diploid was sporulated, the phe-
notype of the elevated mutation rate of URA3-GC segre-
gated 2:2 in 10 of 10 tetrads, indicating that the muta-
tor phenotype was a consequence of single mutation in
DKy240. To identify this mutation, we crossed DKy240 to
MD702, a haploid strain of the opposite mating type that
had about 55 000 single-nucleotide polymorphisms (SNPs)
relative to DKy240 (35). We used SNP-specific microarrays
to determine which SNPs co-segregated with the mutator
phenotype in spores derived from the diploid (details in
Supp. Expt. Procedures, Supplementary Figure S2). Subse-
quently, by sequence analysis, we showed that the meiotic
products with a mutator phenotype had a frameshift mu-
tation (AT to G in position 2816-2817) in METIS8. This
mutant allele (met18-410C) was absent from the unmuta-
genized parental strains.

We then determined the effect of met18—410C on URA3-
WT (43% GC) in an isogenic strain in which URA3-GC
(63% GC) was replaced by URA3-WT (DKy242-1C; Sup-
plementary Tables S1 and S2). We found that the mutation
rate of URA3-WT was elevated by about 10-fold instead
of the 26-fold elevation observed for URA3-GC (Table 1).
Thus, the met18 mutator phenotype is preferentially associ-
ated with the high-GC gene.

Mutator phenotype in metI8 A strains

We further investigated the mutator phenotype associated
with METIS8 deletions (metl8A). The strains DKy361 and
DKy360 contain the URA3-GC and URA3-WT alleles, re-
spectively. The mutation rates of URA3-GC and URA3-WT
in the metI8 A strains (relative to the rates observed in the
isogenic wild-type strains) were elevated 133- and 35-fold,
respectively (Table 1). The mutation rate of the CANI gene
that had the wild-type base composition (CANI-WT) was
elevated about four-fold by the met18-410C and about six-
fold by the met18 deletion (Table 1 and Figure 1). Confi-
dence limits on the rates in Table 1 are shown in Supple-
mentary Table S3.

We also examined the effect of the met18 A allele in strains
with a CANI variant (CANI-GC) in which the first 804
bps were engineered to have a GC-content of 63.8% and
the terminal 966 bp were left unchanged (39% GC) (Sup-
plementary Figure S3). The mutation rate of CANI-GC in
the METIS wild-type strain was about twice as high as
that of the CANI-WT gene (Table 1). The mutation rate
of CANI-GC in the metl18 A strain was elevated about 15-
fold relative to the rate in the METIS strain (Table 1). In
the METIS8 genetic background, mutations were approxi-
mately equally divided between the 5" 804 bps and the 3’
966 bps of the CANI gene (42 and 56, respectively) (Supple-
mentary Table S4). In contrast, in the met/8A background,
the numbers of mutations in the 5" and 3’ regions of CANI-
GC (51 and 5, respectively) were biased to the 5 GC-rich
interval.
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Table 1. Rates of different types of URA3 and CANI mutations in strains with mutations in mez/8 or various DNA polymerase genes

Rates of Rates of
Rates of deletions deletions Rates of ura3- Rates of
Total rate of single base (insertions) > (insertions) GC-366TC other
Assayed Temp. mutations mutations Sbp <5bp mutations mutations
Genotype gene °C) (nx1079) (nx1079) (nx1079) (nx1079) (nx107%) (nx1079)
WT URA3-GC 30 494 25.5 12.5(3.3) 5.4 (<0.5) <0.5 2.7
WT URA3-GC 23 87.5 15.7 55.1(4.9) 7.9 (<1.0) <1.0 3.9
met18-410C URA3-GC 30 1270 <29 1100 (<29) <29 (<29) 174 <29
metl8-A URA3-GC 30 6580 <88 5350 (<88) <88 (<88) 1050 176
metl8-A mihl-A URA3-GC 30 12700 4870 3900 (<325) 1620 (<325) 2270 <325
WT URA3-WT 30 7.3 5.9 <0.1(<0.1) 0.6 (0.1) NR 0.7
met18-410C URA3-WT 30 75.4 18.1 48.7 (1) 29(1) NR 3.8
metl8-A URA3-WT 30 259 74.1 148 (12.3) 8.2 (<4.1) NR 16.5
metl8-A rev3 URA3-WT 30 182 38.3 133 (<1.7) 1.7 (<1.7) NR 8.3
wT CANI-WT 30 188 135 6.7 (3.4) 26.9 (6.7) NR 10.1
met18—410C CANI-WT 30 694 277 173 (<35) 104 (104) NR 34.7
metl8-A CANI-WT 30 1160 172 882 (<21) 21.5(<21) NR 86.1
wT CANI-GC 30 424 277 29.4 (<4.2) 84 (4.2) NR 29.4
metl8-A CANI-GC 30 6440 <105 6340 (<105) 106 (<105) NR <105
pol3-C1059S URA3-GC 30 8920 121 8200 (<121) 0(<121) 603 <121
pol3-C1059S URA3-WT 30 261 106 131 (2.8) 5.6 (5.6) NR 11.1
pol3-C1059S CANI-WT 30 1160 504 504 (21.9) 110 (<22) NR 21.9
pol3—13 URA3-GC 23 8020 108 5530 (<108) 108 (<108) 1950 325
pol3-C1069S URA3-GC 23 3480 256 2620 (32) 32(32) 448 63.9
pol3-C1059S URA3-GC 23 2390 104 1975 (<52) <52(<52) 312 <52
met18-A URA3-GC 23 4410 74.8 3740 (<75) <75(<75) 524 74.8
pol2-C677S URA3-GC 30 47.6 19.9 13.0 (4.3) 10.4 (<0.9) <0.9 <0.9
pol2-C677S URA3-GC 23 84.4 27.0 40.9 (7) 5.2(0.9) <09 3.5
pol2-C2181S URA3-GC 30 33.4 12.5 14.6 (1.6) 4.7 (<0.5) <0.5 <0.5
pol2-C763S URA3-GC 23 456 248 65.2 (8.7) 86.9 (8.7) 8.7 30.4
pol2-C665S/C677S URA3-GC 23 539 265 108 (19.6) 78.4 (9.8) <9.8 58.8
pol32-A URA3-GC 23 2110 49.7 1810 (<25) <25(25) 224 24.9
pol32-A URA3-GC 30 455 49 308 (7.0) <7(<7) 90.9 <7

The entries in this table summarize the details presented in Supplementary Table S3. In the columns showing the rates of deletions and insertions, the
insertion rates are in parentheses. As discussed in the text, the ura3-GC-366 TC mutation represents conversion of a quasi-palindrome sequence into a
perfect palindrome. ‘NR’ indicates that the rate of ura3-GC-366 T'C mutations is not relevant because the reporter gene does not contain a quasi-palindrome.

For categories in which the number of events was 0, we calculated the rate as less than the value obtained if there was a single event.

Mutational spectra in met18 strains

Both met18—410C and metl8A have a unique mutational
signature for URA3-GC compared to wild-type strains
(Supplementary Tables S3 and S5). In the metl8—410C
strain, 38 of 44 (86%) of the URA3-GC mutations were dele-
tions (>5 bp) flanked by short direct repeats (typically, 4-11
bp long), and 61 of 75 (81%) of the mutations in the met/8A
strain were of this class. In the wild-type strain, 25% (23 of
91) of the URA3-GC mutations were similar deletions (25).
Although deletions > 5 bp were not observed for URA3-
WT in the wild-type strain (25,43) this type of mutation ac-
counted for over 50% of URA3-WT mutations in both the
met18—410C (51 of 79) and met18A (36 of 63) strains (Sup-
plementary Table S5). This difference represents more than
a 1,000-fold increase in the rate of long deletions among
URA3-WT mutations as a result of the met/8 mutation.

A similar effect of mezl8 was observed for the CANI
gene. In the wild-type strain with the CANI-WT gene, only
2 of 56 mutations (4%) were deletions >5 bp, whereas in
the metI8 A strain, 41 of 54 mutations (76%) were of this
class (Supplementary Table S5). In the hybrid CANI-GC,
the wild-type MET1I8 strain had 7 deletions >5 bp of 101
total mutations (7%), and the metI8A strain had 60 of 61
mutations (98%) of this class (Supplementary Table S5),
concentrated in the GC-rich half (Supplementary Table S4).

The sequences of all deletions and duplications >5 bp for
URA3 and CANI for all strains are shown in Supplemen-
tary Table S6.

It is likely that the deletions >5 bp reflect DNA poly-
merase slippage. As mentioned previously, mutations in Pol
d substantially elevate this class of mutation. Although non-
homologous end-joining might produce similar types of
deletions, we showed previously that the rate of deletions
of URA3-GC in the wild-type strain were not reduced by
mutations that eliminate end-joining events (25); in addi-
tion, in vitro synthesis by DNA polymerase & can gener-
ate similar deletion mutations (44). Although DNA poly-
merase slippage can result in both deletions (Figure 2A)
and duplications (Figure 2B), in the current study, in the
metl8§ strains, deletions outnumber duplications very sub-
stantially, 299 to 4.

In metl8 strains, another common class of mutations in
URA3-GC was an insertion of the dinucleotide TC between
bases C366 and G367 (designated ura3-GC-366TC) which
was observed in 14% (19/134) of the URA3-GC mutations
(Supplementary Table S5). The high frequency and context
of this mutation argues that it may be a templated mutation
rather than random event, resulting in the conversion of a
quasi-palindrome (QP) sequence to a perfect palindrome
(Supplementary Figure S4A). Similar mutations were first
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Figure 1. Mutator phenotype of met/8A on genes with wild-type GC-
content (URA3-WT and CANI-WT), and GC-rich genes (URA3-GC and
CANI-GC). The mutation rates of the wild-type and metI8A strains are
shown in blue and red, respectively. Error bars indicate 95% confidence
limits. (A) Mutator phenotype of met/8A on URA3-WT and URA3-GC
genes. (B) Mutator phenotype of metI8A on CANI-WT and CANI-GC
genes.

reported in Escherichia coli (45). One mechanism to explain
this class of mutation (reviewed in (46)) involves two cycles
of template switching as shown in Supplementary Figure
S4B; by this model, mutations that render DNA polymerase
less processive would be expected to elevate the frequency
of this class of mutation. An alternative model is that the
mutation reflects mismatch repair in a ‘hairpin’ structure
formed between the two components of the imperfect palin-
drome (45). By this mechanism, the frequency of the uras3-
GC-366TC mutation should be reduced in a strain deficient
in mismatch repair. Since there was a two-fold elevation
in the frequency of the wra3-GC-366TC mutation in the
strain with the met18 mlhl genotype (Table 1), we prefer
the template-switching model.

Mutations in the Fe—S binding site of Pol3p (the catalytic sub-
unit of Pol &) mimic the mutagenic effects of the met18 mu-
tation

Since mutations in POL3 result in an elevation in deletions
flanked by short direct repeats and since the Pol3p contains
an iron-sulfur cluster (24), we hypothesized that Pol 8 might
be the relevant target of the mutagenic effects of metlS8.
Four cysteines in Pol3p (C1056, C1059, C1069, C1074) con-
stitute the Fe—S binding domain (19). We examined the phe-
notypes associated with replacing cysteine with serine in
three of these four positions (C1059S, C1069S, C1074S);

C10748S is the same substitution previously described as the
allele pol3-13 (22,47).

Both the mutation rates and the mutation spectra for
URA3-GCwere very similar in strains with the pol3-C1059S
mutation or the met/8A mutation (Table 1, Supplementary
Tables S3 and S5). The 95% confidence limits overlapped
for the total URA3-GC mutation rates, and the rates of the
two major classes of mutations, long deletions and QP mu-
tations (Supplementary Table S3); for this analysis, we only
compared rates and spectra measured at the same temper-
ature. Moreover, by the same statistical test, the mutation
rates and spectra (long deletions and single bp substitu-
tions) in CANI-WT were not significantly different in the
pol3-C1059S and metlI8 A strains (Table 1, Supplementary
Tables S3, and S5). These data are summarized in Figure 3.

Although strains with the po/3-C1059S mutation grow
normally at 30°C, strains with the pol3—13 (pol3-C1074S)
and po/3-C1069S mutations grow slowly at this temper-
ature. Consequently, we assayed the mutagenic effects of
these mutations in cells grown at room temperature (23°C).
As controls, we also assayed the pol3-C1059S (URA3-GC)
and the metI8A (URA3-GC) strains at 23°C. There was no
significant difference in the rates of mutations in the com-
parison of the metl8 A strain with pol3—13 or pol3-C1069S
(Supplementary Table S3; Figure 3). However, the rate of
ura3 mutations in the po/3—13 strain was significantly ele-
vated (~2.5-fold) compared to the rates in pol3-C1059S and
pol3-C1069S. Similarly, the rates of both deletions >5 bp
and QP mutations were significantly elevated in the pol3—
13 strain relative to the rates in the po/3-C1059S and pol3-
C1069S strains (Supplementary Table S3). These results
suggest that either there are different effects of different Fe—
S-binding-site mutations on Fe—S binding or that that these
mutations can also alter the catalytic activity of Pol3p inde-
pendent of Fe-S binding. For all mutations that disrupted
the Fe-S binding site, the predominant class of mutations
was deletions > 5 bp flanked by short direct repeats; the
ura3-GC-366 TC mutation was also a prominent class.

Although these results strongly implicate Pol  as respon-
sible for the mutator phenotype in metl8§ cells, we also ex-
amined the phenotypes associated with mutating the Fe-S
binding sites of Pol €. The Fe-S cluster binding pocket in
Pol2p (encoding the catalytic subunit of Pol €) was origi-
nally described to include C2164, C2167, C2179 and C2181
(19) but later was amended to include C665, C668, C677,
and C763 (48). To test both sites, we constructed three
strains with single cysteine substitutions in POL2 (pol2-
C21818S, pol2-C677S, pol2-C763S), and one strain with a
double substitution (pol2-C665S/C677S). The pol2-C677S
and pol2-C2181S mutations had no significant effect on
mutation rates of URA3-GC compared to the wild-type
strain (overlap of 95% confidence limits on rates measured
at 30°C, Supplementary Table S3).

Since strains with the pol2-C763S mutation and the
double mutant combination pol2-C665S/C677S grew very
slowly at 30°C, we assayed mutation rates at 23°C. An unan-
ticipated result of this analysis was that the mutation rate
of URA3-GC in the wild-type strain was elevated about
two-fold compared to the rate measured at 30°C, with a 5-
fold elevation in large deletions (Table 1). The strains with
the pol2-C763S and the pol2-C665S/C677S had URA3-GC
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Figure 2. DNA polymerase slippage events resulting in deletions and duplications. The URA3 gene is likely replicated from A RS508 located to the left of
the gene (70). (A) Sequence of the URA3-GC gene (bases 315-353) that contains two 4 bp repeats (boxed) that are found at the junctions of deletions and
duplications. (B) Deletion resulting from slippage of the primer strand during replication between Repeats 1 and 2. The expected products are one chro-
mosome with the original sequence and one with a 23 bp deletion. (C) Duplication resulting from replication of Repeats 1 and 2, followed by dissociation
of the primer strand from Repeat 2 to Repeat 1, and continued DNA synthesis. The expected products are a chromosome with the original sequence and

one with a duplication.

mutation rates that were elevated about 5-fold relative to the
wild-type rate (Table 1); most of this elevation was a conse-
quence of an increase in the rates of single bp substitutions.
In contrast, the strain with the po/2-C677S mutation had no
significant effects on the rate or spectra of mutations com-
pared to the wild-type strain (Table 1, Supplementary Table
S3). This result argues that different cysteines in the binding
site have different effects on the binding of the Fe-S cluster
or that these mutations have different effects on the fidelity

of Pol . In addition, we cannot rule out the possibility that
some of the mutations reflect an indirect effect of the pol2
mutations. For example, if some of the po/2 mutations re-
sult in an increased role of Pol & in replicating the leading
strand, it is possible that the wild-type Pol 8 enzyme makes
more errors when replicating the ‘wrong’ strand.

Although the elevation in mutation rates observed for
some of the pol2 mutants was significant, it was much less
than the >100-fold increase in rate observed for URA3-GC
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Figure 3. Rates of URA3-GC mutations and rates of deletions (> 5 bp) and QP mutations in various genetic backgrounds. Error bars indicate 95%
confidence limits. Numbers in parentheses show whether the rates were determined in 23°C or 30°C cultures. WT indicates the wild-type strain. (A) Rates
of URA3-GC mutations. (B) Rates of deletions and QP (ura3-GC-366TC) mutations. As shown in Supplementary Figure S4, the QP mutation is likely the
consequence of template switching between two inverted repeats, resulting in formation of a perfect palindrome from a quasi-palindrome. Rates of other
types of mutations in each strain are shown in Supplementary Table S3. Asterisks indicate that no events were observed for that class of mutation.

in the metl8A strain or the strains with the mutations in
the Fe-S binding site in Pol3p. In addition, deletions >5
bp were a much smaller fraction of the total mutations in
URA3-GC for the pol2-C763S and C665S/C677S strains
(14% and 20%, respectively) than for the meti8A (81%)
or the strains with the mutations in the Fe-S binding site
in Pol3p (mean of 78%). Taken together, our data suggest
that the mutagenesis observed in metl8 strains is a con-
sequence of loss of the Fe-S cluster in Pol3p rather than
Pol2p.

Rates of URA3 and CANI single-base substitution mutations
in met18 and mutant Pol o strains

No point mutations were observed in the URA3-GC re-
porter in the metl8 strain and few were found in the Pol
d mutant strains (Supplementary Table S5). It is likely that
this result simply reflects the small numbers of sequenced
ura3 mutations and the very large increase in deletions
rather than a lack of point mutations. With the URA3-
WT reporter, we found that the met/8A mutation elevated
single-base mutations by about 12-fold relative to the wild-
type strain. This rate was only reduced two-fold by delet-
ing REV3, encoding the catalytic subunit of the error-
prone Pol { (Table 1). The po/3-C1059S mutation increased
the rate of single-base mutations in URA3-WT by 18-fold,
and the rate of mutations in CANI-WT by about 4-fold
(Table 1). These observations indicate that absence of the
Fe-S cluster in Pol3p may reduce base selectivity of the
holoenzyme.

The elevation in the rate of CANI mutations is similar to
that observed previously in po/3—13 strains which was de-
pendent on Rev3p (47). The interpretation of the effects of
Rev3p in our experiments with the met/8 mutation is com-
plicated by the observation that Rev3p contains an Fe-S
cluster that is likely inserted by the CIA complex (49).

The locations and the types of single-base substitutions
in URA3 and CANI are shown in Supplementary Table S7.
Since the mutation spectra of met I8 strains with the URA3-
GC reporter gene are heavily dominated by deletions, we
restricted our comparisons of types of single-base substitu-
tions to strains containing the URA3-WT and CANI-WT.
Several interesting patterns were observed. First, the pro-
portion of AT to TA mutations for URA3-WT was sub-
stantially elevated in met18 and pol3-C1059S strains (mean
of 0.43 versus mean of 0.13, respectively; Fisher exact test
P <0.0001; Supplementary Figure S5A). The same pattern
was evident for CANI-WT (Supplementary Figure S5B).
Second, the proportions of CG to GC mutations in the
metl8 and pol3-C1059S strains in URA3-WT were elevated
relative to wild-type (0.13-0.17, not significant) and an ele-
vation of this substitution was also observed for mutations
in CANI-WT (0.16-0.36; P = 0.005); an elevated frequency
of CG to GC mutations was shown previously to be Pol ¢
dependent (50,51). Third, two mutations in URA3-WT, T
to A at positions 164 and 168, were frequently found in the
metl8—410, metI8 A, and pol3-C1059S strains (total of 11
such mutations out of a total of 75), but were absent from
the wild-type spectrum (0 of 228 mutations) (Supplemen-
tary Table S7, P <0.0001 by the Fisher exact test).
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Mutation accumulation experiments in the met18 A strain

To determine whether the patterns of mutations observed
with URA3 and CANI were representative of the whole
genome, we sequenced the genomes of ten haploid met/8A
strains that had been sub-cultured 40 times (about 1000
cell divisions/isolate). The strain used for this analysis
(DKy361) was initially haploid, although 3 of the 10 deriva-
tives diploidized during the sub-culturing; such unselected
diploidization events have been observed previously in sub-
cultured haploids (52,53), and likely reflect the faster growth
rate of diploids.

The types of mutations and the genomic location of the
mutations are shown in Supplementary Table S8 (details in
Supp. Exp. Procedures). Mutations were aligned relative to
a wild-type W303-1A reference strain (TAK948; (54)) and
the relative rates of various classes of mutations were de-
termined using data from the wild-type strain deltal(-2)I-
7B-YUNI300 (34). Compared to the rate of mutations in
the wild-type strain, met18 elevated genomic mutation rates
over seven-fold (15 x 1071%/bp/cell division) with eleva-
tions of the rates of specific types of mutations as follows:
single-base substitutions (6-fold), 1 bp deletions (14-fold), 1
bp insertions (3-fold), deletions greater than 5 bp (24-fold),
insertions greater than one bp (3-fold), and complex mu-
tations (16-fold). Of the six different types of base substi-
tutions, the most significant alteration (P < 0.0001) was a
22-fold elevation in the rate of AT to TA mutations. The rel-
ative proportions of the six types of base substitutions are
shown in Supplementary Figure S5C.

As observed in the analysis of the URA3 and CANI
genes, we observed mutations that indicated increases in
template-primer dissociations, including multi-base dele-
tions and complex mutations (Supplementary Table S8).
Most of the multi-base deletions were greater than 5 bp,
and were flanked by short homologies, implying that they
were generated by polymerase slippage (Figure 2). Of the
11 complex mutations, five perfected palindromic sequences
or inverted hairpin loops, implying template switches (Sup-
plementary Figure S4). Four complex alterations appear to
reflect gene conversion events between non-allelic repeats
(Supplementary Table S8). In summary, the whole-genome
analysis of mutations in the met/8A strain recapitulate the
patterns observed in the URA3 and CANI genes.

The met18 A mutation reduces binding of the Fe—S cluster to
Pol3p, resulting in decreased polymerase processivity

Since we have previously shown that low levels of Pol &
elevate the rate of deletions >5 bp (15,16), it is possible
that the absence of the Fe-S cluster in Pol3p results in an
unstable protein. To test this possibility, we used METI8
and met18 A strains expressing Pol3p with a N-terminal HA
tag regulated by the endogenous POL3 promoter (15). The
steady-state levels of Pol3p in these two strains were indis-
tinguishable (Figure 4A).

We extracted and analyzed FPLC-purified Pol3p from
yeast cells over-expressing Pol3p and the other subunits of
Pol & (Pol31p and Pol32p) from galactose-inducible pro-
moters. Pol3p purified from the met/8 A strain was a single
subunit, whereas Pol3p from the METI8 strain co-purified
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Figure 4. Properties of the Pol3p enzyme isolated from wild-type and
metl8 strains. Error bars indicate standard errors of the mean for Figure
4C, and 95% confidence limits for Figure 4D. (A) Western blot showing
that the amount of Pol3p is similar in wild-type and met18 strains. An an-
tibody directed against an HA tag was used to monitor the level of HA-
tagged Pol3; an antibody specific to glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) was used as a control. (B) Using a method that conserves
the interaction between Pol3p and its subunits Pol31p and Pol32p, we iso-
lated Pol3p and examined its composition by gel electrophoresis. Although
the wild-type enzyme consists of three equimolar subunits, the Pol3p iso-
lated from the met18 strain is missing Pol31p and Pol32p. (C) Two-hybrid
analysis of the interaction between Pol3p and Pol31p (details in Supp. Ex-
perimental Procedures). The level of beta-galactosidase reflects the level of
interaction between Pol3p and Pol31p. The Pol3p-Pol31p interaction is sig-
nificantly reduced in the met18 strain. (D) FPLC-purified Pol3p, examined
by inductively coupled plasma mass spectrometry (ICP-MS), has signifi-
cantly less bound iron in samples isolated from met18 strains compared to
wild-type strains.

with accessory subunits Pol31p and Pol32p in approxi-
mately equimolar ratios relative to Pol3p (0.8 for Pol31p
and 1.1 for Pol32p) (Figure 4B). We also examined the in-
teractions between Pol3p and Pol31p using a two-hybrid
analysis. In strains that contained Pol3 fused to a LexA
DNA-binding domain (Pol3BP) and Pol31 fused to a GAL4-
activation domain (Pol314P), the level of B-galactosidase
synthesized from a (lexA,p)s-lacZ reporter gene was re-
duced about two-fold (P < 0.01) in the metl8 strain rela-
tive to the wild-type strain (Figure 4C). A significant (P <
0.01) reduction was also observed in strains in which the ac-
tivation domain and DNA-binding domain were swapped
between Pol3 and Pol31 (Pol3AP and Pol318P).

We found that Pol3p isolated from metl8A strains had
significantly less iron in comparison to samples from
METIS strains as detected by the inductively-coupled
plasma mass spectrometry (ICP-MS) analysis (Figure 4D).
These results argue that, in the absence of Metl18p, Pol3p
binds the Fe-S cluster less efficiently, leading to a defect in
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the formation or the stability of its interactions with Pol31p
and Pol32p. These observations are in good agreement with
the finding that mutations in the Fe-S binding domain of
Pol3p prevent binding of iron and abrogate the interaction
of Pol3p with Pol31p and Pol32p (19).

We compared the in vitro biochemical properties of Pol
d extracted from the metI8A strain (purified as a sin-
gle Pol3 subunit) and Pol3p from the wild-type strain
(which copurified with Pol31p and Pol32p). They did not
significantly differ in binding to the DNA template but
had different catalytic activities (Figure 5). Relative to the
Pol3p/Pol31p/Pol32p complex from the wild-type strain, in
the presence of cellular ANTP concentrations, the Pol3p iso-
lated from the met I8 A strain exhibited reduced polymerase
processivity with a concomitant increase in exonuclease ac-
tivity. Low polymerase processivity of the enzyme from the
metl8A strain provides a mechanistic explanation of the
high rates of deletions and other mutations, likely resulting
from DNA polymerase slippage and/or template switching.

Although there have been no previous studies of the ef-
fect of the metl8 mutation on the enzymatic properties of
DNA polymerase 9, (55) examined the activities associated
with human DNA polymerase 8 with a mutation in a cys-
teine in the catalytic sub-unit required for Fe-S binding
(C1076, equivalent to C1074 for the yeast enzyme). Un-
like the yeast enzyme, this mutation in POLDI resulted
in only a slight reduction in its association with the sub-
units POLD2, POLD3 and POLDA4. It is possible that the
POLD4 sub-unit, which is missing in yeast, helps to stabi-
lize the complex. The mutant enzyme had a partial defect
in both polymerase and exonuclease activities that could be
alleviated by addition of PCNA. In an in vitro assay of mu-
tagenesis, the human mutant polymerase had only a small
(about 3-fold) elevated rate of mutagenesis, and the frequen-
cies of deletions and insertions were not elevated compared
to the frequency of other types of mutations. In summary,
although the human holoenzyme lacking the Fe-S cluster
has some of the same properties as the yeast enzyme iso-
lated from met18 strains, there are also a substantial number
of differences between our observations and those of (55).
These differences could reflect the intrinsic properties of hu-
man and yeast enzymes (perhaps related to the presence
or absence of POLD4), different amounts of retained Fe—
S in mutant DNA polymerases versus polymerases isolated
from met18, and/or different experimental approaches.

Mutation rates in po/32 A strains

We also examined the effects of a POL32 deletion on muta-
genesis of URA3-GC. Strains with this mutation fail to grow
at 13°C and grow poorly at 30°C (13). In assays of muta-
genesis in pol32 A strains grown at 30°C, Huang et al. (56)
found no significant effect on the rate of CANI mutations,
but found an increased proportion of deletions. In our ge-
netic background, pol32 A strains grew more slowly than the
wild-type strain at 30°C but at approximately the same rate
at 23°C. In our study, the rates of URA3-GC mutations were
elevated at both 30°C and 23°C (Table 1). Compared to the
wild-type rate at 30°C, the rate in the po/32 A strain was ele-
vated by 9-fold at 30°C and by 42-fold at 23°C. For compar-
ison, the rates of URA3-GC mutations in the metl8 A strain

and the strains with mutations in the binding site of the Fe—
S cluster (for example, pol3-C1059S) were elevated 133- and
181-fold, respectively, at 30°C. These results suggest that the
elevated rate of mutagenesis observed in the po/3 and met18
strains are, at least in part, independent of the loss of Pol32p
from Pol .

The types of mutations observed in the pol32 A strains
were similar to those observed in the met18 and pol3 strains
(Supplementary Table S5). The percentages of the total
URA3-GC mutations that were deletions > 5 bp in strains
grown at 30°C were: 25% (wild-type), 81% (met18-A), 92%
(pol3-C1059S) and 68% (pol32-A). In addition, the quasi-
palindrome mutation ura3-GC-366TC accounted for more
than 10% of the URA3-GC mutations in the po/32 A strain
grown at either 23 or 30°C (Supplementary Table S5). These
results suggest that the mutagenic effects of the met/8 mu-
tation could be a consequence of two factors, the loss of
interaction with the Pol32p subunit and a Fe—S-dependent
loss of processivity independent of that interaction. This is-
sue will be discussed further below.

DISCUSSION

The main conclusions of our study are: 1. The met/8 mu-
tation has a mutator phenotype that preferentially affects
genes with high-GC contents. 2. Strains with the met/8 mu-
tation or with mutations in Pol & that prevent binding of the
Fe-S cluster have similar rates and spectra of mutations, ar-
guing that the mutagenic effects of met/8 are a consequence
of loss or destabilization of the Fe-S cluster in Pol 3. 3. The
variant form of Pol & that lacks the Fe-S cluster or has a
destabilized Fe-S cluster has an elevated rate of DNA poly-
merase slippage/template switching in vivo and decreased
processivity in vitro. We suggest that many of these obser-
vations are consistent with the hypothesis that the binding
of PCNA to Pol & is regulated by the Fe-S cluster.

Identification of met18 as a mutator and caveats concerning
mutator screens

Our analysis demonstrates that the met/8 mutation elevates
mutation rates in the URA3-GC gene more than 100-fold,
but has a smaller effect (35-fold) on the URA3-WT gene
that has an average GC content. The mutator phenotype
by whole-genome analysis is only 7-fold. We do not know
the explanation for the higher mutation rate of URA3-GC
gene relative to URA3-WT in the met 18§ strain, which is also
observed for these reporters in the wild-type strain (25). It
is possible that the yeast replicative enzymes are generally
less accurate on high-GC templates. Alternatively, the GC
content may affect mutagenesis less directly. For example,
the tendency of high-GC genes to form stable R-loops (57)
may reduce the processivity of the polymerases.

Although there have been successful screens to identify
mutators in yeast (for example, (58)), the metl8 gene was
identified as a mutator in only one such screen (59). The
limitations of screening ‘knock-out’ collections for muta-
tors involve a number of factors. First, some mutator mu-
tations may be in essential genes and will be missing from
a knock-out collection. Second, often the screens are done
using a single reporter gene and, as illustrated by our anal-
ysis, mutators may have sequence specificity. Third, for at
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Figure 5. Analysis of in vitro DNA synthesis catalyzed by Pol 8 isolated from wild-type and met/8 strains. Error bars show standard deviations. (A)
Schematic of the primed-template DNA synthesis assay used to evaluate the catalytic activity of Pol3p (details in Supp. Expt. Procedures). (B) Gel analysis
of the Cy3-labeled DNA synthesis products generated as shown in Figure SA. The arrow shows the position of the 40 bp primer. Products that migrate
more slowly than the primer indicate DNA synthesis; products that migrate faster than the primer indicate exonuclease activity. (C) Quantitation of the

reaction products shown in (B).

least some mutators, the temperature during cell growth af-
fects the magnitude of the mutator effect. The pol/32 A mu-
tation has a five-fold greater effect at 23°C than 30°C (Table
1). There is no simple solution to these issues except to ac-
knowledge that high-throughput screens are limited to de-
tecting a sub-set of mutations in a sub-set of genes.

Identification of Pol3p as the target for the mutagenic effects
of the met18 mutation

Proteins with Fe-S clusters and the protein complexes nec-
essary to insert these clusters into their target proteins are
found in organisms from prokaryotes to humans. In yeast,
the proteins involved in the maturation and assembly of Fe—
S cluster are essential except for Met18p (60). There are nu-
merous yeast proteins with Fe-S clusters including the cat-
alytic subunits of the Pols 8, €, and {, primase, and the he-
licases Chllp, Dna2p, and Rad3p (61).

As discussed previously, both the rates and the spectra of
URA3-GC mutations in both the met18 strains and the pol3
strains with mutations in the Fe—S binding cysteines of Pol
d are very similar with most (>88%) of the mutations being
deletions or quasi-palindrome insertions. The proportion of
these types of URA3-GC mutations is substantially lower in
the wild-type strain (25%) and in strains with mutations in
the Fe-S binding sites of Pol2p (average of 32%) (Supple-
mentary Table S5), implicating Pol3p as the relevant target

gene. A related argument implicating Pol & as the relevant
target of mutagenesis in the met/8 strain is that there is a
significant increase in the frequency of AT to TA single-
base substitutions in both the metl8 strain and in strains
with the pol3-C1059S mutation (Supplementary Figure S5).
Although the similar mutation rates and mutation spectra
observed in the metl8 strain and the strains with po/3 mu-
tations in the Fe—S binding site argue that Pol3 is the most
relevant target of the mutagenic effects of mez18, we cannot
exclude the possibility that other Fe—S-containing proteins
involved in DNA repair or DNA replication might also con-
tribute to phenotype. Analysis of the mutagenic effects of
Fe-S binding site mutations in such proteins would be use-
ful in determining whether these proteins contribute to the
mutagenic effects observed in the met/8 strain.

In Figure 3, the DNA polymerase slippage events that
generate the deletions and duplication are shown to occur
on the lagging strand since the altered Pol & is responsible
for lagging strand replication. However, we have no direct
evidence relevant to whether the slippage events occur on
the leading or lagging strands. In contrast, because the left
and right repeats of the quasi-palindromes are not identical,
based on which of these repeats acquires the mutation, we
can predict whether the template switching to produce the
ura3-GC-366 TC mutation is initiated on the leading or lag-
ging strand (Supplementary Figure S4). This analysis sug-
gests that this mutation was initiated by a template switch
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on the leading strand, consistent with previous studies in E.
coli (46). One explanation for why these QP events are ele-
vated by mutations affecting Pol & is that this class of mu-
tations requires two template switches, one of which occurs
on the lagging strand.

In general, our findings about the mutant phenotypes as-
sociated with met18 for the URA3 and CANI genes are sup-
ported by the whole-genome analysis of the met/8A strain
(Supplementary Table S8). One interesting difference is that
the proportions of URA3-WT and CANI-WT mutations
that were deletions >5 bp in the metl/8A strains (mean of
0.67) were greater than observed by whole-genome analysis
(0.07; Supplementary Tables S5 and S8). The likely expla-
nation of this difference is simply that the whole-genome
sequencing detects all mutations whereas our analysis of
the URA3 and CANI genes identifies only those mutations
that inactivate the encoded proteins. Lang and Murray (43)
showed that only 10% of single-base mutations inactivated
URA3 or CANI. Since most deletions will be inactivating,
our analysis of URA3 and CANI over-estimates the fraction
of deletion mutations in both wild-type and met18 strains.
The conclusion that the met/8 mutation elevates deletions
with respect to the wild-type strain, however, is not affected
by this consideration.

In our strains (based on the data of McGuffee et al. (62)),
for both URA3 and CANI, transcription and replication
fork movement are co-directional. We examined this issue
for deletions > 5 bp in the whole-genome analysis. Of the
12 deletions that were within genes, in 10 of these genes, we
could determine the origin that likely was responsible for
its replication (62). In 5 of the 10 genes, transcription and
fork movement were in opposite directions and in five of the
genes, transcription and fork movement were in the same
direction. Although this dataset is small, we conclude that
deletion formation does not occur with a strong preference
for genes in which there is a collision between the replication
fork and the transcription machinery.

Possible mechanism for the high rate of deletions in met18
strains

One model consistent with our observations is that the
strong mutagenesis by met/8 on high-GC templates is a
consequence of a diminished interaction between PCNA
and Pol 8 in the metl8 strain. This hypothesis is based on
several observations. First, PCNA increases the processiv-
ity of Pol & (63), and certain mutations in POL30 (encod-
ing yeast PCNA) elevate the frequency of deletions flanked
by short direct repeats (64,65). Second, it is possible that
PCNA interacts with Pol 8§ through multiple binding sites.
Acharya et al. (66) concluded that elimination of putative
PCNA-interacting protein (PIP) motifs on Pol3p, Pol32p,
and Pol31 reduced processive in vitro replication, and PIP
mutations in Pol32p substantially reduced interactions with
PCNA in overlay blots (67). However, structural studies
suggest that the Pol31p is unlikely to contact PCNA, al-
though an interaction between Pol32p and PCNA is not
excluded by such studies (68,69). One model is that replica-
tion by Pol 8 is initiated in metI8 strains by Pol3p, Pol32p,
and Pol31p but, in the absence of the Fe—S cluster in Pol3p,
this complex frequently breaks down, resulting in loss of

the Pol31p and Pol32p subunits at the replication fork, re-
duced interaction with PCNA, and elevated levels of non-
processive synthesis.

Although this model explains most of the observed re-
sults, it does not explain why the Fe-S cluster is required
for stabilizing the Pol3p—Pol32p—Pol31p complex. Further,
the temperature-dependence of the mutagenic effect of the
pol32 mutation is not explained. It is possible that Pol &
is intrinsically more processive at 30°C than 23°C or that
PCNA-Pol31p-Pol3p interactions occur more efficiently at
the higher temperature. Lastly, we cannot exclude the pos-
sibility that loss of the Fe—S cluster from Pol3p also reduces
the processivity of Pol 8 by a mechanism related to its redox
role (21).
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