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Defects in DNA polymerases § (Pold) and ¢ (Polg) cause hereditary
colorectal cancer and have been implicated in the etiology of some
sporadic colorectal and endometrial tumors. We previously re-
ported that the yeast pol3-R696W allele mimicking a human
cancer-associated variant, POLD1-R689W, causes a catastrophic in-
crease in spontaneous mutagenesis. Here, we describe the mech-
anism of this extraordinary mutator effect. We found that the
mutation rate increased synergistically when the R696W mutation
was combined with defects in Pold proofreading or mismatch re-
pair, indicating that pathways correcting DNA replication errors
are not compromised in po/3-R696W mutants. DNA synthesis by
purified Pol§5-R696W was error-prone, but not to the extent that
could account for the unprecedented mutator phenotype of pol3-
R696W strains. In a search for cellular factors that augment the
mutagenic potential of Pol5-R696W, we discovered that pol3-
R696W causes S-phase checkpoint-dependent elevation of dNTP
pools. Abrogating this elevation by strategic mutations in dNTP
metabolism genes eliminated the mutator effect of pol3-R696W,
whereas restoration of high intracellular dNTP levels restored the
mutator phenotype. Further, the use of dNTP concentrations pres-
ent in pol3-R696W cells for in vitro DNA synthesis greatly decreased
the fidelity of Pol§-R696W and produced a mutation spectrum strik-
ingly similar to the spectrum observed in vivo. The results support
a model in which (i) faulty synthesis by Pol5-R696W leads to a check-
point-dependent increase in dNTP levels and (i) this increase medi-
ates the hypermutator effect of Pol5-R696W by facilitating the
extension of mismatched primer termini it creates and by promoting
further errors that continue to fuel the mutagenic pathway.

DNA polymerase & | colon cancer | dNTP pools | mutagenesis | DNA
replication fidelity

hen functioning properly, DNA replication is phenome-

nally accurate, making ~107'" mutations per base pair
during each replication cycle (1). In respect to human biology, it
means that, on average, less than one mutation occurs each time
the human genome is replicated. This amazing exactitude is
contingent upon the serial action of DNA polymerase selectivity,
exonucleolytic proofreading, and DNA mismatch repair (MMR).
MMR defects increase spontaneous mutagenesis in numerous
model systems (2) and give rise to cancer in mice (3). In humans,
inherited mutations in MMR genes predispose to colorectal
cancer (CRC) in Lynch syndrome (4, 5). Additionally, MMR
genes are inactivated via hypermethylation in ~15% of sporadic
CRC, endometrial cancer (EC), and gastric cancer (6).

Like defects in MMR, mutations that decrease the base se-
lectivity or proofreading activity of replicative DNA polymerases
elevate spontaneous mutagenesis in eukaryotic cells (7-14) and
cancer incidence in mice (15-18). Germline mutations affecting
the exonuclease domains of DNA polymerases & (Pol8) and ¢
(Pole) cause hereditary CRC (19), and somatic changes in the
exonuclease domain of Pole were found in sporadic hyper-
mutated CRC and EC (20-23). Two of these exonuclease do-
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main mutations were modeled in yeast and found to increase
mutation rate, supporting their role in the development of
hypermutated tumors (19, 24). Because of these discoveries,
recent publications emphasized proofreading deficiency as the
initiating cause of some human tumors (25-28). The potential
role of base selectivity defects in human cancers received much
less attention. At the same time, evidence is accumulating that
base selectivity defects do occur in tumors and can have dramatic
consequences for genome stability. Modeling in yeast of the Pole
exonuclease domain mutation most prevalent in CRC and EC
produced an increase in the mutation rate far exceeding the in-
crease expected from loss of proofreading, suggesting additional
fidelity defects (24). Several studies of colon cancer cell lines and
primary tumors reported amino acid changes in Pold and Pole
outside of the exonuclease domain, including some in the con-
served DNA polymerase motifs (20, 23, 29). We have previously
shown that the yeast analog of one such variant, Pol5-R696W, is
an extremely mutagenic DNA polymerase that, notably, retains
full exonuclease activity (30). Expression of the pol3-R696W allele
was estimated to result in a more than 10,000-fold increase in the
mutation rate, which is incompatible with life in both haploid and
diploid cells and represents the strongest mutator effect described
to date in eukaryotic cells. The corresponding human mutation,
POLDI-R689W, was found in two colon cancer cell lines, DLD-1
(29) and HCT15 (31), which were independently derived from the
same primary tumor (32), indicating that the R689W change exis-
ted in the tumor before the establishment of these cell lines.

Significance

Mutations affecting replicative DNA polymerases & (Pol5) and ¢
(Polg) are linked to sporadic and hereditary colorectal cancer and
sporadic endometrial cancer in humans. How these mutations
promote the genome instability and tumorigenesis is unclear.
Here, we deciphered the mechanism of mutagenesis caused by
the colon cancer-associated variant Pol3-R696W in a yeast model.
It is a previously unappreciated pathway in which erroneous DNA
synthesis by Pol3-R696W induces checkpoint-dependent expan-
sion of dNTP pools. The increase in dNTP levels, in turn, causes
further dramatic reduction in the fidelity of Pol3-R696W, resulting
in more errors and continuous activation of the signaling cascade
that keeps the dNTP pools expanded, thus forming a “vicious
circle.” This phenomenon may provide insight into the processes
shaping the genomes of hypermutated human cancers.
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To understand how a single amino acid change in Pold could
cause such a phenomenal increase in mutagenesis, we first set
out to characterize the fidelity of purified Pol5-R696W during in
vitro DNA synthesis. Surprisingly, Pol3-R696W was not dra-
matically less accurate than previously studied Pold variants that
are only moderately mutagenic in vivo. We found, however, that
yeast cells producing Pol5-R696W undergo S-phase checkpoint-
dependent expansion of ANTP pools. Simulating this dNTP in-
crease in vitro reduced the fidelity of Pol5-R696W to a level that
explains its extraordinary mutator effect in vivo. We present
evidence that the mutagenesis in po/3-R696W strains results from
a combination of a Pold nucleotide selectivity defect with acti-
vation of the signaling pathway that elevates dNTP pools and
further increases the rate of Pold errors. This vicious circle
represents a new mechanism through which DNA polymerase
alterations can promote the genome instability and which should
be taken into consideration when trying to understand the de-
velopment of hypermutated human cancers.

Results

Effect of pol3-R696WW on the Mutation Rate in Diploid Yeast. We first
set out to quantify the mutator effect of the pol3-R696W allele in
diploid cells accurately. Prior studies indicated that measure-
ments in haploid yeast strains grossly underestimate the muta-
genic potential of the pol3-R696W, because the majority of
mutants also acquire mutations in essential genes and escape
detection (30). Accurate evaluation of the mutator effect in
diploids, however, was hampered by the fact that the commonly
used forward mutation assays involve selection for recessive
mutations. These mutations are not detectable in diploids unless
the second allele of the reporter gene is also inactivated. To
overcome this limitation, we developed an assay to measure the
rate of forward mutation at a single-copy CANI gene in diploid
yeast (Fig. 14). The CANI reporter scores a variety of base
substitutions, frameshifts, deletions, and complex events that
inactivate the gene as canavanine-resistant (Can ) mutants. In
our assay, one CANI locus has the LEU2 gene from Kluyveromyces
lactis inserted immediately downstream of the CANI ORF and
the second CANI locus is deleted. In nonselective conditions,
diploids with a single copy of the CANI::LEU2 cassette accumulate
Can® clones predominantly due to homologous recombination
between the CANI and the centromere, resulting in loss of the
entire locus. Maintenance of cells on media lacking Leu selects
against the recombination events and allows us to detect muta-
tions within the CANT gene. A similar diploid mutagenesis assay
has been independently developed and recently published by Herr
et al. (33). Using this assay, we found that the rate of Can®
mutation in w11d -type diploids, 2.3 x 1077, was not different from
the rate of Can® mutation in haploid wild- -type yeast (24) (Tables
S1 and S2). The pol3-R696W/pol3-R696W diploids, which expressed
a small amount of the wild-type POL3 to suppress the lethality
conferred by the pol3-R696W mutation, showed a 750-fold in-
crease in the Can® mutation rate compared with the wild-type

B

strains (Fig. 1B). This analysis confirms that the pol3-R696W is the
strongest mutator DNA polymerase variant known in eukaryotes
and provides an accurate estimate of its mutator effect.

The single-copy CANI assay also allowed us to determine the
effect of heterozygosity for the pol3-R696W allele on the mutation
rate. Sequencing of the DLD-1 and HCT15 cell lines indicated
that the tumor from which they were derived was heterozygous for
the POLDI-R689W (29, 31). Further, no evidence of loss of het-
erozygosity was reported for any other POLDI or POLE mutation
found in sporadic human tumors (discussed in ref. 25). To un-
derstand the potential contribution of these polymerase variants to
tumor development, it is important to determine if the heterozy-
gosity is sufficient to elevate the mutation rate. In the single-copy
CANI assay, the Can® mutation rate was elevated 10-fold in
POL3/pol3-R696W heterozygotes (Fig. 1B), consistent with the
proposed pathogenic role of the analogous human mutation. As
observed previously (30), the mutator effect was highly sensitive to
the relative amount of the normal and mutant polymerases: the
addition of pPOL3 plasmid expressing the wild-type POL3 sig-
nificantly reduced the mutation rate (Fig. 1B).

Errors Made by Pol5-R696W Are Corrected by Exonucleolytic Proofreading
and MMR. The base selectivity of replicative DNA polymerases,
proofreading, and MMR act in series to avoid replication errors
and reduce the likelihood of mutation (34). Defects in any of these
individual steps elevate the mutation rate but have not been
previously reported to cause inviability. However, error-induced
extinction could readily be achieved if two of the replication fidelity
mechanisms are simultaneously inactivated (33-37). Therefore,
we asked whether the pol3-R696W cells were incapable of cor-
recting Pol3-R696W errors by the proofreading activity of Pold
and/or MMR. We reasoned that if the correction mechanisms are
functional in the pol3-R696W mutants, combining the R696W
substitution with a mutation inactivating the exonuclease activity
of Pold or MMR would result in a synergistic increase in the mu-
tation rate. In contrast, if the single pol3-R696W mutants were de-
ficient in proofreading or MMR, no further increase in mutagenesis
would occur when additional mutations inactivating the Pold
exonuclease or MMR are introduced. It is also formally possible
that the mutator effect of pol3-R696W results from mismatches
not susceptible to MMR, such as mismatches generated out-
side of the replication fork. In this case, an additive interaction of
the mutator effects of pol3-R696W and MMR deficiency would
be expected.

We first combined pol3-R696W with a deletion of the MSH6
gene in haploid yeast. The msh6 mutation disrupts the MutSa-
dependent branch of MMR that is responsible for the repair of
base/base mismatches (38). Consistent with previously reported
results (30, 39)ksingle pol3-R696W and msh6A mutations in-
creased the Can™ mutation rate 23-fold and 13-fold, respectively.
Combining msh6A and pol3-R696W led to a synergistic (580-fold)
increase in the Can® mutation rate (Fig. 24). The same synergistic
interaction was observed when heterozygosity for the pol3-R696W

CanR mutation Fold
Chromosome V
Genotype pPPOL3 rate (x 1077) change
= POL3/POL3 - 2.3(2.0-3.0) 1
loxP '—
POL3/pol3-R696 W - 22 (17-26) 10
CAN1 | LEUZ POL3/POL3 + 2.8(1.9-3.2) 1
POL3/pol3-R696 W + 10 (7.0-13) 4

pol3-R696W/pol3-R696W  +

2100 (1500-2500) 750

Fig. 1. Mutator effects of the po/3-R696WV allele in diploid yeast strains. (A) Structure of chromosome V in diploid strains used in the measurement of Can®
mutation rate. The filled circles (@) designate centromeres. The strains have a deletion of the CAN7T ORF and 100 bp of flanking DNA in one copy of chro-
mosome V and an insertion of K. lactis LEU2 immediately downstream of CANT in the homologous chromosome. Propagation of can1A/CAN1::LEU2 strains on
media lacking Leu selects against cells that lose CANT via mitotic recombination and allows for selection of cells with intragenic CANT mutations. (B) Rate of Can®
mutation in diploids with the chromosome V configuration shown in A. Full genotypes of yeast strains are described in Table S4. Mutation rates are medians for at
least 18 cultures, with the 95% confidence limits shown in parentheses. The fold change in the mutation rate is relative to the wild-type diploid strain in each section.
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was combined with MSH6 deficiency in diploid strains (200-fold
increase in mutagenesis in the double mutant vs. 9.6-fold and
18-fold increases in the POL3/pol3-R696W and msh6A/msh6A
diploids, respectively; Fig. 2B). These results indicate that (i) MMR
is not impaired by the pol3-R696W mutation and (i) mispairs
created by Pol§-R696W are subject to correction by MMR, and
therefore represent DNA replication errors. Importantly, the hu-
man R689W Pold variant was found as a heterozygous mutation in
cell lines lacking functional MSH6 (31, 40). The synergy we ob-
served between heterozygosity for pol3-R696W and the loss of
MSH6 in diploids suggests that the two defects likely synergized in
a similar manner to promote genome instability in the human
tumor. Indeed, the HCT15 cell line is highly hypermutated, with
the number of genetic changes far exceeding the mutation load
of MMR-deficient cancer cell lines without DNA polymerase
mutations (31).

Next, we tested a possibility that the extreme mutator effect of
pol3-R696W results from defects in both base selectivity and
proofreading conferred by this single mutation. It has been
shown that a combination of two Pold mutations, one affecting
selectivity and another affecting proofreading, could produce
high levels of mutagenesis incompatible with survival (33). It was
also suggested, based on crystallographic studies of yeast Pold,
that the R696W change may affect proofreading (41). We pre-
viously observed that Pol5-R696W and wild-type Pold have
comparable 3’'—5’ exonuclease activity in vitro (30), but the
ability of Pol5-R696W to proofread its errors in vivo has never
been tested. To address this issue, we created a double-mutant
version of Pold that combined the R696W change with the SDV
mutation eliminating the exonuclease activity (12). The mutator
effect of the pol3-5DV,R696W allele was compared with the
mutator effects of single pol3-R696W and pol3-5DV mutations
when the variants were expressed from plasmid pPOL3.GST in
wild-type strains. Under these conditions, pol3-R696W and pol3-
5DV expression elevated the Can® mutation rate 79-fold and 5.2-
fold, respectively. Expression of the pol3-5DV,R696W allele
resulted in a synergistic (410-fold) increase in mutagenesis (Fig.
2C). This finding demonstrated that the vast majority of mispairs
created by Pol3-R696W in vivo are corrected by the intrinsic
proofreading activity of Pol5-R696W.

Spectrum of Mutations Generated by Pol5-R696W in Vivo Is Dominated
by GC—AT Transitions. To understand the mutational specificity of
Pol5-R696W—driven DNA synthesis in vivo, we sequenced the
CANI gene from 189 independent Can® mutants of msh6A pol3-
R696W haploid strains containing pPOL3. Because the majority of
Pol3-R696W errors are corrected by MMR, mutation spectrum
analysis in the msh6A background allowed us to eliminate potential
bias resulting from more efficient repair of certain mismatches. In
addition, because the human POLDI-R689W mutation was found
in an MSH6-deficient tumor, the yeast msh6A pol3-R696W strains
provide a model to understand the mutational processes acting in
tumors. Of the 189 Can® mutants analyzed, 188 contained base
pair substitutions and one contained a frameshift mutation in the
CANI gene (Table 1). Fourteen of the 189 mutants had two dif-
ferent base pair substitutions in CANI separated by distances from
4 to 1,345 nt, further indicating that the msh6A pol3-R696W
strains experience extraordinary levels of mutagenesis. The vast
majority of mutations (73%) were GC—AT transitions (Table 1).
As a percentage of total mutations, GC—AT transitions were
twofold to threefold more common in the msh6A pol3-R696W
than in the previously published mutational spectra of wild-type
and msh6A yeast strains (35, 39, 42). The vast majority of the
139 GC—AT transitions appear as G—A changes in the nontran-
scribed strand, and most occur in ~20 hotspots spread throughout
the CANI ORF (Fig. S1).

Hypermutator Effect of po/3-R696W Is Mediated by a Dun1-Dependent
Elevation of dNTP Pools. Because the Pold proofreading and MMR
are both functional in the pol3-R696W cells, we deduced that the
strong mutator effect of the R696W substitution likely results from
severely reduced nucleotide selectivity of the enzyme. Using
primer extension assays with oligonucleotide templates, we have
previously shown (30) that Pol8-R696W does indeed have a pro-
found ability to misinsert nucleotides, at least in one particular
DNA sequence context used in that study. To understand better
the extent to which the nucleotide selectivity of Pold is impaired by
the R696W substitution, we set out to characterize the fidelity of
DNA synthesis by Pol5-R696W in vitro using the M13mp2 lacZ
forward mutation assay (43). The assay involves filling a 407-nt
single-stranded gap in a double-stranded M13mp2 DNA
molecule by Pol3-R696W in vitro and detection of nucleotide
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Fig. 2.

Mistakes made by Pol3-R696W are corrected by MMR and the proofreading function of Pol&-R696W in vivo. (A) Combining the po/3-R696W allele

with a defect in MMR leads to a synergistic increase in mutagenesis in haploid yeast. The mutation rates were determined for haploid strains carrying
chromosomal pol3-R696W and/or msh6A mutations and plasmid pPOL3. (B) Combining the po/3-R696W mutation with a defect in MMR leads to a synergistic
increase in mutagenesis in diploid yeast. The mutation rates were measured in diploid strains with a single copy of CANT (Fig. 1A) and no pPOL3.
(C) Combining the R696W with an amino acid substitution in the exonuclease domain of Pols (the po/3-5DV mutation) leads to a synergistic increase in
mutagenesis in haploid yeast. The mutation rates were determined in wild-type haploids expressing wild-type or mutant POL3 variants from plasmid pPOL3-
GST. The fold change in the mutation rate relative to the wild-type strain is displayed above the bars. Mutation rates are medians for at least 18 cultures. Error
bars denote the 95% confidence intervals. All data are from Tables S1 and S2. Strain genotypes are described in Table S4.
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Table 1.

Mutation

No. of detectable mutations

Spontaneous can? mutations in msh6A pol3-R696W yeast strains

Mutation rate (x10~7)* Percentage of total

Base substitutions

GCto AT 139
GCto TA 24
GCto CG 1
AT to GC 14
AT to CG 4
AT to TA 7
—1 frameshift 1
Total 190

1,100 73
190 12
8.0 0.5
110 8
32 2
56 4
8.0 0.5
1,500 100

The data are based on DNA sequence analysis of 189 independent Can® mutants of msh6A pol3-R696W strains
containing pPOL3. Fourteen mutants contained two different point mutations in the CANT gene. For these
mutants, only mutations previously reported to produce a detectable Can® phenotype are shown; the others
were identified as likely hitchhiker mutations and were excluded from the mutation rate calculation. The
location of mutations in the CANT sequence is shown in Fig. S1.

*The rate for each type of mutation was calculated as follows: MR; = (M/My) X MR, where M; is the number of
mutations of the particular type, My is the total number of mutations, and MR is the rate of Can® mutation in
msh6A pol3-R696W strains containing pPOL3 as determined by fluctuation analysis (1,500 x 10~7; Table S1).

changes introduced during copying of the lacZ sequence by
genetic selection in Escherichia coli. The assay can detect all
types of base substitutions in a variety of DNA sequence
contexts, as well as frameshift mutations, large deletions, and
more complex changes. Surprisingly, at protein and nucleotide
concentrations typically used in this assay, synthesis by Pols-
R696W did not show a higher error rate than what was previously
observed for Pol§-5DV, a much weaker mutator in vivo (44) (Table
2). To explain this unexpected result, we hypothesized that there
must be factor(s) in vivo that contribute to mutagenesis in pol3-
RO696W strains and that are not present in DNA synthesis reactions
with purified proteins. For example, increased incorporation of
noncanonical nucleotides by Pols-R696W might contribute to the
high levels of mutagenesis observed in vivo. We tested the ability of
Pold-R696W to incorporate several nucleotide analogs in primer
extension assays. These analogs included 8-oxo-dGTP and
6-Me-dGTP, which are common mutagenic products of oxidation
and methylation damage, respectively; natural contaminants of
intracellular ANTP pools 2’-deoxyinosine 5’-triphosphate (dITP)
and 2’-deoxyxanthosine 5'-triphosphate; and model mutagenic
nucleotide analogs 2’-deoxy-6-hydroxylaminopurine 5'-triphosphate
and 2’-deoxy-2-amino-6-hydroxylaminopurine 5'-triphosphate
(dAHAPTP). Although Pol3-R696W was slightly more efficient
at incorporating dAHAPTP and dITP than wild-type Pold, no
major differences between the two enzymes were found (Fig. S3).

We also used a candidate approach to determine what pro-
teins and pathways might be required for mutagenesis caused by
pol3-R696W. We transformed selected yeast mutants defective in
DNA repair or cell cycle checkpoint pathways with plasmid
pPOL3.GST-R696W and performed a semiquantitative assess-
ment of mutation rates by patch tests as described by Daee et al.
(30). In this candidate screen, we found that inactivation of the
checkpoint kinase Dunl largely suppressed mutagenesis caused
by pol3-R696W expression. Quantitative analysis of the mutation
rate showed that the mutator effect of pPOL3.GST-R696W was
reduced from 79-fold to only 2.5-fold in dunlA strains (Table
S1). To verify the suppressive effect of DUNI deletion, we
measured the rate of Can® mutation in DUNI* and dunlA
strains expressing pol3-R696W from the natural chromosomal
POL3 locus. Similar to the results obtained with ectopic pol3-
R696W expression, the mutator effect of pol3-R696W was com-
pletely eliminated in the dunlA strain (Fig. 34). In contras%i
deletion of DUNI led to a minor 1.5-fold increase in the Can
mutation rate in the wild-type strain, indicating that the sup-
pressive effect was specific to the Pold mutator.

The Dunl kinase is activated upon DNA damage or replication
stress as part of a signaling cascade that includes Mecl and Rad53
(45), the homologs of human ATR and Chkl, respectively. During

E2470 | www.pnas.org/cgi/doi/10.1073/pnas.1422934112

the damage response, activated Dunl increases ribonucleotide re-
ductase (RNR) activity (46), which results in an elevation of ANTP
levels (47). This ANTP pool increase is important for survival and
mutagenesis after exposure to DNA damaging agents (47, 48).
Dunl has also been reported to promote expansion of dNTP pools
in response to mutations that impair DNA replication (49). Con-
sidering these findings and the suppression of mutagenesis in pol3-
R696W strains by the DUNI deletion, we hypothesized that the
mutator effect of pol3-R696W requires a Dunl-dependent increase
in dNTP pools. To test this hypothesis, we first determined if AINTP
pools are elevated in the pol3-R696W strains in a Dunl-dependent
manner. Indeed, we found that the dNTP levels measured in log-
arithmically growing haploid pol3-R696W mutants were ~3.8-fold
higher compared with wild-type strains, with the increases ranging
from 3.3- to 4.5-fold for individual dNTPs (Fig. 3B). In contrast, the
dNTP levels in dunl A pol3-R696W haploids were indistinguishable
from the dNTP levels in the wild-type strains (Fig. 3B).

Regulation of RNR activity by Dunl occurs by at least three
separate mechanisms (50-52). One of these mechanisms involves
Sml1, a small protein that binds to and inhibits RNR (50). Upon
DNA damage, activated Dunl phosphorylates Smll, triggering
its degradation (53). Consistent with a Dunl-dependent ele-
vation of ANTP pools, we found that the level of Smll was de-
creased in pol3-R696W strains, albeit to a smaller extent than
in cells arrested by exposure to the DNA-damaging agent methyl
methanesulfonate (Fig. S44). There was, however, no detectable
Rad53 phosphorylation in pol3-R696W strains (Fig. S4B). It is likely
that only a very small amount of Rad53 and/or a few of the many
sites within Rad53 (54) are phosphorylated, consistent with the
absence of growth arrest in these strains and a moderate elevation
of the dNTP pools. In comparison, the full activation of the
checkpoint by DNA damaging agents leads to a sixfold to eightfold
increase in dNTP levels (47). Other studies similarly reported that
Rad53 phosphorylation is often not detectable in cells with chronic
or low checkpoint activation even though effects of downstream
signaling are apparent (49, 55, 56). Due to the signal amplification
by the kinase cascade, the levels of the downstream targets, such as
Smll or the RNR subunits (46, 57), are much more sensitive indi-
cators of the checkpoint activation.

Next, because both dNTP pools and mutagenesis are elevated
in pol3-R696W strains in a Dunl-dependent manner, we in-
vestigated whether mutagenesis in pol3-R696W strains was, in
fact, modulated by dNTP levels. Although dunlA mutants are
not able to expand dNTP pools in response to the pol3-R696W
mutation (Fig. 3B), the dNTP levels can be increased in duniA
strains by deleting the SMLI gene (58). RNR activity is also
modulated by Crtl, a transcriptional repressor that binds to and
inhibits transcription from RNR2, RNR3, and RNR4 promoters
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Table 2. Fidelity of in vitro DNA synthesis by wild-type Pol5 and Pol5-R696W
WT Pold Pol8-R696W WT Pold Pol8-R696W
(100 pM dNTPs) (100 pM dNTPs) (S-phase dNTPs) (S-phase dNTPs)
No. ER (x107°) No. ER (x107°) No. ER (x107°) No. ER (x107°)
Base substitutions (mispair) 32 1.4 77 5.1 34 1.3 118 15
Transitions 25 1.5 39 3.5 22 1.2 79 13
A—G (A-dCTP) 0 <0.24 3 1.1 1 0.21 1 0.67
G—A (G-dTTP) 3 0.92 4 1.8 9 2.5 45 39
C—T (C-dATP) 18 4.0 20 6.8 8 1.6 15 9.4
T—C (T-dGTP) 4 0.82 12 3.7 4 0.73 18 10
Transversions 7 0.26 38 2.2 12 0.40 39 4.1
A—C (A-dGTP) 0 <0.34 2 1.0 2 0.60 1 0.94
A-T (A-dATP 3 0.67 12 4.1 2 0.40 6 3.8
C—A (C-dTTP) 0 <0.29 4 1.8 0 <0.26 9 7.4
C—G (C-dCTP) 0 <0.45 0 <0.68 0 <0.40 0 <1.3
G—C (G-dGTP) 3 0.84 4 1.7 5 1.2 5 3.9
G-T (G-dATP) 1 0.27 10 4.1 3 0.72 13 10
T—A (T-dTTP) 0 <0.40 3 1.8 0 <0.35 3 33
T—G (T-dCTP) 0 <0.27 3 1.2 0 <0.24 2 1.5
Frameshifts 15 0.50 41 2.1 8 0.24 38 3.5
Minus 1 15 0.50 40 2.0 6 0.18 38 3.5
Plus 1 0 <0.03 0 <0.05 2 0.06 0 <0.09
Large deletions 1 0 1 3
Total 48 118 43 159
lacZ mutant frequency 0.0019 0.0071 0.0015 0.017

The S-phase dNTP concentrations used for wild-type Pold and Pol5-R696W are the same as calculated for wild-type and po/3-R696W + pPOL3 yeast strains
(Table 3). All lacZ mutants recovered from reactions with wild-type Pol$ contained single mutations. Sixteen percent of mutants obtained from reactions with
Pol3-R696W contained more than one mutation. Only phenotypically detectable mutations are listed. Error rates (ERs) for individual mutation types were calculated
as described in Materials and Methods. Silent mutations were excluded from the error rate calculation. The location of mutations in the /acZ sequence is shown in Fig.
S2, along with the description of large deletions and other rare mutations. The background mutation frequency for unfilled M13mp2 gapped substrate was 0.0016.

(52). Deletion of CRT]I further increases dNTP pools in smliA
strains (58). We found that deletion of SMLI in dunlA pol3-
R696W mutants restored dNTP pools to the levels observed in
pol3-R696W strains (Fig. 3B) and, concomitantly, brought back
the mutator phenotype (Fig. 34). In quadruple crtIA dunlA
smllA pol3-R696W mutants, both the dNTP pools and the mu-
tation rate were further increased and exceeded the levels ob-
served in single pol3-R696W mutants (Fig. 3). These observations
provide strong support for the idea that the mutator effect of
pol3-R696W depends on dNTP pool elevation. Furthermore,
although dNTP levels in crt/A dunlA smllA strains with wild-
type POL3 and in single pol3-R696W mutants were similar (Fig.
3B), the mutation rate was increased only 2.8-fold in crt/A
dunlA smllA strains (Fig. 34). Thus, synthesis by Pold-R696W
at the high dNTP concentrations is responsible for the dramatic
increase in mutagenesis in pol3-R696W strains, and not the high
dNTP levels per se. This finding is consistent with earlier ob-
servations that in contrast to the strong mutagenic effect of ANTP
pool imbalances (59), proportional elevation of all four dNTPs
only mildly affects spontaneous mutagenesis in yeast (47).

Fidelity and Error Specificity of Pol5-R696W in Vitro. The experi-
ments described in the previous section provided convincing
evidence that the strong mutator effect of pol3-R696W requires
elevated intracellular ANTP levels. Next, we sought to determine
if the low fidelity and error specificity of Pol5-R696W could be
recapitulated in vitro by adjusting dNTP concentrations to match
the dNTP levels present during DNA replication in pol3-R696W
cells. For comparison, we also estimated the fidelity of the wild-
type Pold at the dNTP concentrations present in wild-type yeast.
The S-phase dNTP concentrations were calculated using mea-
surements of dNTP levels in wild-type and pol3-R696W haploids
containing pPOL3, as described in Table 3. Similar to other
studies (8, 44), the frequency of mutations resulting from syn-
thesis by wild-type Pold was not significantly different from the
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background mutation frequency for unfilled M13mp2 gapped
substrate, regardless of whether the S-phase or standard 100 pM
dNTP concentration was used (Table 2). In contrast, DNA
synthesis by Pol3-R696W was highly error-prone. The fold in-
crease in the lacZ mutation frequency over the wild-type Pold
reactions grew from 3.7-fold to 11-fold when dNTP concen-
trations were changed from 100 pM to the concentrations esti-
mated to be present in the corresponding yeast strains (Fig. 44
and Table 2). Rates of base substitution and frameshift errors at
the S-phase dNTP concentrations were at least 12-fold and 15-
fold higher for Pol3-R696W compared with the wild-type Pold
(Fig. 4B and Table 2). These numbers likely underestimate the
difference in the fidelity of the two enzymes, because the error
rate for the wild-type Pold could be well below the background
level of mutation in the lacZ M13mp2 assay. The R696W sub-
stitution increased the Pold error rate for every type of base
substitution with the possible exception of C to G, which was not
present in either mutation spectrum (Table 2). As observed for
other replicative polymerase variants, Pol5-R696W generated
base substitutions far more frequently than frameshifts, in agree-
ment with the predominance of base substitutions in the in vivo
mutation spectrum of msh6A pol3-R696W strains (Table 1).
Remarkably, in addition to increasing the overall error rate of
Pol5-R696W, the use of physiologically relevant dNTP concen-
trations dramatically affected the spectrum of Pold-R696W errors
and made it resemble the in vivo mutation spectrum of msh6A
pol3-R696W strains very closely (Fig. 4D, Top and Middle). In
contrast, the error specificity of Pol5-R696W derived from reac-
tions with equimolar (100 pM) dNTPs bears much less similarity to
the in vivo spectrum (Fig. 4D, Top and Bottom). A particularly
striking effect of ANTP concentrations was observed for the two
reciprocal mispairs G-dTTP and C-dATP, which lead to GC—-AT
transitions (Fig. 4C and Table 2). These transitions constitute the
majority of mutations in the msh6A pol3-R696W strains (73%). At
100 pM dNTPs, neither of the two mispairs was generated by
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Fig. 3. Elevated spontaneous mutagenesis in yeast strains expressing po/3-
R696W requires a DUN1-dependent increase in dNTP levels. (A) Mutations in
the RNR regulation pathway modulate the mutator effect of po/3-R696WV.
Mutation rates are medians for at least 18 cultures. The fold change in the
mutation rate relative to the wild-type strain is displayed above the bars.
Error bars denote the 95% confidence intervals. The data are from Table S1.
(B) Intracellular dNTP levels in strains assayed in A. The dNTP concentrations
were measured in asynchronous logarithmic phase cultures, as described in
Materials and Methods. The values are the mean and SE of three measure-
ments, each performed with an independently created isolate. All strains
assayed in A and B are haploids containing pPOL3.

Pol3-R696W at a significantly higher rate than the rate observed
with the wild-type Pold. The use of S-phase dNTPs increased the
rate of G-dTTP mispair 22-fold, making it by far the most fre-
quent error in the Pold-R696W spectrum, consistent with the in
vivo mutational specificity of pol3-R696W. In contrast, the rate of
C-dATP errors changed only slightly when 100 puM dNTPs were
replaced with S-phase dNTPs, although Pol5-R696W still gen-
erated this mispair sixfold more frequently than the wild-type
Pold at its respective S-phase dNTP concentrations. The greatly
higher rate of G-dTTP mispairs suggested that incorrect T in-
corporation opposite G is the main source of Pol§-R696W-in-
duced mutations in vivo. We also attempted to increase dNTP
levels in the gap-filling reactions threefold over the S-phase
concentrations shown in Table 3 while preserving the correct
ratio of individual dNTPs. Although this change further in-
creased both the rate of Pol5-R696W errors and the proportion
of lacZ clones with multiple mutations (Table S3), the similarity
to the in vivo mshO6A pol3-R696W spectrum became less pro-
nounced. The deviations from the in vivo spectrum included
a decreased proportion of GC—AT transitions and a high pro-
portion of AT—-TA transversions. Thus, adequate dNTP levels
were critical for recapitulating the properties of the mutator Pold
variant in vitro, and the concentrations shown in Table 3 must
mimic the in vivo dNTP levels rather closely.

Therefore, the base substitution error rate of 1.5 x 10™* de-
rived from Pol3-R696W reactions with S-phase dNTP concen-
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trations provides a good estimate of Pold fidelity in pol3-R696W
mutant cells. We used this value to examine whether the Pols-
R696W error rate is sufficient to explain the lethal levels of
mutagenesis observed in pol3-R696W strains. Data presented in
Fig. 2B imply that MMR corrects ~95% of Pol5-R696W errors,
bringing the accuracy of DNA synthesis in pol3-R696W cells to
7.5 x 107° errors per nucleotide. When multiplied by the average
size of the yeast ORF (1,385 nucleotides) and by the estimated
average fraction of mutations (0.3) that produce a detectable
phenotype (60), this number translates into 3.1 x 10~ pheno-
typically detectable mutations per gene in each replication cycle.
With ~1,200 yeast genes being essential for growth under stan-
dard laboratory conditions, pol3-R696W haploids are expected to
accumulate 3.7 lethal mutations per cell division. Diploid cells
can tolerate a 10-fold higher mutational load than haploids (33),
so only every third division of the homozygous pol3-R696W/pol3-
R696W diploid cells would be accompanied by a lethal mutation
according to these calculations. It is reasonable to suggest,
however, that such a high rate of lethal mutations would be in-
compatible with long-term strain survival. The in vitro error rate
of Pol5-R696W at the S-phase dNTP concentrations is thus in
good agreement with the theoretically calculated rate of muta-
tion needed to extinguish a cell population. This finding provides
strong support for the idea that the infidelity of Pol3-R696W
promoted by the expansion of the dNTP pools is the primary
cause of lethality in pol3-R696W mutants.

Discussion

Pol5-R696W Promotes Its Own Infidelity by Expansion of dNTP Pools.
Recent reports implicating POLE and POLDI1 mutations in the
etiology of human cancers (19-24, 31, 61) revived the interest in
the mechanisms through which replicative DNA polymerase
variants elevate genome instability. A widely held belief is that
the hypermutability of tumors with POLE or POLD] alterations
merely results from an increased rate of nucleotide misincorpo-
ration by the mutant polymerases. In dissonance with this simplistic
view, we show here that mutagenesis induced by the cancer-
associated variant Pol§-R696W in yeast occurs by a multifaceted
process. We found that (i) the mutator effect of pol3-R696W
requires checkpoint-dependent elevation of intracellular ANTP
pools, (ii) restoration of the high dNTP levels in checkpoint-
deficient strains is sufficient to restore the mutator effect of pol3-
R696W, (iii) the increase in dNTP levels greatly reduces the
fidelity of DNA synthesis by Pol5-R696W, and (iv) in vitro DNA
synthesis by Pol8-R696W at dNTP concentrations present in pol3-
R696W strains shows an error rate and specificity that fully ex-
plains the mutator properties of pol3-R696W in vivo.

These observations led us to propose the following model (Fig.
5), in which Pol3-R696W increases its own infidelity by expansion
of dNTP pools. We postulate that DNA synthesis by Pol3-R696W
leads to an accumulation of incomplete replication intermediates.
The incomplete replication intermediates could result from (i)
pausing and/or dissociation of Pol3-R696W caused by mismatched
primer termini, which it generates but does not extend efficiently
at low dNTP levels, and (if) suboptimal levels of Pold activity. We
previously reported that the R696W substitution moderately re-
duces the DNA polymerase activity of Pold in primer extension

Table 3. Estimated S-phase dNTP concentrations in the
wild-type and pol3-R696W yeast strains

Genotype dCTP, yM  dTTP, M dATP, uM  dGTP, uM
POL3 + pPOL3 30 80 38 26
pol3-R696W + pPOL3 114 266 171 91

S-phase dNTP concentrations were calculated from experimentally deter-
mined dNTP levels (picomoles per 108 cells) as in the study by Nick McElhinny
et al. (91) using a cell volume estimate of 45 pm3 and assuming that dNTP
levels in the S phase are approximately twice as high as the average levels
measured in asynchronous logarithmically growing cells (47).
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assays (30), adding credence to the second idea. Slow DNA
replication and incomplete replication intermediates, such as
ssDNA gaps, are known triggers of the DNA damage checkpoint
response, leading to sequential Dunl activation, up-regulation of
RNR activity, and elevated dNTP pools. We propose that at
higher dNTP concentrations, Pol5-R696W more readily extends
mismatched primer termini that it creates and is more likely to
make further misinsertions. In addition to the fidelity measurements
shown in Table 3 and Table S3, these last assumptions are sup-
ported by classic biochemical experiments showing that replicative
DNA polymerases poorly extend mismatched primer termini, and
that the efficiency of mismatch extension increases with dNTP
concentrations (62).

Implications for Analysis of DNA Polymerase Signatures. It is well
documented that dNTP pool imbalances affect the rate and
spectrum of spontaneous mutation, presumably by driving pref-
erential incorporation of the nucleotide(s) in excess (59, 63). The
potential effects of proportional increases or decreases in ANTP
levels on DNA polymerase fidelity could also be predicted from
kinetic considerations and have been demonstrated in a few
biochemical studies (64-66). Significant stimulation of muta-
genesis in E. coli by proportional dNTP increases has been
reported (67, 68). Less recognized are the differences in the mu-
tational specificity of DNA polymerases that could result from
using a physiological concentration of each dNTP in the in vitro
reactions as opposed to commonly used equimolar dNTPs. Two
studies used physiological ANTP concentrations to explore the
mechanism of DNA lesion bypass by replicative and TLS poly-
merases (69, 70). The effects of a proper dNTP ratio during
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processive copying of undamaged DNA, however, have never
been investigated. The present work is illuminating in this respect.
The S-phase dNTP concentrations estimated for the pol3-R696W
strains and used for Pol3-R696W synthesis in vitro (114 pM, 266
pM, 171 pM, and 91 uM for dCTP, dTTP, dATP, and dGTP,
respectively) may not seem radically different from standard 100
pM dNTPs. The use of the S-phase dNTP concentrations, how-
ever, dramatically changed both the rate and specificity of Pols-
R696W errors. Moreover, it made the spectrum of Pold-R696W
errors closely resemble the in vivo specificity of the pol3-R696W
mutator (Fig. 4D). Analysis of the error rates for individual mis-
pairs generated at physiological ANTP concentrations allowed us
to determine that G-dTTP, and not C-dATP, mispairs are largely
responsible for GC—AT transitions, which are the majority of
spontaneous mutations in the pol3-R696W strains (Fig. 4C). This
conclusion could not be derived from experiments with 100 pM
dNTPs. In fact, the rate of neither G-dTTP nor C-dATP errors
was significantly elevated in Pol§-R696W reactions with 100 pM
dNTPs, in sharp disagreement with the abundance of GC—AT
transitions in vivo. These results emphasize the importance of
simulating relevant in vivo dNTP concentrations in in vitro studies
of DNA polymerase signatures. These signatures are now used
extensively and will likely be used even more in the future to
understand the mutational processes operating in vivo in normal
and pathological conditions, including cancer-associated hyper-
mutation (71). As evident from the present study, it is imperative
to take into account changes in dNTP levels that are induced by
DNA damage, by the variant DNA polymerases themselves, or
possibly by other factors acting during tumor development.
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Implications for the Etiology of Human Cancers. The POLDI1-R689W
mutation was found in the MSH6-deficient colon cancer cell lines
DLD-1 and HCT15 in the heterozygous state (29, 31). The
10-fold increase in the mutation rate in yeast POL3/pol3-R696W
heterozygotes (Fig. 1B) suggests that the heterozygosity for
POLDI1-R689W could have contributed to the accumulation of
cancer-driving mutations in the human patient irrespective of
MSHG6 status. Moreover, a combination of POLDI-R689W with
the biallelic MSH6 defect in the human tumor likely resulted in
a synergistic increase in the rate of mutation accumulation, as we
observed for the yeast POL3/pol3-R696W msh6A/msh6A diploids
(Fig. 2B). Although the high conservation of Arg 689 and the
strong mutator effect of the Trp substitution suggest that R6§9W
is the pathogenic change, DLD-1 and HCT15 contain additional
mutations in the POLDI gene (29, 31). Two of these additional
mutations are shared by the two cell lines, and therefore must
have been present in the original tumor. Similarly, hypermutated
sporadic tumors with functionally important POLE mutations
often contain additional changes in POLE (20, 72). Although it is
unclear from the published data if these mutations affect the
same allele, it is possible that the additional changes were se-
lected for during tumor evolution as suppressors of the strong
mutator effect of R689W (or, in the case of POLE tumors, of the
respective mutator POLE variant). A strong mutator phenotype
could be disadvantageous for the tumor in the long term, and
studies in yeast have shown that strains with mutator Pols and
Pole variants often accumulate secondary changes within the
corresponding polymerase gene that reduce the mutation rate
35, 36).
( As rgviewed by Briggs and Tomlinson (25) and Seshagiri (28),
mutator variants of Pold and Pole are likely causative in 3% and
7% of CRC and EC, respectively. Our finding that such error-
prone variants modeled in yeast can cause dNTP pool expansion,
further reducing their own fidelity, may provide insight into the
mechanism of mutation accumulation in these cancers. Future
studies will help determine whether the “vicious circle” pathway
depicted in Fig. 5 could be triggered by mutations other than
pol3-R696W, and whether it can operate in human cells. In yeast,
the requirement of Dunl for the mutator effect has been ob-
served previously for two other Pold variants (33, 73). These
findings suggest that high sensitivity of replicative DNA poly-
merase mutants to fluctuation of intracellular ANTP levels could
be a general phenomenon. Regulation of ANTP metabolism in
human cells experiencing DNA damage or other forms of repli-
cation stress is poorly understood. There is no clear functional
homolog of Dunl in humans. One study indicates that dNTP pools
in human cells are weakly elevated in response to DNA damage,
and this elevation is only observed during the G1 phase of the cell
cycle, when dNTP pools are very low (74). Another study indicates
that RNR in human cells localizes to sites of DNA damage, where
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created by Pol5-R696W, thereby stimulating muta-
genesis. At the same time, expanded dNTP pools
further increase the frequency of misincorporations
that continue to fuel the mutagenic pathway.

it might locally expand dNTP pools (75). Tumor cells appear to
have elevated dNTP pools in comparison to normal human cells
(reviewed in ref. 76), although it is unclear if this elevation is due to
the fact that tumors have an increased proportion of S-phase cells
that have high dNTP pools. More interestingly, pathways that
regulate dNTP pools are often mutated in human cancers and
cancer cell lines (77-79). These observations suggest a possibility
that the mutator effects of replicative DNA polymerase variants
could change along with dNTP levels as the tumors evolve. Using
the POLDI-R689W allele as a model, we are now conducting
experiments to determine if, similar to our observations in yeast,
cancer-associated DNA polymerase defects can lead to checkpoint
activation and changes in dNTP metabolism in human cells.

Materials and Methods

Saccharomyces cerevisiae Strains and Plasmids. All Saccharomyces cerevisiae
strains used in this study (Table S4) were derived from the haploid strains
1B-D770 (MATa ade5-1 lys2-Tn5-13 trp1-289 his7-2 leu2-3,112 ura3-4) and
E134 (MATo ade5-1 lys2::InsE 14 trp-289 his7-2 leu2-3,112 ura3-52) (80). The
1B-D770 strain was modified to create TM30 as follows. An integrative
cassette containing the LEU2 gene from K. lactis was generated by PCR using
plasmid pUG73 (81) as a template and primers with 5’ tail sequences ho-
mologous to the region downstream of CANT. Sequences of all primers used
in the study are available upon request. Following transformation of 1B-D770
with this cassette, integration of the K. lactis LEU2 gene immediately down-
stream of CAN7 was confirmed by PCR analysis. All haploids with the CANT::LEU2
allele were derived from TM30. Haploids expressing pol3-R696W were con-
structed in a three-step process. In step 1, TM30 was transformed with BseRI-
digested plasmid p170-R696W, a URA3-based integrative plasmid containing
the C-terminal portion of the pol3-R696W allele (30). Integration of p170-
R696W (BseRl) into the POL3 locus produced a strain containing a full-length
wild-type POL3 gene, URA3, and a truncated copy of POL3 containing the
R696W mutation. In step 2, this strain was transformed with pPOL3 (described
below) creating strain TM34. In step 3, yeast cells that underwent re-
combination resulting in loss of URA3 and restoration of a single, full-length
POL3 allele were selected on medium containing 5-fluoroorotic acid. The
presence of the nucleotide change responsible for the R696W substitution
was verified by PCR analysis and sequencing. TM44 was derived from E134
by deleting the CANT ORF and 100 bp of flanking DNA by transformation
with a PCR-generated deletion cassette and CRE-mediated recombination as
described (82). Strains with deletions of MSH6, DUN1, SML1, and CRTT were
created by transformation with PCR-generated deletion cassettes as de-
scribed (82). To create strains with a combination of gene deletion(s) and
pol3-R696WV, the deletions were introduced between steps 2 and 3 described
above. Diploids with a single copy of CANT (Fig. 1A) were constructed by
crossing strains derived from TM30 with strains derived from TM44.

Yeast 2p-based plasmids expressing POL3 from the GAL7 promoter,
pBL336 (83), pBL335, and pBL335-5DV (44), which are referred to as pPOL3,
pPOL3.GST, and pPOL3.GST-5DV in this study, were provided by Peter Bur-
gers (Washington University School of Medicine, St. Louis, MO). Plasmids
pPOL3.GST-R696W and pPOL3.GST-5DV,R696W were constructed by gap
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repair in yeast strains, in which the effects of these plasmids were studied.
The strains were cotransformed with two PCR-generated fragments: (i) the
backbone of pPOL3.GST or pPOL3.GST-5DV and (ii) a part of the POL3 gene
containing the R696W mutation amplified from p170-R696W. To construct
plasmid pDUN1, the DUNT gene from yeast strain 1B-D770 was amplified by
PCR and cloned into the Smal and EcoRI sites of pRS316 (84).

Proteins. Yeast Pold variants and replication protein A (RPA) were purified as
described previously (30, 85). Yeast proliferating cell nuclear antigen (PCNA)
was purified using DEAE-Sepharose, S-Sepharose, Mono-Q, and hydroxyap-
atite column chromatography using the methods described by Ayyagari
et al. (86) and Fien and Stillman (87). Replication factor C (RFC) was kindly
provided by Peter Burgers.

Mutation Rate Measurements. The rate of Can® mutation was measured by
fluctuation analysis as described previously (88). The cultures were grown in
synthetic complete (SC) medium omitting amino acids as needed to maintain
plasmids used in this study. Unless indicated otherwise, all strains contained
pPOL3, which is necessary to suppress the lethality of po/3-R696W mutants. In this
system, expression of the chromosomal POL3 (or pol3-R696W) allele from its
natural promoter serves as the main source of the Pol3 protein, and a small
amount of wild-type Pol3 is provided by a leaky expression of the plasmid-borne
wild-type POL3 gene from the GALT promoter repressed by the presence of
glucose (30). For CANT:KI.LEU2/can1A::loxP diploid yeast strains, mutants were
selected on SC medium lacking Leu to select against loss of CANT by homologous
recombination.

In Vivo Mutation Spectrum. Independent colonies of the msh6A pol3-R696W
strain containing pPOL3 were streaked on SC medium lacking Trp, grown for
2 d at 30 °C, and replica-plated onto SC medium lacking Trp and Arg and
containing 60 mg/L L-canavanine to select for can1 mutants. One Can" colony
was randomly picked from each patch, and the CANT gene was amplified by
PCR and sequenced.

Measurement of Intracellular dNTP Levels. Three independent isolates of each
strain were grown overnight at 30 °C in SC medium lacking Trp. Cultures
were reinoculated in YPAD media [1% yeast extract, 2% (wt/vol) bacto-
peptone, 0.002% adenine, 2% (wt/vol) dextrose] and grown at 30 °C until
midlog phase. Cells were harvested by filtration and processed as described
previously (89). Briefly, NTPs and dNTPs were extracted in an ice-cold tri-
chloroacetic acid-MgCl, mixture, followed by two rounds of neutralization by
Freon-trioctylamine mixture. A total of 475 L of the aqueous phase was pH-
adjusted with 1 M ammonium carbonate (pH 8.9), loaded on boronate
columns (Affi-Gel Boronate Gel; Bio-Rad), and eluted with a 50 mM am-
monium carbonate (pH 8.9) and 15 mM MgCl, mixture to separate dNTPs
from NTPs. The purified dNTP eluates were pH-adjusted to 3.4 and analyzed
by HPLC on a LaChrom Elite HPLC system (Hitachi) with a Partisphere SAX
HPLC column (Hichrom). NTPs were directly analyzed by HPLC similar to
dNTPs by using 47.5-uL aliquots of the aqueous phase adjusted to pH 3.4.
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Immunoblots. Whole-cell protein extracts used for immunoblots were pre-
pared as described by Northam et al. (90), except that a dual protease and
phosphatase inhibitor mixture (catalog no. 88668; Pierce) was added to the
lysis buffer. For Rad53, 30 pg of protein was separated by electrophoresis in
a 6% (wt/ivol) polyacrylamide Tris-glycine gel and transferred to a nitrocellu-
lose membrane. After transfer, the membrane was cut horizontally at a posi-
tion corresponding to a protein molecular mass of ~60 kDa. The top and
bottom halves were probed with goat polyclonal anti-Rad53 antibody
(sc-6749; Santa Cruz Biotechnology) and rat monoclonal anti-a-tubulin antibody
(sc-53030; Santa Cruz Biotechnology), respectively. For Smi1, 30 pg of protein
was separated in a 10% (wt/vol) polyacrylamide Bis-Tris gel and transferred
to a nitrocellulose membrane, which was subsequently cut horizontally at
~30 kDa. The top and bottom halves were probed with the anti-a-tubulin
antibody and a rabbit polyclonal anti-SmI1 antibody (AS10 847; Agrisera),
respectively. The secondary antibodies were HRP-conjugated goat anti-rat
(sc-2006; Santa Cruz Biotechnology), donkey anti-goat (sc-2020; Santa Cruz
Biotechnology), and goat anti-rabbit (A00160; Genscript). Proteins were
detected by using a chemiluminescent SuperSignal West Pico kit (Thermo
Scientific) and autoradiography.

Measurement of in Vitro DNA Synthesis Fidelity. M13mp2 gapped substrate
was prepared as described by Bebenek and Kunkel (43) and gel-purified via
electroelution using GelStar DNA stain (Lonza) and blue light illumination for
visualization. DNA synthesis reactions (25 pL) contained 40 mM Tris (pH 7.5),
8 mM MgAc,, 125 mM NaAc, 0.5 mM ATP, 1 mM DTT, 200 mg/mL BSA,
500 fmol of PCNA, 200 fmol of RFC, 5 pmol of RPA, 150 fmol of Pold or
300 fmol Pol8-R696W, and 25 fmol (1 nM) of gapped DNA. The dNTPs were
included in the reactions at either 100 uM each or at the concentrations
shown in Table 3. The reactions were incubated at 30 °C for 10 min. Synthesis
by Pold and Pol5-R696W appeared to fill the single-stranded gap completely
without observable strand displacement, as determined by agarose gel
electrophoresis. Transformation of E. coli with the gap-filling reactions,
scoring of mutant plaques, and ssDNA isolation from purified plaques
were as described by Bebenek and Kunkel (43). The /acZ gene from mutant
M13mp2 plaques was sequenced, and error rates were calculated as pre-
viously described (66).
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