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SUMMARY
Translesion DNA synthesis (TLS) involves PCNA mono-ubiquitination and TLS DNA
polymerases (pols). Recent evidence has shown that the mono-ubiquitination is induced not only
by DNA damage but also by other factors that induce stalling of the DNA replication fork. We
studied the effect of spontaneous DNA replication errors on PCNA mono-ubiquitination and TLS
induction. In the pol1L868F strain, which expressed an error-prone pol α, PCNA was
spontaneously mono-ubiquitinated. Pol α L868F had a rate-limiting step at the extension from
mismatched primer termini. Electron microscopic observation showed the accumulation of a
single-stranded region at the DNA replication fork in yeast cells. For pol α errors, pol ζ
participated in a generation of +1 frameshifts. Furthermore, in the pol1L868F strain, UV-induced
mutations were lower than in the wild-type and a pol δ mutant strain (pol3-5DV), and deletion of
the RAD30 gene (pol η) suppressed this defect. These data suggest that nucleotide
misincorporation by pol α induces exposure of single-stranded DNA, PCNA mono-ubiquitination,
and activates TLS pols.
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In organisms with a DNA genome, the genome is replicated by DNA polymerases (pol) and
the duplicated genome is distributed to each daughter cell during cell division. When
replicative pols are blocked by unrepaired DNA lesions, synthesis past DNA damage
requires replacement of the stalled replicative pol by translesion synthesis (TLS) pols (1–3).
Pol η has a unique property of being able to synthesize past DNA containing cis-syn
cyclobutane thymine dimers (CPD) with efficiency similar to undamaged DNA by inserting
the correct adenines most of the time. Pol ζ also belongs to the TLS pols, but unlike pol η it
performs error-prone DNA synthesis on damaged DNA templates (4–6).

Recent studies have revealed that TLS pols are functionally and/or physically regulated by
PCNA in promoting DNA synthesis. Hoege et al. showed that, following exposure of cells
to a DNA damaging agent, PCNA becomes mono-ubiquitinated on Lys164 by Rad6 and
Rad18 (7), and PCNA mono-ubiquitination mediates the switch to translesion synthesis (8).
The mono-ubiquitination of PCNA increases its affinity for TLS pols through one or two
copies of ubiquitin binding motif (UBM/Z, see (3) and references therein). Despite the fact
that pol ζ belongs to the Rad6 epistasis group and requires PCNA as well as Rad6-Rad18-
mediated ubiquitin conjugation at PCNA Lys164 (1,6,8,9), physical interaction between
PCNA and pol ζ has not been demonstrated. Interestingly, Rev1 is stimulated by mono-
ubiquitinated PCNA (10). It is able to interact with the other three Y-family polymerases as
well as the Rev7 subunit of pol ζ (11–13), leaving the possibility that pol ζ activity is
mediated by the ternary complex formation with Rev1.

Based on these results, it is considered that PCNA and its modified forms are the key
regulator of TLS. PCNA modification was originally introduced by DNA damaging agents
(7), although Northam et al. showed that it was also promoted by defects in the components
of DNA replication machinery (14).

During DNA replication, pol α initiates DNA replication with the associated primase (15–
17). Because pol α lacks proofreading activity, it performs DNA replication with a fidelity
lower than the other replicative pols of δ and ε by 10-fold or more (2). Thus, pol α is
estimated to generate 30,000 mutations each time a mammalian cell divides (18). More
importantly, without the proofreading activity, it would leave more mismatched primers
without farther extension (19). Some of the mismatches are removed by the mismatch repair
system and the proofreading activity of pol δ (20,21). However, how cells deal with these
replication intermediates remains to be understood.

In the present study, we used a mutator pol α strain of pol1L868F and L868F pol α enzyme
to show that PCNA mono-ubiquitination occurred by pol α misincorporation. We presented
evidence that this polymerase has a kinetic difficulty in extending the mismatched primer
termini, and also showed populations of DNA replication forks contain long single-stranded
DNA structures in yeast cells. Furthermore, TLS pols were activated in spontaneous and
UV-induced mutagenesis. The results suggest that pol α may activate TLS through
misincorporations during the DNA replication.
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MATERIALS AND METHODS
Strains and plasmids

All mutants were isogenic with CG379 (MATα ade5 his7-2 leu2-3 leu2-112 trp1-289
ura3-52), and summarized in Supplementary Table 1. pol30K164R mutation was introduced
using pCH1572-K164R (22), which was kindly provided by Dr. Shcherbakova (University
of Nebraska Medical Center).

Detection of PCNA mono-ubiquitination
Yeast strains were grown to logarithmic phase in 3 ml of liquid YPAD medium. For analysis
of MMS-treated cells, MMS was present in the medium at a concentration of 0.03% during
the last hour of the culture growth. In some experiments, yeast cells were irradiated by UV
with the indicated doses and cultured for 30 min at 27°C. The cells were collected by
centrifugation, washed with 1 ml of ice-cold 20% trichloro acetic acid, and resuspended in
100 μl of the same solution. After cells were lysed by vigorous mixing with the same
volume of acid-washed glass beads (300 microns; SIGMA), pellet protein was resuspended
in 1 M Tris-HCl (pH 8.5), 0.1% SDS, and 100 mM β-mercaptoethanol. The extracts were
loaded onto 12% polyacrylamide gel, subjected to electrophoresis and transferred to
Immobilon P (Millipore). The blots were probed with a rabbit polyclonal antibody against
yeast PCNA, which we raised using a PCNA fraction (23), and a goat anti-rabbit secondary
antibody conjugated to horseradish peroxidase. The bands were visualized using ECL kit
(GE Healthcare).

Primer extension analysis
Primer extension analysis was performed using a template-primer as described previously
(19,24). The reactions were performed at 37°C for 15 min with various amounts of wild-
type or L868F pol α in 20 μl containing 2 mM MgCl2, 50 mM Tris-HCl, pH 8.0, 50 mM
KCl, 2 mM DTT, 4 nM 32P-labeled primer-template DNA, and 100 μM dATP, dGTP, and
dTTP, but not dCTP. Reactions were terminated by addition of an equal volume of a loading
buffer containing 90% formamide, 20 mM EDTA, 0.05% xylene cyanol, and 0.05%
bromophenol blue. Reaction products were analyzed by 14% polyacrylamide gel
electrophoresis.

Electron microscopy
Logarithmic growing yeast cells were crosslinked by psoralen followed by extraction of
genomic DNA according to the CTAB method (25). After the DNA was digested by BamHI,
replication intermediate was enriched by BND-cellulose column (26). Glycerol was added to
the eluate with a final concentration of 50%, and the mixtures were sprayed onto freshly
cleaved mica surfaces using a painter’s airbrush. The protein-glycerol drops on mica were
dried in a vacuum (1 × 106 Pa) for 8 min at −20°C in a freeze-etching device (FR-9000,
Hitachi, Tokyo). Subsequently, specimens were rotary shadowed with platinum at an angle
of 2.5° to the mica surface for 1 min, followed by carbon evaporation at an angle of 90° for
20 sec. The shadowed platinum films were removed from the mica by soaking in water and
mounted on formvar membrane-coated copper grids. Images were taken with a Hitachi
H-7600 electron microscope (access 100 KV) onto films at a magnification of ×20,000 and
captured using an ES2000 scanner (EPSON). Images were further processed with Adobe
PHOTOSHOP software (Adobe Systems, Mountain View, CA) (27). Single- and double-
stranded DNAs, and size marker were determined by the control experiments using a
restriction enzyme-digested plasmid DNA.
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CAN1 forward and his7-2 reversion mutation assays
The fluctuation assays were performed as described previously with minor modifications
(21,28). Essentially, strains were grown on YEPD plates at 27°C for 3–5 days. One or a few
colonies were selected and spread on synthetic plates lacking histidine (his7-2 reversion
assay) or containing 60 mg/liter of L-canavanine (CAN1 forward mutation assay). The rate
was calculated on the median from 24 or more data with 95% confidence limits. For +1
frameshifts in CAN1 forward mutation assay, statistical significances were analyzed by
Fisher’s exact t test with the two-sided significance level set.

Measurement of induced mutation frequency
For UV-induced mutagenesis, yeast strains were grown to logarithmic phase in liquid YEPD
medium. They were appropriately diluted and plated onto YEPD plate for viability count,
onto complete synthetic medium containing L-canavanine (60 mg/l) and lacking arginine for
Canr mutant count. The cells were irradiated with UV light immediately after plating and
incubated to allow visualization of colonies. The mutation frequency was calculated by
dividing the Canr mutant count by the viable cell count. For MMS-induced mutagenesis,
yeast strains were treated with the various concentrations of MMS during the last 10 min of
the culture growth.

RESULTS
PCNA mono-ubiquitination status in wild-type and mutator pol strains

Upon DNA damages, a class of DNA polymerases is activated and employed for translesion
DNA synthesis (TLS and TLS pols). Recent study has demonstrated that TLS is also
induced in the absence of DNA damages, although the nature of the spontaneous pathways
is yet to be studied. Previously, we isolated pol α mutants that frequently incorporate wrong
nucleotides (21). Most of the reported pol mutants are associated with activity reduction. In
contrast, mutant strains with amino acid substitutions at Leu868 or at the corresponding sites
in other pols are active and leave pol errors (20,21,29–32).

During the study of spontaneous mutagenesis in the pol1L868F allele, we found PCNA was
constitutively mono-ubiquitinated (Fig. 1B for constitutive mono-ubiquitination. Fig 1A and
C for control experiments). In Fig. 1A, we showed the reactivity of our antibody that
detected PCNA and a modified form at ~37 kDa after cells were treated with MMS (closed
arrowhead). Since the ~37 kDa PCNA was not seen in pol30K164R and rad18Δ strains, and
it was not affected in siz1Δ strain (Fig. 1A), it corresponds to a mono-ubiquitinated form of
PCNA. In the pol1L868F strain, PCNA mono-ubiquitination was also observed in the
absence of any DNA damaging agent, but was not detected in the wild-type and a pol δ
mutant strain carrying the pol3-5DV mutation inactivating the proofreading activity (33)
(Fig. 1B, closed arrowhead).

Primer extension analysis
To know what caused PCNA ubiquitination in pol1L868F cells, a primer extension assay
was carried out to compare between wild-type and L868F pol α (Fig 1C). In order to
generate misincorporations and extension during the DNA synthesis, we omitted one
nucleotide of dCTP from the reaction. In this assay, elongation is limited by the rate of
misincorporation at template dG, as well as the extension from the mispaired 3′-primer
termini (24). Wild-type pol α (Fig. 1C, lanes 1–5) extended ~50% of the primer up to and
opposite the first template dC at the highest polymerase concentration by incorporation of a
single complementary nucleotide. Consistent with the previous result (21), L868F pol α
showed infidelity DNA synthesis by extending the primer further downstream than the wild-
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type pol α (Fig. 1C, lanes 6–10). At the same time, L868F pol α left arrested products at the
sites one-nucleotide shorter from the template dG (one base shorter than C positions, closed
arrowheads) in Fig. 1C. These products corresponded to the ceased primers due to the
kinetic difficulty in misincorporation. The ceased primers were also observed at the C
positions which were with the mismatched primer termini (Fig. 1C, closed arrowheads),
with intensities of the two major bands varying between the sites. These data suggest that
L868F pol α, like wild type-pol α (19), has kinetic difficulties in incorporating the wrong
nucleotides and in extension from the mismatched primers, although L868F pol α was more
error-prone at both steps.

Electron microscopy analysis
After the misincorporation takes place, L868F pol α, if not all, stalled at mismatched primer
even in the presence of complementary dNTPs (Fig 1C). In order to know if such stalled
primers leave aberrant DNA structures in living cells, we crosslinked and purified DNA
from yeast cells, and observed replication fork structures by electron microscopy (Fig. 2A).
In wild-type cells, most of the replication forks were associated with undetectable or a short
stretch of thin DNA fiber at one of the nascent strands (Fig 2A, left), which was considered
to be the lagging strand DNA with single-stranded (ss) DNA region (26,34). When length of
the ssDNA regions of both wild-type and pol1L868F forks was measured and plotted on a
graph (Fig. 2B), we found that replication forks in the pol1L868F strain were associated
with the long stretches (sum of ~800, ~1200 and 1200~ bp, Fig 2A, right) of ssDNA regions
more than wild-type. These data strongly suggest that pol α leaves the gapped DNA upon
misincorporation in vivo, which caused PCNA mono-ubiquitination.

Genetic interaction between pol α and pol ζ in spontaneous mutagenesis
PCNA mono-ubiquitination has been known to be the signal for recruitment of the TLS pols
(1–3). The result prompted us to measure the spontaneous mutation rate using the
pol1L868F, and double mutants with a point mutation in the POL30 gene that encodes
PCNA (pol30K164R), or deletion of the REV3 gene encoding the catalytic subunit of the
error-prone TLS pol of pol ζ (rev3Δ) (Table 1).

In accord with the previous observations (5), ~40% of the spontaneous mutation was
dependent on pol ζ in wild-type (Table 1, Wild-type and rev3Δ). In contrast, against our
expectation, the overall mutation rate was very similar with or without pol ζ in the
pol1L868F strain (Table 1, pol1L868F and pol1L868F rev3Δ). It was also observed that the
pol30K164R mutation did not change the mutation rate in the pol1L868F strain (Table 1,
pol1L868F and pol1L868F pol30K164R). These results showed that L868F pol α did not
depend on pol ζ for most of the DNA replication errors in vivo.

To know if pol ζ contributes to any particular types of mutations, we sequenced the can1
locus and compared the spectra between strains. We found the mutation spectra were similar
in base substitutions and −1 frameshifts (Supplementary Table 2), but were different in +1
frameshifts (Fig. 3). In pol ζ-proficient pol1L868F cells, 7 out of 39 mutations (18%) were
+1 frameshifts (Fig. 3, grey pie of pol1L868F). In contrast, in pol ζ-deficient pol1L868F and
pol30K164R pol1L868F cells, there was no +1 frameshift (Fig. 3, pol1L868F rev3Δ and
pol1L868F pol30K164R). The moderate but similar result was obtained by his7-2 reversion
assay (Table 1, pol1L868F and pol1L868F rev3Δ). Therefore, in pol1L868F cells, the +1
frameshifts were fixed as mutations in combination with pol ζ.

UV-induced mutation frequencies in pol1L868F
We also measured damage-induced mutation frequency. UV irradiation of the wild-type and
the pol3-5DV strains resulted in a dose-dependent elevation of mutation frequency in a
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CAN1 forward mutation assay (Fig. 4A and Supplementary Fig. 1). On the other hand, the
pol1L868F strain was moderately resistant to UV mutagenesis. When the UV dose was
increased, mutations in the pol1L868F strain did not increase as sharply as in the wild-type
and pol3-5DV strains, and at doses of 20 and 40 J/m2 the mutation frequencies were lower
than those of the wild-type (Fig. 4A and Supplementary Fig. 1).

The observed difference in the UV mutagenesis effect was not explained by the altered UV-
sensitivity of these strains, because their cell viability was similar (Fig. 4C). Furthermore,
the suppressed mutagenesis was not observed in MMS-induced mutations (Fig. 4B and D).

L868F pol α has been characterized as having an increased ability to incorporate the correct
dA over the 3′-T of CPD (21). This might suggest that, instead of pol η, L868F pol α was
responsible for the TLS in the pol1L868F strain. However, this is unlikely because the TLS
activity of L868F pol α over CPD, as determined by analysis of kinetics, is limited to as low
as 1/60,000 of that of pol η (21). Furthermore, the pol1L868F mutation did not rescue the
UV sensitivity phenotype of a mutant without pol η (Fig. 4E).

In strains with pol1L868F, pol η rather than pol ζ is favored to perform TLS
In order to know how significantly the TLS pols contribute to the above phenotype, we
measured the mutation frequency under the depletion of TLS functions. Mutation frequency
remained at a very low background level in the pol30K164R and pol1L868F pol30K164R
double mutant (Fig. 5A), indicating that the wild-type and the pol1L868F strains rely on
PCNA Lys164 for UV mutagenesis. It was also found that both the pol30K164R and
pol1L868F pol30K164R strains were very UV-sensitive (Fig. 5D). These results were
consistent with the previous observations that UV-induced mutations and cell viability were
dependent on PCNA Lys164 (8).

We also performed UV-induced mutagenesis and UV-survival experiments using rev3Δ
(Figure 5B and E) or rad30Δ strains (Figure 5C and F). The pol ζ-proficient POL1 (wild-
type) strain showed mutation frequencies higher than those of the pol ζ-proficient
pol1L868F strain (Figure 5B, closed circles and closed triangles). Like the pol30K164R
mutation, the absence of pol ζ led to suppression of UV-induced mutagenesis in both wild-
type and pol1L868F strains close to the background level (Fig. 5B, open circles and open
triangles), suggesting that with the POL1 allele pol ζ participated in the mutations more than
with the pol1L868F allele. In the absence of pol η (rad30Δ), mutation frequencies of the
wild-type POL1 and the pol1L868F mutant increased to almost the same level (Fig. 5C,
open circles and open triangles), suggesting that with the pol1L868F allele pol η suppressed
the mutations more efficiently than with the POL1 allele.

DISCUSSION
PCNA mono-ubiquitination, mismatched primer termini and existence of ssDNA at DNA
replication forks

In this manuscript, we reported that pol α errors induced PCNA mono-ubiquitination and
activation of TLS pols. Because yeast cells were cultured in the absence of any stresses or
DNA damaging agents, this mono-ubiquitination may not have been due to the DNA
lesions. Instead, L868F pol α created numbers of mismatched primer termini that may be
difficult to be extended. This might result in a situation similar to that reported by Northam
et al., where PCNA was mono-ubiquitinated by DNA replication defects (14), although we
observed the phenotypes distinct from those associated with the previously reported alleles
(see discussion below).
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Recently, Lopes et al. demonstrated that UV-irradiated S. cerevisiae cells uncoupled leading
and lagging strand replication at UV lesions, and generated long ssDNA regions on one side
of the fork (26). Despite the fact that our conditions were dependent on the spontaneous
misincorporations, the fork structures and the gap sizes in the pol1L868F were strikingly
similar to the UV-irradiated DNA (Fig. 2). Therefore, like the case in the UV-irradiation, we
assume the mono-ubiquitination was invoked by this aberrant fork structure with a long
stretch of ssDNA. In accord with this hypothesis, essential functions of the ssDNA and
ssDNA-binding replication protein A (RPA) for PCNA ubiquitination have been proposed
(35–37). These in vitro and in vivo data suggested that the mismatched primer termini
induced PCNA mono-ubiquitination in S. cerevisiae via the aberrant DNA replication fork
structure, although the precise molecular mechanisms between the ssDNA exposure and
PCNA ubiquitination are yet to be studied.

In the UV-irradiation experiments, Lopes et al. also showed the existence of ss-gaps distant
from the fork (26). Under our spontaneous conditions, the distant gaps were not frequently
found (data not shown) and were not quantified. Because pol α is involved in the primer
DNA synthesis, the gap formation may have been limited in the lagging strand and was not
observed at the distant regions of both leading and lagging strands.

Genetic interaction between pol α and translesion pols for spontaneous mutations
We measured and compared spontaneous mutation rates between strains with or without pol
ζ activity (Table 1 and Fig. 3). Our results showed that +1 frameshifts in the pol1L868F
strain was pol ζ-dependent (Table 1 and Fig. 3), and suggest a possibility that pol ζ is
intrinsically error-prone for +1 frameshifts, as observed in the rad1 strain (38). To our
knowledge, our data provided the first evidence that pol α and ζ couple and generate
mutations in vivo. In this context, it should be noted that +1 frameshifts are found in putative
target genes in MMR-deficient cancer cells with microsatellite instability (39–43). Although
+1 frameshifts are not the major mutations in this disease, it is feasible that this polymerase
combination contributes to the mutations and carcinogenesis to some extent. Unexpectedly,
we observed dispensable functions of pol ζ for base substitutions (Table 1, Fig. 2 and
supplementary Table 2).

On the other hand, inspection of the mutation spectra showed that pol η was not involved in
the generation of most spontaneous mutations, because in dT:dGMP incorporation (A -> C
substitutions in Supplementary Table 2), a characteristic feature of pol η errors (44),
mutation rates were similar between wild-type and pol1L868F strains. Similarly, we did not
observe the increased rate of dCMP misincorporations (Supplementary Table 2), which are
characteristic mutations by the dCMP transferase of REV1 (45). These results suggest that
in the pol1L868F strain the mutant polymerase itself extended a fraction of the mismatched/
misaligned primer termini, and was responsible for the generation of base substitutions and
−1 frameshifts, as observed in an in vitro forward mutation assay (21). However, our data do
not exclude the possibility that in the wild-type strain, PCNA mono-ubiquitination and TLS
pols are involved in base substitutions and −1 frameshifts.

UV-induced mutagenesis
We observed moderate UV-induced mutations in the pol1L868F strain, while MMS
treatment results in an increase of mutations in the same strain (Fig. 4). The in vitro
translesion activities of L868F pol α over the abasic site (21) and other alkylated DNA
lesions (data not shown) were far better than those over the UV-photoproducts. Therefore,
the mutant pol α may have performed error-prone TLS over the alkylated DNA lesions, and
increased the mutation frequency upon the increased MMS dose.
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For UV-induced mutagenesis, further analysis showed that in pol1L868F cells pol η was
responsible for the suppressed UV mutations more effectively than in wild-type cells (Fig.
5C). This phenotype was consistent with the Western blot result that PCNA was
constitutively mono-ubiquitinated in the pol1L868F but not in wild-type (Fig. 1B), and with
the results that the mutant pol α cannot efficiently bypass the UV-photoproducts ((21) and
Fig. 4E). These results suggest that the mono-ubiquitination of PCNA, and the subsequent
pol η activation may be a cause of the suppressed UV-induced mutations in the pol1L868F
strain and that this process was promoted by the spontaneous PCNA mono-ubiquitination.

It is intriguing that we did not observe PCNA-mono ubiquitination or suppression of UV
mutagenesis in the pol3-5DV strain, despite the fact that the pol3-5DV encodes error-prone
pol δ and that it is associated with a spontaneous mutation frequency higher than the
pol1L868F (Supplementary Fig. 1). Besides DNA replication, pol δ is also involved in
nucleotide excision repair. pol3-5DV pol δ might leave mutations during the repair, and this
would be a cause of the high UV-induced mutations.

It might be argued that pol α synthesizes DNA primers and may not have hit most of the UV
damages. At present, several possible processes may explain why pol1L868F was resistant
to UV-mutagenesis. For example, it has been known that RF-C-dependent PCNA loading
onto the primer terminus takes place irrespective of the presence of matched or mismatched
base pairs at the terminus (46). Therefore, after pol α dissociated prematurely from the
mismatched primer termini, both PCNA loading and ubiquitination could occur. This
PCNA, as a free form, might be able to move on the lagging strand (47) and facilitate pol η
recruitment to a nearby CPD site. It has been also known that ubiquitination does not change
pol δ-PCNA complex stability and DNA replication ability (10,48). Pol δ might be loaded,
correct the mismatches, and continue DNA replication until it encountered the UV damages.
During this process, the PCNA may interact with pol η via the putative PCNA interaction
domains ((3) and references therein), thus providing the error-free TLS with an advantage.
Third, since L868F pol α showed nucleotide incorporation ability higher than wild-type, we
needed less L868F pol α than wild-type to achieve the same extent of primer extension in
Fig. 1C. This intrinsic ability would have rendered high processivity to this mutant
polymerase, and thus increased the possibility to hit the UV damages. However, further
experiments are needed to clarify what processes took place upon pol α misincorporations.

In conclusion our data showed that pol α misincorporation resulted in exposure of ssDNA
regions during DNA replication, and thereby induced PCNA mono-ubiquitination. This
mono-ubiquitination facilitated two types of particular TLS activation, i.e., pol ζ to generate
+1 frameshifts, and pol η to suppress UV-induced mutagenesis. The genome is replicated by
various replicative pols and TLS pols. Understanding of these spontaneous processes may
shed light on the genomic instability inherent in DNA replication and diseases.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Detection of PCNA mono-ubiquitination in strains with error-prone replicative pols (A–D).
Whole cell extract of each strain was analyzed by Western blotting using an anti-PCNA
polyclonal antibody. Positions of unmodified and mono-ubiquitinated PCNA were indicated
by open and closed arrowheads, respectively. Closed circles indicate positions of non-
specific bands. (A). After cells were treated with 0.03% MMS for 1 h, PCNA status was
analyzed in wild-type, pol30K164R, rad18Δ, or siz1Δ, in the presence or absence of
pol1L868F allele. (B). Spontaneous modification was analyzed in the presence of
pol1L868F or pol3-5DV allele. (C). Polymerase stall was detected by a primer extension
analysis. Wild-type or L868F pol α was incubated with a synthetic template-primer DNA in
the presence of dA, dG, and dT, but not dCTP at 37°C for 15 min. Reaction mixtures
included WT pol α at 17.5, 35, 70, 140, 280 nM in lanes 1 – 5, respectively, or L868F pol α
at 1.8, 3.5, 7, 14, 28 nM in lanes 6 – 10, respectively. Nucleotides to be incorporated are
shown at right. Open and closed arrowheads indicate positions for original primer size and
for mismatched primers, respectively.
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Fig. 2.
(A). Electron micrographs of representative forks isolated from yeast cells. The open
arrowheads point to replication forks, the transition points from ds- to ssDNA are indicated
by a black arrowhead. Size of standard insertion is 400 bp long. (B). Graphic representation
of ssDNA length at replication forks isolated in the indicated conditions. Wild-type and
pol1L868F were shown in black and gray columns, respectively. Total number of observed
forks were 40 (wild-type) and 34 (L868F). Replication forks in the pol1L868F strain were
associated with the long stretches (~800, ~1200 and 1200~ bp) of ssDNA regions more than
wild-type (p = 0.008, Fischer’s exact t test).
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Fig. 3.
Spontaneous mutation rates of S. cerevisiae strains. Sequencing result of can1 locus of
canavanine-resistant colonies was shown. White, gray, dotted and black sectors indicate
base substitutions, +1 frameshifts, −1 frameshifts and other mutations, respectively. p-values
and the number of mutations of each type are indicated on each graph. Mutation rate of each
strain is presented in Table 1. Sequences of the +1 frameshifts are presented in
Supplementary Table 3.
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Fig. 4.
Effect of error-prone replicative pols on damage-induced mutation. UV-induced mutant
frequency (MF) on canavanine plates (A) and % survival on YEPD plates (C) were
measured in wild-type (filled circle), pol3-5DV (open rectangle) and pol1L868F (open
triangle) strains. In (C) and (D), MMS-induced mutant frequency and % survival was
shown, respectively. Data are averages of three independent experiments. Standard bar is
shown when it exceeds the symbol size. In (A) and (B), spontaneous mutation frequencies
are subtracted, i.e., 0.09, 0.62, 2.6 × 10−5 for wild-type, pol1L868F and pol3-5DV,
respectively. The original data are provided in Supplementary Fig. 1A and B. (E). UV
survival was measured at a dose of 80 J/m2. Genotypes of POL1 and RAD30 are indicated
under the graph.
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Fig. 5.
Functions of PCNA Lys164 and translesion pols on UV mutation. UV-induced mutant
frequency (MF) on canavanine plates (A, B, C) and % survival on YEPD plates (D, E, F)
were measured. Data are averages of three independent experiments. Standard bar is shown
when it exceeds the symbol size. (A) and (D). Wild-type (filled circle), pol30K164R (open
circle), pol1L868F (filled triangle) and pol1L868F pol30K164R (open triangle). (B) and (E).
Wild-type (filled circle), rev3Δ (open circle), pol1L868F (filled triangle) and pol1L868F
rev3Δ (open triangle). (C) and (F). WT (filled circle), rad30Δ (open circle), pol1L868F
(filled triangle) and pol1L868F rad30Δ (open triangle). In (A), (B) and (C), spontaneous
mutation frequencies are subtracted. The original data are provided in Supplementary Fig.
1C, D and E, respectively.
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Table 1

Spontaneous mutation rates of pol strains.

Strain

CAN1 forward mutation assay his7 reversion assay

MR (x 10−7) 1) Fold change MR (x 10−9) 1) Fold change

Wild-type 2.4 (1.9–3.0) 1 7.3 (5.3–9.1) 1

rev3 Δ 1.5 (1.3–2.2) 0.63 7.1 (4.3–1.1) 0.97

pol1L868F 13 (10–15) 5.3 89 (60–110) 12

pol1L868F rev3 Δ 12 (8.9–14) 5.1 42 (34–49) 5.7

pol1L868F pol30K164R 15 (13–19) 6.3

1)
Spontaneous mutation rates (MR) of S. cerevisiae strains. Fluctuation tests were performed as described in MATERIALS AND METHODS.

The rate was calculated on the median from 24 or more data with 95% confidence limits.
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