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The evidence that purified pol2-M644G DNA polymerase
(Pol)e exhibits a highly elevated bias for forming T:dTTP
mispairs over A:dATP mispairs and that yeast cells harboring
this Pole mutation accumulate A > T signature mutations in
the leading strand have been used to assign a role for Pole in
replicating the leading strand. Here, we determine whether A >
T signature mutations result from defects in Pole proofreading
activity by analyzing their rate in Pole proofreading defective
pol2-4 and pol2-M644G cells. Since purified pol2-4 Pole ex-
hibits no bias for T:dTTP mispair formation, A > T mutations
are expected to occur at a much lower rate in pol2-4 than in
pol2-M644G cells if Pole replicated the leading strand. Instead,
we find that the rate of A > T signature mutations are as highly
elevated in pol2-4 cells as in pol2-M644G cells; furthermore,
the highly elevated rate of A > T signature mutations is
severely curtailed in the absence of PCNA ubiquitination or
Pol{ in both the pol2-M644G and pol2-4 strains. Altogether,
our evidence supports the conclusion that the leading strand A
> T signature mutations derive from defects in Pole proof-
reading activity and not from the role of Pole as a leading
strand replicase, and it conforms with the genetic evidence for
a major role of Pold in replication of both the DNA strands.

The “division of labor” model and designation of DNA po-
lymerase (Pol) € as the leading strand replicase and of Pol§ as the
lagging strand replicase has been derived from studies involving
mutator alleles of yeast Pole and Pold and their effects on the
distribution of leading or lagging strand mutations. For instance,
yeast cells harboring the Pole pol2-M644G allele, whose enco-
ded polymerase generates dTTP:T mispairs with an ~40-fold
bias over dATP:A mispairs, exhibit an increased incidence of
spontaneous A to T signature mutations in U/RA3 integrated
near ARS306 (1) that can be ascribed to T:dTTP mispair for-
mation in the leading strand. A similar study with the PolS pol3-
L612M allele indicated the prevalence of lagging strand signa-
ture mutations consistent with the mispair formation bias
exhibited by this Pol3 allele (2). However, in extensive genetic
studies in different yeast strains, we subsequently provided ev-
idence contradictory to the “division of labor” replication model,
wherein L612M-Pol8§ generated errors occur on both the
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leading and lagging DNA strands in pol3-L612M msh2A strains
(3). We postulated that a more proficient removal of errors by
mismatch repair (MMR) from the leading strand accounts for
the lack of L612M-Pold specific errors on this strand and
concluded from these studies that Pold replicates both the
leading and lagging DNA strands (3).

The four subunit yeast Pole holoenzyme is comprised of the
Pol2 catalytic subunit and the Dpb2, Dpb3, and Dpb4 acces-
sory subunits. While Dpb3 and Dpb4 are not essential (4, 5),
deletion of either the Pol2 or Dpb2 subunits leads to cell
inviability (6, 7). Within the Pol2 protein, the N-terminal half
encompasses the active polymerase and the extreme C-ter-
minus harbors a zinc-finger motif that is involved in binding
the Dpb2 subunit. Importantly, the essential role of Pol2 lies in
its ability to bind Dpb2, whereas the N-terminal catalytic po-
lymerase domain of Pol2 is dispensable, although cells grow
slowly (8). The Dpb2 subunit also binds directly to GINS (9,
10), a component of the CMG helicase that encircles and
travels on the leading strand in the 3'—5' direction, unwinding
the replication fork. Thus, via assembly of the CMG complex,
the Pol2 C-terminus plays an essential role in replication by
promoting origin firing and DNA unwinding (9, 11, 12).

Extrapolating from our genetic evidence that Pold replicates
both the leading and lagging DNA strands (3), we hypothe-
sized that leading strand A > T signature mutations in pol2-
M644G reflect PolS misinsertions which escape proofreading
by Pole 3’5" exonuclease. To verify this hypothesis, in this
study, we determine the rate of A > T signature mutations in
Pole proofreading defective pol2-M644G and pol2-4 mutants
wherein the po/2-4 mutation abolishes Pole proofreading, and
the pol2-M644G mutation impairs mispair recognition (13)
rendering proofreading ineffective. However, compared to the
highly elevated bias of purified pol2-M644G Pole for forming
T:dTTP mispair over the reciprocal A:dATP mispair, purified
pol2-4 Pole exhibits no bias for T:dTTP mispair formation (14,
15). Hence, if A > T signature mutations in the leading strand
resulted from the role of Pole as a leading strand replicase, A >
T signature mutations would occur at a much lower rate in
pol2-4 cells than in pol2-M644G cells. However, if A > T
signature mutations were derived from a role of Pole proof-
reading activity, then these mutations would occur at nearly
the same rate in the pol2-4 strain as in pol2-M644G.
Furthermore if A > T signature mutations were due to Pole
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Pole proofreads Polé errors on the leading strand

role in leading strand replication, then there would be no need
for the PCNA ubiquitination-dependent recruitment of Pol(
for their formation—given the very high proficiency of pol2-
M644G Pole for promoting synthesis from T:dTMP mispairs.
Our evidence that A > T signature mutations in L/RA3 occur
at the same rate in pol2-M644G and pol2-4 strains and that
PCNA ubiquitination and Pol( are required for their formation
supports the conclusion that the prevalence of leading strand-
specific mutations does not arise from a role of Pole in repli-
cation of this strand; rather, it derives from the role of Pole
proofreading activity in the removal of Pol§ misinsertions on
the leading strand.

Results

Leading strand signature mutations in pol2-M644G are
dependent upon PCNA ubiquitination and Pol(

In both lacZ and steady-state kinetic DNA polymerase fi-
delity assays, mutant pol2-M644G Pole has been shown to
exhibit an ~ 40-fold bias for the misincorporation of dTTP
opposite template T than for the complementary dATP
opposite template A (1). Since yeast cells that harbor the pol2-
M644G mutation exhibit an elevated rate of spontaneously
arising A > T hotspot mutations, namely A686T and A279T,
in a URA3 reporter gene when integrated into the antisense
orientation (OR2) to the left of ARS306 (1-3) (Fig. 1); these A
> T mutations have been proposed to arise from T: T mispairs
formed during replication of the leading strand by Pole. As
shown in Table 1, the pol2-M644G strain exhibits a URA3
mutation rate ~24-fold higher than WT cells. To examine the
specific effect on rates of the A686T and A279T signature
mutations, we determined the rates of these mutations
through sequence analysis of ura3 mutations arising in a large
number of independent cultures. As shown in Table 2, the rate
of A > T mutations is extremely elevated in the pol2-M644G
strain compared to WT (~1100 fold increase).

Since Pol( is involved in DNA damage-induced and sponta-
neous mutation generation (16), and since it is a very proficient
extender of synthesis from mispaired termini (17), we next
examined whether Pol{ was required for spontaneous signature
mutations generated in the pol2-M644G strain. We find that
deletion of the catalytic subunit of Pol( (rev34) in pol2-
M644G cells results in an ~4-fold reduction in the L/RA3 spon-
taneous mutation rate compared to that in the pol2-M644G strain

transcribed
T T

leading -
5 686

URA3 - OR2 279

ARS306

lagging > > > >

non-transcribed

Figure 1. Schematic representation of the URA3 forward mutation
system. The URA3 reporter gene is integrated into chromosome three to
the left of ARS306 such that in orientation 2 (OR2), the transcribed strand is
replicated as the leading strand, whereas the non-transcribed, coding
sequence acts as the lagging strand template. The location of the URA3 hot
spots at positions 686 and 279 nucleotides are shown. The thymine (T)
nucleotides present in the leading strand give rise to dTTP:T mispairs in the
pol2-M644G strain which are identified as A to T mutations in the ura3 ORF
by genomic sequence analysis of FOA resistant colonies.
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Table 1
Forward mutation rates of URA3 (OR2) to ura3 in pol2-M644G strains

5-FOA" rate [x107%] (95%

Rate relative to

Genotype CI) wT
WT 1.2 (0.8-1.6) 1.0
rev3A 0.22 (0.18-0.26) 0.2
pol30-119 0.9 (0.85-0.95) 0.75
pol2-M644G 28.3 (20.6-36.0) 23.6
pol2-M644G rev3A 7.5 (6.6-8.4) 6.3
pol2-M644G pol30-119 6.8 (4.4-9.2) 5.7
pol2-M644G pol30-119 4.9 (4.0-5.8) 4.1

rev3A

(Table 1). When examined for specific A > T signature mutations,
rev3A reduces the rate of A686T mutations in pol2-M644G by ~
4-fold, as was the reduction in the overall A > T mutation rate
(Table 2). Since PCNA ubiquitination is required for Pol{ function
in cells (16), we next examined the effect of the pol30-119 mu-
tation, which harbors an Arg mutation at Lys164 and thus inhibits
PCNA ubiquitination (18, 19). Although the overall drop in the
spontaneous mutation rate of URA3 in pol2-M644G pol30-119
was similar to that found in the pol2-M644G rev3A strain (Ta-
ble 1), there was a more pronounced effect on the signature A > T
mutations. For instance, signature A686T mutation rates in po/2-
M644G pol30-119dropped by nearly 8-fold, and the overall rate of
A > T mutations was also reduced by ~ 8-fold in pol2-M644G
pol30-119 (Table 2). When we examined signature mutation rates
in pol2-M644G cells harboring both the rev3A and pol30-119
mutations, the rates were similar to those in the pol2-M644G
pol30-119 strain, indicating that rev3A and pol30-119 act epis-
tatically in pol2-M644G dependent A > T hotspot mutation
formation (Table 2). Altogether, we deduce from our data (Ta-
ble 2) that the formation of leading strand signature mutations in
URA3 in pol2-M644G entails a major PCNA ubiquitination and
Pol{ dependent pathway (Fig. 2), and suggest that an alternative
Pol( and PCNA ubiquitination independent pathway would ac-
count for the residual A > T signature mutations that remain in
the absence of PCNA ubiquitination or Pol(.

The exonuclease defective pol2-4 mutation confers a similar
rate of signature mutations as pol2-M644G

We and others have previously observed A686T and A279T
hotspot mutations occurring in the /RA3-OR2 reporter gene
in strains harboring the pol2-4 mutation, defective in Pole
3'=5' proofreading exonuclease (3, 20). This was unexpected
since purified Pol2-4 Pole does not exhibit a bias for the
generation of dTTP:T mispairs over dATP:A mispairs (14, 15).
To examine this further, we determined the rates of A > T
signature mutations in the pol2-4 strain. The spontaneous
forward mutation rate in {URA3 in the pol2-4 strain was ~44-
fold higher than the wild type strain (Table 3). Remarkably, the
rate of specific A > T signature mutations was similar to that
in the pol2-M644G strain. For instance, the rate of A686T
formation was 15.8 x 107® in the pol2-M644G strain (Table 2)
and 14.3 x 10® in the pol2-4 strain (Table 4). The A279T
mutation rate in the pol2-M644G and pol2-4 strains was 4.0 x
107® and 6.0 x 1078, respectively (Tables 2 and 4). Overall,
compared to the WT strain, A > T mutations were elevated
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Table 2

Pole proofreads Pold errors on the leading strand

Rates of A to T hotspot mutations in URA3 (OR2) conferred by the pol2-M644G mutation carried in different genetic backgrounds

Rate Rate Total Rate relative
Genotype Total FOA" sequenced ~ A686T  A686T (x10™°) A279T A279T (x10™) A—T Rate A—T (x107%) to WT
WT 55 1 0.02 0 - 1 0.02 1.0
rev3A 29 0 0 0 0 1 0.008 04
pol30-119 41 2 0.04 0 0 2 0.04 20
pol2-M644G 84 47 15.8 12 4.0 66 22.2 1110
pol2-M644G rev3A 83 51 4.6 3 0.27 60 54 270
pol2-M644G pol30-119 62 19 21 3 0.33 27 3.0 150
pol2-M644G rev3A pol30-119 100 33 16 3 0.15 44 2.2 110

~1100-fold in the pol2-M644G strain, and ~1300-fold in the
pol2-4 strain (Tables 2 and 4).

A>T signature mutations in pol2-4 are dependent upon PCNA
ubiquitination and Pol{

Since the formation of pol2-M644G dependent A > T
signature mutations requires PCNA ubiquitination and
Pol{, we next examined whether PCNA ubiquitination and
Pol{ were also required for pol2-4 dependent signature
mutations. As shown in Table 3, the spontaneous URA3
forward mutation rate in pol2-4 was lowered ~ 7 to 8-fold
by either the rev34, pol30-119, or the rev3A pol30-119
double mutation. The overall rate of A > T mutations
dropped by ~13-fold in the pol2-4 rev3A pol30-119 strain,
similar to that in the pol2-4 rev3A or in the pol2-4 pol30-
119 strains (Table 4). Our results that the overall rate of
A > T mutations in the pol2-4 rev3A pol30-119 strain is
reduced to the same extent as in the pol2-4 rev3A or

A Ori
5 / leading \5*
¥ 51\ laggin
gging T_/_
- T
Pols creates dTTP:T mispair
B C

WT Pol
o pol2 M644G or pol2-4 Pols

| VA

Polg exonuclease mispair Pol3 stalls at the T:T mispair
proofreads dTTP:T removal

mispairs formed during *

leading strand replication

PCNA is ubiquitinated

!

PolC extends synthesis from T:T mispair

Figure 2. Role of Pol ¢ 3'-5' exonuclease activity in the removal of
leading strand Pold errors. A, schematic of a replication fork emanating
from a yeast origin (Ori). The leading strand is initiated and replicated by
DNA Pols, whereupon a dTTP:T mispair is generated. If the misinserted nt
escapes removal, the replication fork stalls. B, in wildtype Pole cells, Pole
exonuclease proofreads the dTTP:T mispair. C, in pol2-M644G or pol2-4 cells,
dTTP:T mispairs are not proof read. Pold stalling at the mispair leads to
PCNA ubiquitination and recruitment of Pol to carry out extension of
synthesis from the dTMP:T mispair.
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pol2-4 pol30-119 strains concur with an epistatic interac-
tion of rev3A with pol30-119 in pol2-4 Pole dependent
mutation generation (Table 4). Altogether, we infer from
these data that A > T signature mutation formation
observed in the pol2-4 strain occurs via a pathway
involving PCNA ubiquitination and Pol{ (Fig. 2); and
another pathway that operates independently of PCNA
ubiquitination and Pol{ would account for the mutations
that remain. The sequence data for the various strains are
shown in Figures 3-6.

Discussion

Signature mutations in pol2-M644G do not signify Pole role in
leading strand replication

Pole has been implicated as the leading strand replicase,
in part from the evidence that the elevated rate of A > T
signature mutations observed in pol2-M644G yeast strains
correlates with an extreme bias of M644G Pole for the
formation of dTTP:T mispairs that would occur in the
leading strand. During replication, M644G Pole would
therefore have a high propensity for dTTP:T mispair for-
mation and for proficiently extending synthesis from those
mispairs, rather than proofread them. However, we find that
these signature mutations are Pol(-dependent and they
require ubiquitination of PCNA. If A > T mutations were
generated by pol2-M644G Pole as the leading strand repli-
case via the formation and extension of synthesis from
dTMP:T mispairs, then there would have been no need for
Pol{. Thus, by that measure, ie. the formation of leading
strand signature mutations, the requirement of Pol{ would
suggest that it too is a major replicase for the leading
strand, which it is not. Furthermore, the reduction in URA3
signature mutations by pol30-119 implies that their forma-
tion depends upon the ubiquitination of PCNA, a process
not required for replication of the leading strand. Thus, the

Table 3
Forward mutation rates of URA3 (OR2) to ura3 in pol2-4 strains

Genotype 5-FOA” rate [x107%] (95% CI) Rate relative to WT
WT 1.2 (0.8-1.6) 1.0
rev3A 0.22 (0.18-0.26) 0.2
pol30-119 0.9 (0.85-0.95) 0.75
pol2-4 52.6 (46.4—58.8) 43.8
pol2-4 rev3A 7.5 (6.4-8.6) 6.3
pol2-4 pol30-119 7.9 (3.9-11.9) 6.6
pol2-4 rev3A pol30-119 6.4 (4.0-8.8) 53
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Table 4

Rates of A to T hotspot mutations in URA3 (OR2) conferred by the pol2-4 mutation carried in different genetic backgrounds

Rate Rate Total
Genotype Total FOA" sequenced  A686T  A686T (x10™°) A279T A279T (x10%) A—T Rate A—T (x10™°) Rate relative to WT

wWT 55 1 0.02 0 - 1 0.02 -
rev3A 29 0 0 0 0 1 0.008 0.4
pol30-119 41 2 0.04 0 0 2 0.04 2.0
pol2-4 88 24 14.3 10 6.0 45 26.9 1345
pol2-4 rev3A 86 15 1.3 3 0.26 24 2.1 105
pol2-4 pol30-119 86 13 1.2 4 0.37 19 1.7 85
pol2-4 rev3A pol30-119 80 13 1.0 5 0.40 25 2.0 100

high incidence of spontaneously arising A > T signature
mutations in the pol2-M644G yeast strain is not an indi-
cator of the role of Pole as the major leading strand
replicase.

Leading strand signature mutations result from lack of
removal of Polé misinsertions in the absence of proofreading
by Pole

Remarkably, the yeast pol2-4 mutation confers a nearly
identical increase in the rate of A > T signature mutations in
the URA3 reporter gene as the pol2-M644G mutation. Thus,
the A > T mutations in pol2-M644G cells which were thought
to have resulted from the 40-fold bias of M644G Pole for
dTTP:T mispair formation (1) arise at the same high rate in
pol2-4 cells, despite the fact that this exonuclease deficient

pol2 M644G

1 ATGTCGAAAG CTACATATAA GGAACGTGCT GCTACTCATC CTAGTCCTGT

pol2-4

A +
101 CTTCATTGGA TGTTCGTACC ACCAAGGAAT TACTGGAGTT AGTTGAAGCA
A

T
A

20

=

30

g

T TT

T
40

s

A
50

s

TT
60

=

TT

Ty ins
T y in

701 GAAGAGGACT ATTTGCAAAG GGAAGGGATG CTAAGGTAGA GGGTGAACGT
TT T

801 CTAA

TTTTTCCATG GAGGGCACAG TTAAGCCGCT AAAGGCATTA TCCGCCAAGT
T T

GTCAAATTG% AGTA%TCTGC GGGTGTATA% AGAATAGCAG AATG%GCAGA

AGCAGGCGGC A%AAGAA%TA ACAAAGGAAC CTAGAG%CCT TTTGATGTTA

TACTGTTGAC ATTGCGAAGA GCGACAAAGA TTTTGTTATC gGCTTTATTG

T
ACACCCG%TG TGGGTTTAGA TGACAAGGGA GACGCA{TGG GT%AACAGTA

polymerase exhibits no bias for generating dTTP:T mispairs
(14, 15). Hence, these pol2-4 dependent leading strand-specific
A > T signature mutations in URA3 must derive from a
process that is not dependent upon Pole mispair insertion, but
are rather dependent upon the lack of removal of dTTP:T
mispairs already present in the leading strand. The only way to
explain these results is that A > T mutations in pol2-M644G
and pol2-4 cells derive from a major role of Pol§ in the
replication of the leading strand (3), and that they reflect Pold
mis-insertions which escape proofreading by its own 3'—5
exonuclease and which are recalcitrant to removal by MMR
(21). Thus, A > T signature mutations would accumulate on
the leading strand in these Pole mutants because of the
reduced ability of pol2-M644G Pole to recognize (13) and the
inability of pol2-4 Pole to proofread such Pol8 generated

AA
TGCTGCCAAG CTATTTAATA TCATGCACGA AAAGCAAACA AACTTGTGTG
T T

A A
TTAGGTCSCA AAATTTGTTT ACTAAAAACA CATGTGGATA TCTTGACTGA
A A + T T

+ T
TTTTTT
TTT
TT

T T T
ACAATTTTTT ACTCTTCGAA GACAGAAAAT TTGCTGACAT TGGTAATACA
A T
AA TT

TTT
TTTT

CATTA%G%AT GCACACGGTG TGGTGGGC%C AGGT%TTGTT AGCGGTTTGA
A

GCAGAATTGT CATGCAAGGG CTCCCTATCT ACTGGAGAAT ATACTAAGGG

T
T + G A
CTCAAJ%GAGA CATGGGTGGA %GAGATGAAG GTTACGATTG GTTGATTATG
TT TTTTTTTTTTTTTT
TTTTTTTTTTTTT

TTTTTTTTTT
TTTTTTTTT
T

A
TAGAACCGTG GATGATGTGG TCTCTACAGG ATCTGACATT ATTATTGTTG
T
TTTTTTT
TTTTTTTT
TTTTTTTT
A
A
TACAGAAAAG CAGGCTG%GA AGCATATTTG AGAAGATGCG GCCAGCAAAA
A

A

Figure 3. Ura3 forward mutations arising in pol2-M644G and pol2-4 yeast strains. The ura3 gene from multiple FOA-resistant colonies, each arising
from an independent culture, was sequenced as described in the Experimental procedures. Mutations arising in yeast strain YPO684 (pol2-M644G) are
shown above the sequence, and those arising in strain YPO-735 (pol2-4) are shown below the sequence. Base substitutions are indicated by G, A, T, or C
above or below the WT POL2 sequence. Single base pair additions and deletions are indicated by a + or a A, respectively.
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pol2 M644G rev3A

1 ATGTCGAAAG CTACATATAA GGAACGTGCT GCTACTCATC CTAGTCCTGT

pol2-4 rev3A

T
101 CTECATTGGA TGTTCGTACC ACCAAGGAAT TACTGGAGTT AGTTGAAGCA
T

C

201 TTTTTCCATG GAGGGCACAG TTAAGCCGCT AAAGGCATTA TCCGCCAAGT

TT
TT A
GAA

T
301 GTCAAATTGC AGTACTCTGC GGGTGTATAC AGAATAGCAG AATGGGCAGA
T A

Pole proofreads Pold errors on the leading strand

TGCTGCCAAG CTATTTAATA TCATGCACGA AAAGCAAACA AACTTGTGTG
G + C

A A
TTAGGTCCCA AAATTTGTTT ACTAAAARACA CATGTGGATA TCTTGACTGA
A A A C G C T
A

AA
TT
T T
ACAATTTTTT ACTCTTCGAA GACAGAAAAT TTGCTGACAT TGGTAATACA
A A CT T
AAR AA TT
ARAA AA

CATTACGAAT GCACACGGTG TGGTGGGCCC AGGTATTGTT AGCGGTTTGA
T

TT
duplication (326-366) TTT

401 AGCAGGCGGC AGAAGAAGTA ACAAAGGAAC CTAGAG%CCT TTTGATGTTA
A

T AA

T
A

A
501 TACTGTTGAC ATTGCGAAGA GCGACAAAGA TTTTGTTATC GGCTTTATTG

601 ACACCCGGTG TGGGTTTAGA TGACAAGGGA GACGCATTGG GTCAACAGTA

701 GAAGAGGACT ATTTGCAAAG GGAAGGGATG CTAAGGTAGA GGGTGAACGT
AT

T
A (725-773)

801 CTAA

T

GCAGAATTGT CATGCAAGGG CTCCCTATCT ACTGGAGAAT ATACTAAGGG
T
T

A

+ A
CTCAAAGAGA CATGGGTGGA AGAGATGAAG GTTACGAITG GTTGATTATG

TTTTTTTTTT
TTTTTTTTTTTTTTTTT
TTTTTTTTTTTTT
TTTTTTTTTT

TT A
TAGAACCGTG GATGATGTGG TCTCTACAGG ATCTGACATT ATTATTGTTG
A T T

TTTTTTT
TTTTTTT

T A
TACAGAAAAG CAGGCTGGGA AGCATATTTG AGAAGATGCG GCCAGCAAAA
A A T

-~

Figure 4. Ura3 forward mutations arising in pol2-M644G rev3A and pol2-4 rev3A yeast strains. Mutations were identified and depicted as indicated in
Figure 3. Multiple base deletions are indicated by a A with a bar spanning the deleted residues. Large duplications and deletions are indicated by solid lines
with the corresponding duplicated or deleted residue numbers in parentheses. Bold lines indicate regions of homology flanking the duplications and
deletions. Mutations arising in yeast strain YPO784 (pol2-M644G rev3A) are shown above the sequence, and those arising in strain YPO-782 (pol2-4 rev3A) are

shown below the sequence.

mispairs, and not because mutant Pole generates dTTP:T
mispairs at a high rate during replication.

Somatic Pole proofreading domain mutations in cancers

The conclusions of this study imply that the high prevalence
of mutations that occur in a large variety of cancers harboring
somatic Pole proofreading domain mutations (22-29) derive
from PCNA ubiquitination and Pol{ dependent extension of
synthesis from Pol8 generated mispairs on the leading strand
that do not get removed in the absence of Pole proofreading
function. Furthermore, the indispensability of Pol§ for repli-
cation of both the DNA strands (3) explains the dearth of
somatic Pold proofreading domain mutations; and the
requirement of Pole proofreading activity for the removal of
specific Pold generated mispairs on the leading strand explains
the high prevalence of somatic Pole proofreading domain
mutations that occur in cancer genomes (29).

Dispensability of Pole polymerase activity for viability

In striking contrast to the indispensability of Pold poly-
merase activity for viability (30-33), the lack of N-terminal
Pole polymerase domain supports viability, although cell
growth is affected (8). Nevertheless, the observation that the
lethality of pol2A cells is efficiently rescued by the pol2

SASBMB

mutation that is defective in its polymerase activity and in its
PCNA binding PIP domain (34) reinforces the dispensability of
Pole polymerase activity for cell survival. These results and the
evidence that Pold signature mutations occur on both DNA
strands in pol3-L612M msh2A (3, 35) and that defects in Pole
proofreading activity account for Pole leading strand signature
mutations in pol2-M644G or pol2-4 cells (this study) can be
explained only if Pold replicated both the DNA strands and
Pole contributed primarily to DNA repair roles on the leading
strand.

Experimental procedures
Yeast strains

All genetic experiments were carried out in isogenic de-
rivatives of the S288C-based yeast strain BY4741 (MATa
his3A1 leu2A0 met15A0 ura3A0) (36). The pol2-4 and pol2-
M644G mutations were integrated into the yeast genome by
direct replacement of the wild-type POL2 gene using either
pPOL550 or pPOL520, respectively (3). The pol2-pip
(FF1199,1200AA) mutation was generated by PCR using
mutagenic oligonucleotides, and the resulting PCR fragment
was subcloned into the Pol2 direct replacement vector,
generating pPOL551. The pol2-M644G, pip double mutant
replacement plasmid, pPOL779, was constructed similarly.

J. Biol. Chem. (2023) 299(7) 104913 5
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pol2 M644G pol30-119
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Figure 5. Ura3 forward mutations arising in pol2-M644G pol30-119 and pol2-4 pol30-119 yeast strains. Mutations were identified and depicted as
indicated in Figure 4. Mutations arising in yeast strain BJY364 (pol2-M644G pol30-119) are shown above the sequence, and those arising in strain BJY415

(pol2-4 pol30-119) are shown below the sequence.

Yeast strains harboring the pol2 M644G, pol2 pip, and pol2-
M644G pip mutations were generated by transformation
with the respective plasmids digested with Fspl/Swal restric-
tion endonucleases, and selected for growth on synthetic
complete (SC)-uracil media. Excision of the LURA3 selectable
marker integrated into the 5 UTR of pol2 was selected by
plating on media containing 5-fluoro-orotic acid (FOA) and
confirmed by PCR analysis of yeast genomic DNA. To generate
yeast harboring the pol2-4 pip double mutation, the pol2 pip
yeast strain YPO-861 was transformed with pPOL550 digested
with EcoRI, which integrates the po/2-4 mutation while leaving
the pol2 pip mutation intact. The rev3A mutation was gener-
ated by transformation with plasmid pRev3.75 digested with
EcoRI/BamHI and the pol30-119 mutation was integrated into
the genome by gene replacement with plasmid pPCNA1.44
digested with Asp718/Xbal. Loss of the LURA3 geneblaster was
selected by plating cells on 5-FOA media. All genomic muta-
tions were confirmed by either restriction enzyme digestion
and/or by sequence analysis of PCR products amplified from
yeast genomic DNA.

URA3 forward mutation analysis

To monitor spontaneous forward mutations of URA3 in-
tegrated near ARS306, the various vyeast strains were

6 . Biol. Chem. (2023) 299(7) 104913

transformed to URA3" with pBJ2176 digested with Xhol/Sall,
which targets the integration of the URA3 gene in the
antisense orientation (OR2) ~1100 bp to the left of ARS306,
between the FUSI and HBNI genes, in chromosome 3. We
previously showed that integration of UURA3 at this genomic
position in the yeast genome does not alter the firing of
ARS306 (3).

URA3 to ura3 mutation rates and spectra

Spontaneous forward mutation rates of URA3 OR2 were
determined for each yeast strain using the method of the
median (37). For each strain, 9 to 15 independent cultures,
each starting from ~100 URA3+ cells were grown in 3 ml of
YPD medium for 3 days. Cells were sonicated, harvested by
centrifugation, and then washed and resuspended in sterile
water. To determine the median number of mutations
arising in the cultures, appropriate cell numbers were plated
on SC complete media containing 5-FOA. To determine cell
culture viability, appropriate dilutions were plated on SC
complete media (Sunrise Science Products). Experiments
were repeated 3 to 4 times. For sequence analyses, additional
independent cultures were grown as described above,
washed, and plated on media containing 5-FOA. A single
FOA" colony arising from each culture was patched onto
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+

A
CATGGGTGGA AGAGATGAAG GTTACGATTG GTTGATTATG
A

TTTTTTTTTTTT
TTTTTTTTTT
TTTTTTTTTT

T TT A A
TCTCTACAGG ATCTGACATT ATTATTGTTG
T A

TTTTTT
TTTTTT

duplication (728-747)
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Figure 6. Ura3 forward mutations arising in pol2-M644G rev3A pol30-119 and pol2-4 rev3A pol30-119 yeast strains. Mutations were identified and
depicted as indicated in Figure 4. Mutations arising in yeast strain BJY580 (po/2-M644G rev3A pol30-119) are shown above the sequence, and those arising in

strain BJY601 (pol2-4 rev3A pol30-119) are shown below the sequence.

YPD and genomic DNA was extracted. The ura3 gene was
amplified via PCR and the products were sequenced using
oligos LP2221 and LP2222 (3).

Data availability
All of the study data are included in the article.

Author contributions—R. E. ]. methodology; R. E. J. investigation; R.
E. J. writing — original draft; L. P. and S. P. writing— review and
editng.

Funding and additional information—This study was supported by
National Institutes of Health (NIH) grant RO1-GM129689 (to S. P.).
The content is solely the responsibility of the authors and does not
necessarily represent the official views of the National Institutes of
Health.

Conflict of interest—The authors declare that they have no conflicts
of interest with the contents of this article.

Abbreviations—The abbreviations used are: CMG, Cdc4d5 MCM
and GINS complex; MMR, mismatch repair; Pol, DNA polymerase.

SASBMB

References

1. Pursell, Z. F., Isoz, I, Lundstrom, E.-B., Johansson, E., and Kunkel, T. A.
(2007) Yeast DNA polymerase € participates in leading-strand DNA
replication. Science 317, 127-130

2. Nick McElhinny, S. A., Gordenin, D. A,, Stith, C. M., Burgers, P. M. ], and
Kunkel, T. A. (2008) Division of labor at the eukaryotic replication fork.
Mol. Cell 30, 137-144

3. Johnson, R. E,, Klassen, R., Prakash, L., and Prakash, S. (2015) A major
role of DNA polymerase & in replication of both the leading and lagging
DNA strands. Mol. Cell 59, 163-175

4. Araki, H., Hamatake, R. K., Morrison, A., Johnson, A. L., Johnston, L. H.,
and Sugino, A. (1991) Cloning DPB3, the gene encoding the third subunit
of DNA polymerase II of Saccharomyces cerevisiae. Nucl. Acids Res. 19,
4867-4872

5. Ohya, T., Maki, S., Kawasaki, Y., and Sugino, A. (2000) Structure and
function of the fourth subunit (Dpb4p) of DNA polymerase epsilon in
Saccharomyces cerevisiae. Nucl. Acids Res. 28, 3846—3852

6. Araki, H., Hamatake, R. K., Johnston, L. H., and Sugino, A. (1991) DPB2,
the gene encoding DNA polymerase II subunit B, is required for chro-
mosome replication in Saccharomyces cerevisiae. Proc. Natl. Acad. Sci. U.
S. A. 88, 4601-4605

7. Morrison, A., Araki, H., Clark, A. B., Hamatake, R. K., and Sugino, A.
(1990) A third essential DNA polymerase in S. cerevisiae. Cell 62,
1143-1151

8. Kesti, T., Flick, K., Keranen, S., Syvaoja, J. E., and Wittenberg, C.
(1999) DNA polymerase € catalytic domains are dispensable for
DNA replication, DNA repair, and cell viability. Mol. Cell 3,
679-685

J. Biol. Chem. (2023) 299(7) 104913 7


http://refhub.elsevier.com/S0021-9258(23)01941-5/sref1
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref1
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref1
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref1
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref2
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref2
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref2
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref3
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref3
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref3
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref4
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref4
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref4
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref4
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref5
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref5
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref5
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref6
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref6
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref6
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref6
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref7
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref7
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref7
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref8
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref8
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref8
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref8
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref8

Pole proofreads Polé errors on the leading strand

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Sengupta, S., van Deursen, F., de Piccoli, G., and Labib, K. (2013) Dpb2
integrates the leading-strand DNA polymerase into the eukaryotic
replisome. Curr. Biol. 23, 543—552

Takayama, Y., Kamimura, Y., Okawa, M., Muramatsu, S., Sugino, A., and
Araki, H. (2003) GINS, a novel multiprotein complex required for
chromosomal DNA replication in budding yeast. Genes Dev. 17,
1153-1165

Handa, T., Kanke, M., Takahashi, T. S., Nakagawa, T., and Masukata, H.
(2012) DNA polymerization-independent functions of DNA polymerase
epsilon in assembly and progression of the replisome in fission yeast. Mol.
Biol. Cell 23, 3240-3253

Muramatsu, S., Hirai, K, Tak, Y. S., Kamimura, Y., and Araki, H.
(2010) CDK-dependent complex formation between replication pro-
teins Dpbll, Sld2, Pol (epsilon}, and GINS in budding yeast. Genes
Dev. 24, 602-612

Ganai, R. A, Bylund, G. O., and Johansson, E. (2015) Switching between
polymerase and exonuclease sites in DNA polymerase e. Nucl. Acids Res.
43, 932-942

Pursell, Z. F., Isoz, L., Lundstrom, E. B., Johansson, E., and Kunkel, T. A.
(2007) Regulation of B family DNA polymerase fidelity by a conserved
active site residue: characterization of M644VW, M644L and M644F
mutants of yeast DNA polymerase epsilon. Nucl. Acids Res. 35,
3076-3086

Shcherbakova, P. V., Pavlov, Y. I, Chilkova, O., Rogozin, 1. B,
Johansson, E., and Kunkel, T. A. (2003) Unique error signature of the
four-subunit yeast DNA polymerase epsilon. J. Biol. Chem. 278,
43770-43780

Prakash, S., Johnson, R. E., and Prakash, L. (2005) Eukaryotic translesion
synthesis DNA polymerases: specificity of structure and function. Ann.
Rev. Biochem. 74, 317-353

Johnson, R. E., Washington, M. T., Haracska, L., Prakash, S., and Prakash,
L. (2000) Eukaryotic polymerases t and { act sequentially to bypass DNA
lesions. Nature 406, 1015-1019

Amin, N. S., and Holm, C. (1996) In vivo analysis reveals that the
interdomain region of the yeast proliferating cell nuclear antigen is
important for DNA replication and DNA repair. Genetics 144,
479-493

Haracska, L., Torres-Ramos, C. A., Johnson, R. E., Prakash, S., and Pra-
kash, L. (2004) Opposing effects of ubiquitin conjugation and SUMO
modification of PCNA on replicational bypass of DNA lesions in
Saccharomyces Cerevisiae. Mol. Cell Biol. 24, 4267-4274

Williams, J. S., Clausen, A. R., Nick McElhinny, S. A., Watts, B. E,
Johansson, E., and Kunkel, T. A. (2012) Proofreading of ribonucleotides
inserted into DNA by yeast DNA polymerase €. DNA Repair (Amst) 11,
649-656

Lujan, S. A., Williams, J. S., Pursell, Z. F., Abdulovic-Cui, A. A., Clark,
A. B, Nick McElhinny, S. A., et al. (2012) Mismatch repair balances
leading and lagging strand DNA replication fidelity. PLoS Genet. 8,
€1003016

8 J Biol. Chem. (2023) 299(7) 104913

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Campbell, B. B, Light, N., Fabrizio, D., Zatzman, M., Fuligni, F., de Borja,
R., et al. (2017) Comprehensive analysis of hypermutation in human
cancer. Cell 171, 1042-1056.e1010

Church, D. N,, Briggs, S. E., Palles, C., Domingo, E., Kearsey, S. J., Grimes,
J. M., et al. (2013) DNA polymerase epsilon and delta exonuclease
domain mutations in endometrial cancer. Hum. Mol. Genet. 22,
2820-2828

Church, D. N,, Stelloo, E., Nout, R. A., Valtcheva, N., Depreeuw, ., ter
Haar, N., et al. (2015) Prognostic significance of POLE proofreading
mutations in endometrial cancer. /. Natl. Cancer Inst. 107, 402
Erson-Omay, E. Z., Caglayan, A. O., Schultz, N., Weinhold, N., Omay, S.
B., Ozduman, K., et al. (2015) Somatic POLE mutations cause an ultra-
mutated giant cell high-grade glioma subtype with better prognosis.
Neuro Oncol. 17, 1356—1364

Haradhvala, N. J., Polak, P., Stojanov, P., Covington, K. R., Shinbrot, E.,
Hess, J. M., et al. (2016) Mutational strand asymmetries in cancer
genomes reveal mechanisms of DNA damage and repair. Cell 164,
538-549

Network, T. C. G. A (2013) Integrated genomic charcterization of
endometrial carcinoma. Nature 497, 67-73

Network., T. C. G. A. (2012) Comprehensive molecular characterization
of human colon and rectal cancer. Nature 487, 330337

Rayner, E., van Gool, I. C,, Palles, C., Kearsey, S. E., Bosse, T., Tomlinson,
L, et al. (2016) A panoply of errors: polymerase proofreading domain
mutations in cancer. Nat. Rev. Cancer 16, 71-81

Boulet, A., Simon, M., Faye, G., Gauer, G. A., and Burgers, P. M. J. (1989)
Structure and function of the Saccharomyces cerevisiae CDC2 gene
encoding the large subunit of DNA polymerase IIl. EMBO ] 8,
1849-1854

Hartwell, L. H. (1976) Sequential function of gene products relative to
DNA synthesis in the yeast cell cycle. J. Mol. Biol. 104, 803—817

Simon, M., Giot, L., and Faye, G. (1991) The 3’ to 5" exonuclease activity
located in the DNA polymerase § subunit of Saccharomyces cerevisiae is
required for accurate replication. EMBO J. 10, 2165-2170

Sitney, K. C., Budd, M. E., and Campbell, J. E. (1989) DNA polymerase III,
a second essential DNA polymerase, is encoded by the S. cerevisiae CDC2
gene. Cell 56, 599-605

Devbhandari, S., and Remus, D. (2020) Rad53 limits CMG helicase
uncoupling from DNA synthesis at replication forks. Nat. Struct. Mol.
Biol. 27, 461-471

Stillman, B. (2015) Reconsidering DNA polymerases at the replication
fork in eukaryotes. Mol. Cell 59, 139-141

Brachmann, C. B., Davies, A., Cost, G. J., Caputo, E., Li, J., Hieter,
P., et al. (1998) Designer deletion strains derived from Saccharo-
myces cerevisiae S288C: a useful set of strains and plasmids for
PCR-mediated gene disruption and other applications. Yeast 14,
115-132

Lea, D. E., and Coulson, C. A. (1949) The distribution of the numbers of
mutants in bacterial populations. J. Genet. 49, 264—285

SASBMB


http://refhub.elsevier.com/S0021-9258(23)01941-5/sref9
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref9
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref9
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref10
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref10
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref10
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref10
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref11
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref11
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref11
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref11
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref12
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref12
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref12
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref12
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref13
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref13
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref13
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref13
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref14
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref14
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref14
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref14
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref14
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref15
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref15
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref15
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref15
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref16
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref16
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref16
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref17
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref17
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref17
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref18
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref18
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref18
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref18
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref19
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref19
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref19
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref19
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref20
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref20
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref20
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref20
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref20
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref21
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref21
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref21
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref21
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref22
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref22
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref22
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref23
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref23
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref23
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref23
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref24
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref24
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref24
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref25
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref25
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref25
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref25
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref26
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref26
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref26
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref26
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref27
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref27
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref28
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref28
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref29
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref29
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref29
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref30
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref30
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref30
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref30
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref31
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref31
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref32
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref32
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref32
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref33
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref33
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref33
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref34
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref34
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref34
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref35
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref35
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref36
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref36
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref36
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref36
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref36
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref37
http://refhub.elsevier.com/S0021-9258(23)01941-5/sref37

	DNA polymerase ε leading strand signature mutations result from defects in its proofreading activity
	Results
	Leading strand signature mutations in pol2-M644G are dependent upon PCNA ubiquitination and Polζ
	The exonuclease defective pol2-4 mutation confers a similar rate of signature mutations as pol2-M644G
	A﹥T signature mutations in pol2-4 are dependent upon PCNA ubiquitination and Polζ

	Discussion
	Signature mutations in pol2-M644G do not signify Polε role in leading strand replication
	Leading strand signature mutations result from lack of removal of Polδ misinsertions in the absence of proofreading by Polε
	Somatic Polε proofreading domain mutations in cancers
	Dispensability of Polε polymerase activity for viability

	Experimental procedures
	Yeast strains
	URA3 forward mutation analysis
	URA3 to ura3 mutation rates and spectra
	Data availability

	Author contributions
	Funding and additional information
	References


