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Summary

Eukaryotic DNA replication is performed by high-

fidelity multi-subunit replicative B-family DNA poly-

merases (Pols) a, d and E. Those complexes are

composed of catalytic and accessory subunits and

organized in multicomplex machinery: the replisome.

The fourth B-family member, DNA polymerase zeta

(Pol f), is responsible for a large portion of mutagene-

sis in eukaryotic cells. Two forms of Pol f have been

identified, a hetero-dimeric (Pol f2) and a hetero-

tetrameric (Pol f4) ones and recent data have demon-

strated that Pol f4 is responsible for damage-induced

mutagenesis. Here, using yeast Pol f mutant defec-

tive in the assembly of the Pol f four-subunit form, we

show in vivo that [4Fe-4S] cluster in Pol f catalytic

subunit (Rev3p) is also required for spontaneous

(wild-type cells) and defective-replisome-induced

mutagenesis – DRIM (pol3-Y708A, pol2-1 or psf1-100

cells), when cells are not treated with any external

damaging agents.

Introduction

Faithful and efficient DNA replication is essential for cell

viability and critical for an accurate inheritance of the

complete genome. For proper DNA replication, a well-

controlled and coordinated multiprotein machinery

named the replisome is required (for review see Zhang

and O’Donnell, 2016). In eukaryotic cells, four B-family

DNA polymerases: alfa (Pol a), delta (Pol d), epsilon

(Pol E) and zeta (Pol f), are the key components of the

replisome and are assisted by a multitude of catalytic

and noncatalytic accessory proteins (reviewed in

Burgers and Kunkel, 2017). The Pol a/primase complex

initiates DNA replication by synthesizing short primers

on both leading and lagging strand, which are subse-

quently elongated by the two major DNA polymerases:

Pol E and Pol d (Burgers and Kunkel, 2017). In contrast

to the well-defined role of Pol a, specific roles of Pol E
and Pol d in DNA replication have been much debated

for years. However, recent evidence strongly supports a

model of the replication fork wherein the leading- and

the lagging-strand templates are primarily copied by Pol

E and Pol d respectively (for review see Kunkel and Bur-

gers, 2017).

DNA polymerase f plays a predominant role in

genomic integrity maintenance by protecting a cell from

the consequences of endogenous and exogenous DNA

damage, albeit at the cost of increased emergence of

mutations (reviewed in Vaisman and Woodgate, 2017).

In Saccharomyces cerevisiae, Pol f is responsible for

the majority of DNA damage-induced mutagenesis and

50–70% of spontaneous mutations (Lemontt, 1971;

Quah et al., 1980; Kochenova et al., 2015). Pol f is a

translesion (TLS) polymerase which, due to more flexi-

ble active site and lack of the 30!50 exonuclease proof-

reading activity, has the ability to bypass DNA lesions

that cannot be bypassed by the major replicative poly-

merases (Vaisman and Woodgate, 2017). Pol f mainly

acts as an ‘extender’ from a nucleotide incorporated

across a lesion site by an ‘inserter’ DNA polymerase

(reviewed in Zhao and Washington, 2017). However,

Pol f may introduce errors not only during mutagenic

lesion bypass but also while replicating undamaged

DNA (Northam et al., 2010; Kraszewska et al., 2012;

Grabowska et al., 2014; Northam et al., 2014). Pol f
may then perform the extension step from poorly

matched primer termini, thus, contributing to the fixation

of the mutation (Johnson et al., 2000) or, due to its

lower intrinsic fidelity (Zhong et al., 2006), incorrect

nucleotide may be inserted by Pol f itself. Indeed, it has

been shown that in particular case of yeast mutant

strains with defective replisome, 80–90% of arising
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mutations (defective-replisome-induced mutagenesis

[DRIM]) is attributed to Pol f replicating undamaged

DNA (Northam et al., 2006; Aksenova et al., 2010;

Northam et al., 2010; Becker et al., 2014; Grabowska

et al., 2014; Garbacz et al., 2015).

Pol f was first described as a hetero-dimer (Pol f2)

composed of the catalytic subunit Rev3p and the auxil-

iary subunit Rev7p (Nelson et al., 1996). In 2012, com-

bined in vivo and in vitro approaches revealed Pol f as

a hetero-tetramer with two additional subunits: Pol31p

and Pol32p (Baranovskiy et al., 2012; Johnson et al.,

2012; Makarova et al., 2012). A Pol f structure com-

posed of four subunits, Rev3p, Rev7p, Pol31p and

Pol32p (Pol f4), was then confirmed by electron micros-

copy (G�omez-Llorente et al., 2013). Interestingly, these

two newly recognized subunits, Pol31p and Pol32p, are

shared with the major replicative lagging-strand polymer-

ase, Pol d (Pol3p, Pol31p, Pol32p) (Baranovskiy et al.,

2012; Johnson et al., 2012; Makarova et al., 2012). The

C-terminal domains (CTD) of the two catalytic subunits

of Pol d and Pol f, Pol3p and Rev3p, respectively, show

strong sequence homology in two conserved cysteine-

rich metal-binding motifs, CysA and CysB, which are

responsible for the interaction with their common subunit

Pol31p (Garcia et al., 2004; Baranovskiy et al., 2012). In

contrast to Pol d, where both intact motifs are required

for proper DNA replication (Netz et al., 2012), in Pol f
only CysB motif of Rev3p is required for the proper

interactions between Rev3p and Pol31p and, thus, for

formation of a proficient four-subunit Pol f (Baranovskiy

et al., 2012; Johnson et al., 2012; Makarova et al.,

2012).

Biochemical studies have shown that the TLS activity

of Pol f4 is much more efficient compared to that of Pol

f2; likewise, physiological assays have shown that yeast

strains in which Pol f is composed of only two subunits

are defective for UV-induced mutagenesis (Baranovskiy

et al., 2012; Makarova et al., 2012). The TLS requires

switching from more faithful DNA replicase to an error-

prone TLS polymerase, and two models of Pol f4

recruitment to a damage site have been proposed (Sie-

bler et al., 2014). The observation that Pol d and Pol f
share the Pol31p and Pol32p subunits has led to a

model of a Pol d/Pol f switch occurring through the

exchange of the respective catalytic subunits, Pol3p and

Rev3p, while Pol31p and Pol32p remain associated with

DNA (Baranovskiy et al., 2012). The observed proteaso-

mal degradation of the released Pol3p by Def1p prote-

ase supports this scenario (Daraba et al., 2014). In

contrast, in another proposed model, the Pol d hetero-

trimer is replaced en masse by a hetero-tetrameric Pol

f4, which in turn is supported by the observation that

the Pol f4 complex is stable throughout the cell cycle

(Makarova et al., 2012). However, the subunit

composition of Pol f participating in the replication of

undamaged DNA, rather than in lesion bypass, has not

been studied. Moreover, the proposed models describe

only the Pol d/Pol f switch, whereas when the replication

is defective, not only a Pol d/Pol f switch, but also, a Pol

E/Pol f switch may occur. Although the shared subunits

between Pol d and Pol f suggest that tetrameric Pol f is

most likely involved when Pol d is impaired, lack of such

shared subunits between Pol E and Pol f poses the

question whether Pol f2 or Pol f4 is involved when Pol E
is defective.

To genetically investigate if Pol f2 or Pol f4 is involved

when the lagging- or the leading-strand DNA polymer-

ase is impaired, we used yeast mutant strains carrying

pol3-Y708A or pol2-1 mutations, which, respectively,

affect the catalytic subunits of the two major replicative

polymerases, Pol d and Pol E (Morrison et al., 1990;

Pavlov et al., 2001). Mutagenesis in these mutant

strains has been described as predominantly Pol f-

dependent and demonstrated to be a consequence of

the Pol f involvement in the replication of undamaged

DNA (DRIM) (Northam et al., 2010). Additionally, a third

mutant strain was analyzed carrying the psf1-100 muta-

tion affecting the Psf1p, one of the GINS subunits

(Grabowska et al., 2014). Most importantly, the

increased mutagenesis in the psf1-100 mutant strain

was found to be almost fully Pol f-dependent (Grabow-

ska et al., 2014). To establish which Pol f form is

involved when the leading- or the lagging-strand DNA

polymerases are defective, the above three defective

replisome mutant strains were analyzed in combination

with REV3 deletion (rev3D) abolishing Pol f (both

dimeric and tetrameric) activity or with the rev3-cysB

allele selectively compromising only Pol f4 formation

(Makarova et al., 2012). The mutational spectra analysis

indicated that the four-subunit Pol f complex plays an

important role both in spontaneous mutagenesis in the

wild-type strain and in mutant strains in which the partic-

ipation of Pol f in the replication of undamaged DNA is

increased.

Results

Characterization of CanR mutations in rev3-cysB strain

Specific interaction between Rev3p and Pol31p requires

a functional iron-sulfur [4Fe-4S] cluster at the CysB

motif of Rev3p (Baranovskiy et al., 2012; Johnson et al.,

2012; Makarova et al., 2012). In S. cerevisiae, substitu-

tion of the four cysteines coordinating the [4Fe-4S] clus-

ter with alanines (as in Baranovskiy et al. 2012) or of

two of these cysteines by serines [as in Makarova et al.

(2012)] abrogates Fe-S binding and prevents Pol f4
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formation. Accordingly, in the rev3-CC1449,1473SS

mutant strain (named rev3-cysB) only a two-subunit Pol

f complex (Pol f2) was detected by biochemical meth-

ods (Makarova et al., 2012). In vitro studies have shown

that Pol f2 is active, although its catalytic efficiency for

DNA extension is much lower compared to Pol f4

(Johnson et al., 2012; Makarova et al., 2012; Lee et al.,

2014). Interestingly, strains carrying mutations in the

CysB motif are almost completely defective for UV-

induced mutagenesis, similarly to strains with catalytically

inactive Rev3p or with rev3D (Baranovskiy et al., 2012;

Makarova et al., 2012; Siebler et al., 2014). Moreover,

mutations in the CysB motif do not change substantially

the level of mutated Rev3p form compared to wild-type

Rev3p (Supporting Information Fig. S1), as reported

before (Baranovskiy et al., 2012; Siebler et al., 2014).

These results suggest that Rev3p binding to Pol31p, and

therefore, formation of Pol f4, is indispensable for the Pol

f participation in damage-induced mutagenesis.

To investigate if the CysB motif is relevant for muta-

genesis, when cells are not treated with any external

damaging agents, we used the mutant strain carrying

the rev3-cysB allele, described in Makarova et al.

(2012). As rev3-cysB mutation prevents Rev3p-Pol31p

interaction and in turn Pol f4 formation, based on in vitro

data (Makarova et al., 2012), we refer to Pol f form in

rev3-cysB mutant strain as Pol f2. In the earlier report,

the rev3-cysB allele was expressed from a plasmid

under an inducible promoter (Makarova et al., 2012).

Here, to study the Pol f activity with native-like expres-

sion of all its potential constituents, the rev3-cysB allele

was integrated into the chromosome under the control

of its native promoter. Then, rates of spontaneous muta-

genesis in strains derived from the DI(-2)I-7B-YUNI300

strain (Pavlov et al., 2002) carrying either the rev3D or

the rev3-cysB allele were determined using the CAN1

reporter gene, which enables simultaneous detection of

a wide spectrum of mutational events (Chen and Kolod-

ner, 1999). Any mutation that inactivates the arginine

permease encoded by the CAN1 gene prevents the

uptake of canavanine, a toxic analog of arginine, and

results in resistance to canavanine (CanR) (Whelan

et al., 1979).

The REV3 deletion has been described to have an

antimutator effect and the spontaneous mutation rate at

the CAN1 locus is 50% lower in the rev3D strain com-

pared to the wild-type (Cassier et al., 1980; Quah et al.,

1980; Roche et al., 1994; Lawrence, 2002; Sabbioneda

et al., 2005; Northam et al., 2010; Kraszewska et al.,

2012; Grabowska et al., 2014; Garbacz et al., 2015).

Our results confirmed that half of spontaneous muta-

tions is due to the Pol f activity (30 3 1028 in the rev3D
strain compared to 60 3 1028 in the wild-type REV3

strain) (Table 1). The mutation in CysB motif also

resulted in slight but statistically significant decrease in

the mutagenesis rate in rev3-cysB strain (47 3 1028)

compared to the wild-type strain (47 3 1028), although

the decrease was not as pronounced as in the strain

lacking REV3.

To further analyze the effect of mutation in CysB motif

on spontaneous mutagenesis, the CAN1 mutagenesis

spectrum in the rev3-cysB mutant strain was determined

and compared with the spectra of isogenic wild-type and

rev3D strains (Grabowska et al., 2014; Garbacz et al.,

2015). Such analysis of mutation specificity should

reveal whether the elimination of the Rev3p-Pol31p

interaction, thus lack of Pol f4, leads to the disappear-

ance of some features attributable to Pol f. As shown

by a recent in vitro study, base substitutions, most fre-

quently G!T, predominate in Pol f4 spectra and also a

noticeable number of complex mutations is observed

(Kochenova et al., 2017). Additionally, a significant

increase in the rates of X-dCTP mispairs is observed in

spectra of Pol f5 (stoichiometric Rev3p, Rev7p, Pol31p,

Pol32p and Rev1p complex), apparently as a result of

Rev1p deoxycytidyl-transferase activity (Kochenova

et al., 2017). These results are consistent with previous

in vivo studies in which complex mutations and GC!CG

transversions were considered as hallmarks of Pol f-

dependent mutagenesis (Harfe and Jinks-Robertson,

2000; Kraszewska et al., 2012; Grabowska et al., 2014;

Northam et al., 2014).

Table 1. Spontaneous mutation rates for wild-type, pol3-Y708A,

pol2-1 and psf1–100 strains and their rev3D and rev3-cysB derivatives.

Relevant genotype CanR (31028)
Relative
ratea

wild-type 60 (56–64)b 1
rev3D 30 (26–34) 0.50
rev3-cysB 47 (44–51) 0.78

wild-type 60 (56–64) 1
pol3-Y708A 480 (390–640) 8.0
pol3-Y708A rev3D 92 (86–100) 1.5
pol3-Y708A rev3-cysB 130 (120–140) 2.2

wild-type 60 (56–64) 1
pol2-1 250 (190–310) 4.2
pol2-1 rev3D 99 (86–120) 1.7
pol2-1 rev3-cysB 96 (73–100) 1.6

PSF1 86 (77–90) 1
psf1–100 170 (150–220) 2.0
psf1–100 rev3D 45 (40–76) 0.52
psf1–100 rev3-cysB 56 (48–66) 0.65

a. Relative rate is the rate of mutagenesis of the respective mutant
strain divided by the corresponding mutagenesis rate of the wild-type
strain (or PSF1 strain in the case of psf1–100 strain and its derivatives).
b. Ninety five percent confidence intervals are shown in parenthe-
ses; p values between corresponding strains were calculated using
nonparametric Mann–Whitney U test (data shown in Supporting
Information Tables S1–S4).
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The CAN1 mutation data obtained previously in our

laboratory were combined with the results of this work

for both the wild-type and rev3D strains. In total, 215

and 217 independent CanR mutants were analyzed, in

the wild-type and rev3D strains, respectively, whereas

85 independent CanR mutants were examined for the

rev3-cysB strain. The number of events, percentage and

mutation rates were calculated for each type of mutation

to simplify the comparison of the mutagenesis spectra.

The distribution of particular mutations is presented in

Figs 1 and 2 and Supporting Information Table S3, loca-

tions of the mutations in the CAN1 sequence is in Sup-

porting Information Fig. S2. As aforementioned, the

overall rate of CanR mutations was 50% lower in the

rev3D strain than in the wild-type strain, mainly due to a

decreased rate of base substitutions (2.4-fold, from 40

to 17 3 1028), especially transversions (3.1-fold, from

18 to 5.8 3 1028). The characteristic for Pol f complex

mutations were eliminated in the rev3D spectrum. More-

over, the rate of GC!CG transversions was decreased

(5.5-fold, from 6.1 to 1.1 3 1028). Although a major

fraction of these mutations is a result of ‘C’ incorporation

by Rev1p, the presence of active Rev3p is apparently

required for mutation fixation and, thus, GC!CG trans-

versions could also be considered as characteristic for

Pol f. These results are in accordance with previous

Fig. 1. Rates of individual
base substitutions types in
rev3D and rev3-cysB strains.
Rates, number of mutations
and percentage are presented
in Supporting Information
Tables S3. If the number of
events is insufficient for
comparison, the rates are
indicated as open bars.

Fig. 2. Rates of individual
insertion and deletion types
and complex mutations in
rev3D and rev3-cysB strains.
Rates, number of mutations
and percentage are presented
in Supporting Information
Tables S3. If the number of
events is insufficient for
comparison, the rates are
indicated as open bars.
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reports on Pol f-dependent mutagenesis (Roche et al.,

1994; Endo et al., 2007; Abdulovic et al., 2008;

Kraszewska et al., 2012; Grabowska et al., 2014;

Garbacz et al., 2015). The difference in the spontaneous

mutagenesis rate between rev3D and rev3-cysB strains

(Table 1) could also be noticed between corresponding

CAN1 mutational spectra (Supporting Information Table

S7). However, we did not observe any statistically signif-

icant difference between any particular classes of muta-

tions, including those characteristic for Pol f (Supporting

Information Tables S8–S11). These results may suggest

that Pol f4 is indeed involved, not only in damage-

induced, but also in spontaneous mutagenesis. To fur-

ther study the effect of mutation in CysB motif, several

mutant strains were analyzed in which, due to defective

lagging- or leading-strand polymerase, the Pol f access

to undamaged DNA is increased.

Characterization of CanR mutations in pol3-Y708A

rev3-cysB strain

The sharing of subunits between Pol d and Pol f may

suggest that it is Pol f4, not Pol f2, that is involved in

replication of undamaged DNA when the lagging-strand

polymerase is defective, although until now no in vivo evi-

dence has been provided. To find out which Pol f form is

required, the Pol d mutant strain pol3-Y708A was chosen.

In this mutant strain, tyrosine 708 in the active site of

Pol3p, the catalytic subunit of Pol d, is substituted with

alanine (Pavlov et al., 2001), which leads to a strong

DRIM phenotype, largely Pol f-dependent (Northam

et al., 2010). Previous studies have shown that DRIM is

a consequence of defective replisome stalling at small

hairpin structures, which can be proficiently bypassed by

Pol f complex with Rev1p (Northam et al., 2014). There-

fore, the observed DRIM phenotype rather results from

error-prone Pol f replication of undamaged DNA than

from lesion bypass (Northam et al., 2010, 2014).

The mutagenesis rates at CAN1 locus were analyzed

in the pol3-Y708A mutant strain additionally carrying the

rev3D or the rev3-cysB allele (Table 1). The mutation

rate in the pol3-Y708A mutant strain was elevated eight-

fold compared to the wild-type (480 vs. 60 3 1028) and

Pol f was responsible for about 80% of the observed

mutator effect (92 3 1028 in pol3-Y708A rev3D), in

accordance with previously published data (Pavlov

et al., 2001; Northam et al., 2006, 2010). The mutagen-

esis rate in pol3-Y708A rev3-cysB was also decreased

(130 3 1028). A slight, but statistically significant

difference was noted between the mutation rates in the

pol3-Y708A rev3D and pol3-Y708A rev3-cysB strains

(Supporting Information Table S1). Nonetheless, our

results indicates that Pol f4 is responsible for the muta-

tor effect observed in the pol3-Y708A mutant strain.

To compare mutational specificities of the two defec-

tive Pol f alleles, the spectra of CanR mutations were

determined in relevant strains, as before. For each

strains 91 to 94 independent CanR mutants were ana-

lyzed (Figs 3 and 4 and Supporting Information Table

S4 and Fig. S2). In the pol3-Y708A mutant strain the

rates of all types of mutations were increased signifi-

cantly compared to the wild-type strain. Base substitu-

tions increased 9.3-fold (from 40 to 370 3 1028), in

particular transversions (18-fold, from 18 to 320 3

1028). Of those, the strongest increase was for GC!CG

transversions (32-fold, from 6.1 to 200 3 1028). The

rate of complex mutations rose 12-fold (from 3.4 to 42

3 1028). Deletion of the REV3 gene decreased the

rates of base substitutions (8.8-fold, from 377 to 42 3

1028), especially transversions (20-fold, from 320 to 16

3 1028); the GC!CG transversions were virtually

eliminated and no complex mutations, which are also

characteristic for Pol f activity, were found in pol3-

Y708A rev3D. These data are in agreement with an

earlier report (Northam et al., 2010).

Also in the pol3-Y708A rev3-cysB double mutant

strain a decrease in similar classes of mutations was

observed, compared to the spectrum of the pol3-Y708A

single mutant strain (Figs 3 and 4 and Supporting Infor-

mation Table S4 and Fig. S2). Base substitutions, partic-

ularly transversions fell significantly (respectively, 5.4-

fold, from 370 to 68 3 1028 and 10-fold, from 320 to 32

3 1028). The most pronounced decrease was observed

for GC!CG transversions (29-fold, from 200 to 6.9 3

1028), result of Pol f activity preceded by the ‘C’ inser-

tion by Rev1p. Complex mutations characteristic for Pol

f were also severely decreased (15-fold, from 42 to 2.8

3 1028). No statistically significant differences between

pol3-Y708A rev3D and pol3-Y708A rev3-cysB CAN1

mutational spectra (Supporting Information Tables S7–

S11) confirms that the intact CysB motif is required for

mutagenesis in pol3-Y708A strain. These results may

thus suggest that in pol3-Y708A, mutant strain with

defective Pol d, primarily Pol f4 participates in the repli-

cation of undamaged DNA.

Characterization of CanR mutations in pol2-1

rev3-cysB strain

To determine which Pol f form is required in the situa-

tion of impaired Pol E, the pol2-1 mutant strain was

studied. In this strain, the URA3 gene is inserted in the

midpoint of POL2 gene encoding Pol2p, the catalytic

subunit of Pol E (Morrison et al., 1990). Most impor-

tantly, this insertion leads to a strong DRIM phenotype,
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largely Pol f-dependent (Shcherbakova et al., 1996;

Northam et al., 2006, 2010).

Mutagenesis rates at the CAN1 locus were analyzed

in the pol2-1 mutant strain additionally carrying the

rev3D or the rev3-cysB allele (Table 1). The mutation

rate in pol2-1 was elevated 4.2-fold compared to the

wild-type strain (250 and 60 3 1028 respectively) and

about 60% of mutations were mediated by Pol f (250 3

1028 in pol2-1 and 99 3 1028 in pol2-1 rev3D). In our

genetic background, the level of mutagenesis in pol2-1

mutant strain was lower than previously reported

(Shcherbakova et al., 1996; Northam et al., 2006,

2010). Nevertheless, like in all genetic backgrounds,

the observed mutator effect was largely Pol f-

dependent. The rev3-cysB mutation had exactly the

same antimutator effect (96 3 1028 in the pol2-1 rev3-

cysB strain) as the complete elimination of Pol f activity

(rev3D). Thus, in this particular situation, when Pol E is

defective, the intact CysB motif of Rev3p is required for

mutagenesis.

To determine the mutational specificity of the two

defective Pol f alleles, the mutational spectra of relevant

strains were determined as before, with 82 to 99 inde-

pendent CanR mutants analyzed per strain (Figs 5 and

6 and Supporting Information Table S5 and Fig. S2). In

the pol2-1 strain, the rates of base substitutions, but not

of complex mutations, were increased as compared to

the wild-type strain. Base substitutions increased 5.3-

Fig. 4. Rates of individual
insertion and deletion types
and complex mutations in
pol3-Y708A strain and its
rev3D and rev3-cysB
derivatives.
Rates, number of mutations
and percentage are presented
in Supporting Information
Tables S4. If the number of
events is insufficient for
comparison, the rates are
indicated as open bars.

Fig. 3. Rates of individual
base substitutions types in
pol3-Y708A strain and its
rev3D and rev3-cysB
derivatives.
Rates, number of mutations
and percentage are presented
in Supporting Information
Tables S4. If the number of
events is insufficient for
comparison, the rates are
indicated as open bars.
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fold (from 40 to 210 3 1028) and most of this increase

was due to transversions (8.9-fold, from 18 to 160 3

1028), mainly GC!CG (11-fold, from 6.1 to 67 3 1028).

Compared to pol2-1, the pol2-1 rev3D spectrum showed

a significantly decreased rate of base substitutions (5.4-

fold, from 210 to 39 3 1028), mainly transversions (12-

fold, from 160 to 13 3 1028). No GC!CG transver-

sions, one of the hallmarks of Pol f activity, were found

in the pol2-1 rev3D strain. In the absence of Pol f, fra-

meshifts leading to deletion errors frequently occur in

the pol2-1 strain as deletions represent 44% of all the

mutations arising in the pol2-1 rev3D strain. This is in

accordance with the observation that frameshifts are

rarely generated through Pol f action (Northam et al.,

2006; Zhong et al., 2006).

The rev3-cysB allele had a similar effect on the muta-

tion spectrum of the pol2-1 mutant strain as REV3 dele-

tion (Figs 5 and 6 and Supporting Information Table S5

and Fig. S2). Base substitutions were decreased fivefold

(from 210 to 42 3 1028), particularly transversions (7.6-

fold, from 160 to 21 3 1028). Again, GC!CG transver-

sions were severely decreased (14-fold, from 67 to 4.9

3 1028). As for rev3D, 50% of all the mutations occur-

ring in pol2-1 rev3-cysB are represented by deletions.

Thus, we observed the similarity of the mutational spec-

tra of the pol2-1 rev3D and pol2-1 rev3-cysB double

Fig. 5. Rates of individual
base substitutions types in
pol2-1 strain and its rev3D
and rev3-cysB derivatives.
Rates, number of mutations
and percentage are presented
in Supporting Information
Tables S5. If the number of
events is insufficient for
comparison, the rates are
indicated as open bars.

Fig. 6. Rates of individual
insertion and deletion types
and complex mutations in
pol2-1 strain and its rev3D
and rev3-cysB derivatives.
Rates, number of mutations
and percentage are presented
in Supporting Information
Tables S5. If the number of
events is insufficient for
comparison, the rates are
indicated as open bars.
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mutant strains, especially in mutations characteristic for

Pol f. These results strongly suggest that in the mutant

strain with the defective Pol E, pol2-1, Pol f4 seems to

be the only Pol f form engaged in replication of undam-

aged DNA.

Characterization of CanR mutations in psf1-100

rev3-cysB strain

Similarly to defective catalytic subunits of the major rep-

licases, also defects in noncatalytic components of the

replisome may lead to defective DNA replication and

increased Pol f involvement (Kraszewska et al., 2012;

Grabowska et al., 2014; Garbacz et al., 2015). One

such strain compromised in a noncatalytic component of

the replisome, therefore, experiencing conditions of

DRIM, is psf1-100, isolated and described in our labora-

tory (Grabowska et al., 2014). Psf1p is a GINS subunit

required for its functional interaction with the leading-

strand DNA polymerase Pol E (MacNeill, 2010; Hogg

and Johansson, 2012). Substitution of four amino acids

(V161A, F162A, I163A and D164A) in the C-terminal

region of Psf1p impairs the interaction between Psf1p

and the Dpb2p subunit of Pol E (Grabowska et al.,

Fig. 7. Rates of individual
base substitutions types in
psf1–100 strain and its rev3D
and rev3-cysB derivatives.
Rates, number of mutations
and percentage are presented
in Supporting Information
Tables S6. If the number of
events is insufficient for
comparison, the rates are
indicated as open bars.

Fig. 8. Rates of individual
insertion and deletion types
and complex mutations in
psf1–100 strain and its rev3D
and rev3-cysB derivatives.
Rates, number of mutations
and percentage are presented
in Supporting Information
Tables S6. If the number of
mutations is insufficient for
comparison, the rates are
indicated as open bars.
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2014). As a result, the psf1-100 strain displays a moder-

ate, but almost entirely Pol f-dependent mutator pheno-

type (Grabowska et al., 2014). Therefore, the psf1-100

mutant strain is another appropriate candidate to study

which Pol f form is involved in the replication mediated

by a defective replisome.

Mutagenesis rates at the CAN1 locus were deter-

mined in the psf1-100 mutant strain additionally carrying

the rev3D or the rev3-cysB allele (Table 1). In agree-

ment with the previous report (Grabowska et al., 2014)

the mutation rate was increased about twofold in psf1-

100 compared to the wild-type strain (170 to 86 3 1028)

and inactivation of Pol f (rev3D) fully eliminated this

increase (45 3 1028 in psf1-100 rev3D). Notably, the

rev3-cysB allele had almost the same antimutator effect

(56 3 1028 in psf1-100 rev3-cysB) as REV3 deletion.

These results indicate that Pol f4 is the major form of

Pol f responsible for the increase of mutagenesis due to

the compromised GINS-Pol E interaction in the psf1-100

mutant strain.

For the mutation spectra analysis, we used the data

published earlier for the wild-type (PSF1), psf1-100 and

psf1-100 rev3D strains (Grabowska et al., 2014) and 93

independent CanR mutants isolated for the psf1-100

rev3-cysB strain in the present study (Figs 7 and 8 and

Supporting Information Table S6 and Fig. S2). Deletion

of REV3 gene decreased the rate of base substitutions

(5.2-fold, from 120 to 23 3 1028), in particular transver-

sions (15-fold, from 96 to 6.4 3 1028). No GC!CG

transversions and no complex mutations, characteristic

for Pol f activity, were observed in the psf1-100 rev3D
strain (Grabowska et al., 2014). Likewise, in the psf1-

100 rev3-cysB strain a decrease in the rates of similar

types of mutations was observed, especially base sub-

stitution (3.6-fold, from 122 to 33 3 1028). GC!CG

transversions fall 8.8-fold (from 37 to 4.2 3 1028) and

complex mutations 23-fold (from 14 to 0.6 3 1028). In

general, the mutation spectra of the psf1-100 rev3D and

psf1-100 rev3-cysB strains were highly similar, with

mutations characteristic for Pol f severely reduced rela-

tive to their levels in the single psf1-100 mutant strain.

This analysis confirmed that mutations in the CysB motif

preventing Pol f4 complex formation decrease the muta-

genesis rate in the psf1-100 strain in the same manner

as the REV3 gene deletion does. This indicates that Pol

f4, not Pol f2, is responsible for the defective-replisome-

induced mutator phenotype of the psf1-100 strain.

Discussion

Recent in vitro data (Baranovskiy et al., 2012; Johnson

et al., 2012; Makarova et al., 2012) indicate that Pol f is

a hetero-tetramer composed of Rev3p, Rev7p, Pol31p

and Pol32p and not the Rev3p-Rev7p hetero-dimer, as it

was previously proposed. In line with the data, in vivo

studies have also revealed that the four-subunit Pol f is

indispensable for damage-induced mutagenesis (Bara-

novskiy et al., 2012; Makarova et al., 2012). In this report,

we have asked which of the two described forms of Pol

f, Pol f2 or Pol f4, is required for mutagenesis when cells

are not treated with any external damaging agents and

replication is proceeded by defective replisome.

To discriminate between the two Pol f forms we took

advantage of the rev3-cysB mutation (Makarova et al.,

2012) eliminating the interaction between the Rev3p and

Pol31p subunits and therefore excluding solely the Pol

f4 form. Thus, by comparing rates and spectra of spon-

taneous CAN1 mutations in three strains: wild-type

(REV3), Pol f null (rev3D) and rev3-cysB, both Pol f
forms, Pol f2 and Pol f4, could be distinguished. Under

conditions of unperturbed DNA replication, modest, but

statistically significant decrease of spontaneous muta-

genesis rate was observed in both mutant strains com-

pared to the wild-type strain, although in rev3-cysB

strain not to the same extent as in rev3D strain (Table 1

and Supporting Information Table S1) and this difference

was also observed in other genetic backgrounds (Sup-

porting Information Tables S17–S19). However, the

analysis of rev3D and rev3-cysB spectra of mutagenesis

did not reveal any statistically significant differences

between particular mutation classes, including those

characteristic for Pol f (Supporting Information Tables

S7–S16). These results may thus suggest that Pol f4 is

also required, at least in part, for spontaneous mutagen-

esis in the wild-type strain.

To study which of Pol f forms is involved in perturbed

replication when replisome is impaired, mutant strains with

increased Pol f participation in DRIM were studied and

analyzed in combination with rev3D or rev3-cysB allele

(Makarova et al., 2012). Two mutant strains in the catalytic

subunits of the major replicative polymerases were used:

pol3-Y708A (Pol d) and pol2-1 (Pol E), in which mutagene-

sis was described as 80–90% Pol f-dependent (Northam

et al., 2006). Additionally, almost fully Pol f-dependent

defective replisome mutant strain, psf1-100, was studied

(Grabowska et al., 2014). Since the increased mutagene-

sis in those strains is mostly Pol f-dependent, large

decreases in the mutagenesis are observed when Pol f is

compromised. Due to this clear difference in the mutagen-

esis rates between the respective single and double

mutant strains, the chosen strains are convenient tools to

differentiate between Pol f2 and Pol f4 action during defec-

tive replication. The data obtained in this work confirmed

the Pol f-dependent mutator phenotypes of the three

mutant strains. A comparable weakening of the mutator

phenotype was observed in all those strains upon rev3D
and rev3-cysB mutation (Table 1). The analysis of the
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mutagenesis spectra showed that in all the mutant strains

studied, both the REV3 deletion and mutation in CysB motif

led to similar decreases in the rates of GC!CG transver-

sions and complex mutations, both hallmarks of Pol f muta-

genesis (Figs 3–8 and Supporting Information Tables S4–

S6). Therefore, our in vivo analysis of the mutagenesis

rates suggests that, when the replisome is defective, Pol f4

is predominantly required for mutagenesis.

The common subunit composition of Pol d and Pol f
(Pol31p and Pol32p subunits) has led to the postulation

of the switching hypothesis in which the catalytic subu-

nits of Pol d and Pol f could be exchanged when the

replication fork stalls (Baranovskiy et al., 2012). There-

fore, Pol f composed of four subunits might be expected

to be involved in the defective lagging-strand replication.

However, no data are available to indicate if Pol f4 also

participates in the replication of the leading DNA strand,

since Pol E and Pol f do not share any common subu-

nits. All of the mutants with DRIM phenotypes studied in

this report destabilize the replisome, although it has not

been shown if they selectively impair the lagging or the

leading strand synthesis. However, it may be assumed

that if the lagging-strand polymerase is impaired, like in

the pol3-Y708A mutant strain, it is the lagging-strand

replication that is defective. Thus, our data may suggest

that the four-subunit Pol f is required during defective

replication on the lagging strand. Similarly, assuming

that in the pol2-1 mutant strain the leading-strand repli-

cation is deficient, our data may indicate that the four-

subunit Pol f is also required during defective replication

of the leading strand. However, a more complicated sce-

nario cannot be excluded in which, prior to Pol f recruit-

ment, a switch between Pol E and Pol d occurs, or even,

due to presumably more global replication impediment

caused by the structural defect of Pol2p, Pol d could be

responsible for replication of the most part of the leading

strand in pol2-1 cells (reviewed in Pavlov and Shcherba-

kova, 2010; Stillman, 2015).

Both the REV3 deletion and the rev3-cysB mutation

resulted in a significant decrease in the mutagenesis

rates in all the studied strains. Despite that, slight but

statistically significant, differences between the respec-

tive rev3D and rev3-cysB mutant strains were noted in

the wild-type and pol3-Y708A mutant strain (Table 1)

and between the rates of some mutation types in pol2-1

and psf1-100 (Supporting Information Tables S5–S6). In

contrast to strains with rev3D, residual Pol f activity can

be observed in strains carrying the rev3-cysB mutation

as the Rev3-cysB protein is not catalytically deficient but

only its interaction with Pol31p is impaired (Makarova

et al., 2012). It was also shown that rev3DC mutant

strain, which lacks the entire C-terminal domain of

Rev3p required for Pol31p binding, is partially proficient

in Pol32p-dependent UV-induced mutagenesis (Siebler

et al., 2014). Thus, when Pol f is required, some fraction

of Pol f4 may still be reconstituted in strains with muta-

tion in CysB motif, through interaction between other

subunits within the Pol f holoenzyme. Since Pol31p

interacts with Pol32p and Rev3p with Rev7p, and an

additional interaction between Pol32p and Rev7p has

been recently proposed (G�omez-Llorente et al., 2013), it

may be supposed that in the absence of the Rev3p-

Pol31p binding the Pol f4 hetero-tetramer could be stabi-

lized through this Rev7p-Pol32p interaction (G�omez-

Llorente et al., 2013). Moreover, Rev1p, indispensable

for Pol f action in vivo (Acharya et al., 2006), interacts

with two Pol f4 subunits: Rev7p (Acharya et al., 2005)

and Pol32p (Acharya et al., 2009; Pustovalova et al.,

2016) and thus may serve as a connector to support

the Pol f4 assembly in the rev3-cysB mutant strain.

Another possibility is that Pol f2 could be responsible in

vivo for some fraction of the mutagenesis, as Pol f2

activity has been showed by biochemical methods,

although it was much weaker than the activity of Pol f4

(Makarova et al., 2012). An in vitro analysis has

revealed that the lack of the Pol31p and Pol32p subunits

prevents the direct Pol f interaction with PCNA (prolifer-

ating cell nuclear antigen) (Makarova et al., 2012),

which would certainly limit Pol f2 role during DNA repli-

cation. However, Pol f2 efficiency of extension from mis-

paired primer template could also be enhanced by its

indirect interaction with monoubiquitinated PCNA via

Rev1p (Acharya et al., 2006), thus Pol f2 could as well

be hypothetically recruited via this pathway.

The differences in the mutagenesis rates between

strains carrying the rev3D and the rev3-cysB mutations

are more pronounced in the wild-type and pol3-Y708A

contexts than in the strains with the defective leading-

strand polymerase. This difference could be due to com-

mon Pol31p and Pol32p subunits of Pol f and Pol d

(Baranovskiy et al., 2012; Johnson et al., 2012; Makar-

ova et al., 2012). For instance, whenever Pol d dissoci-

ates and is replaced by Pol f, if Pol31p-Pol32p remain

attached to DNA (Siebler et al., 2014), Pol f4 could be

partially reconstituted in the rev3-cysB strain via addi-

tional protein-protein interactions described above.

Residual Pol f4 formation and activity could thus be

much more pronounced in the Pol d strain than those in

the Pol E mutant strain. In addition to DNA replication,

Pol f-dependent spontaneous mutations could arise also

in the wild-type strain through various DNA repair proc-

esses (Giot et al., 1997; Halas et al., 2009; Brocas

et al., 2010; Skoneczna et al., 2015) and the difference

in mutagenesis between the rev3D and the rev3-cysB

mutation might be due to a more frequent Pol d partici-

pation in DNA repair compared to Pol E (Sparks et al.,

2012; Ganai et al., 2016) and consequently more
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frequent Pol d-Pol f exchange. Nevertheless, an involve-

ment of Pol f2 in DNA repair cannot be excluded either.

The findings described here show that a vast majority of

mutations caused by defective replisome requires the

action of the four-subunit Pol f form. While the common

Pol d and Pol f subunit composition and the proposed

switching hypothesis could explain the Pol f4 involvement

when the lagging-strand DNA polymerase is impaired

(Makarova and Burgers, 2015), further studies are required

to determine the mode of possible Pol f4 recruitment dur-

ing undamaged DNA replication on the leading strand. Our

in vivo results indicate that Pol f4 is by far more functional

in spontaneous mutagenesis than is Pol f2, but the exact

Pol f subunit composition in various physiological condi-

tions should also be further investigated. Thorough under-

standing of Pol f composition, recruitment and functioning

is of great importance, since misregulation of Pol f activity

may lead to genomic instability and cancer (Knobel and

Marti, 2011; Lange et al., 2011, 2012, 2013, 2016; Sale,

2013; van Loon et al., 2015; Tomida et al., 2015; Suzuki

et al., 2016; Tumini et al., 2016). Since human Pol f has

also been described as a four-subunit complex (Baranov-

skiy et al., 2012; Lee et al., 2014), our observations in

yeast could also be relevant to human Pol f.

Experimental procedures

Strains and media

Yeast strains used in this study were constructed in SC765

background (Grabowska et al., 2014), derivative of DI(-2)I-

7B-YUNI300 (Pavlov et al., 2002). Yeast and bacterial and

strains are listed in Supporting Information Table S20. Bac-

teria were grown at 378C in standard media and yeast at

308C in standard media (Amberg et al., 2005) LB (1% tryp-

tone, 1% NaCl and 0.5% yeast extract) supplemented with

appropriate antibiotics were used for bacterial transformants.

Nonselective yeast complete medium (YPD) (1% yeast

extract, 1% peptone and 2% glucose) and minimal medium

(SD; 0.67% yeast nitrogen base without amino acids and

2% glucose, supplemented with required amino acids and

nitrogenous bases), were used for yeast transformants,

mutagenesis assays and 5-FOA selection. SD medium sup-

plemented with L-canavanine (60 mg l21) was used to deter-

mine the frequency of spontaneous mutations at the CAN1

locus. SD medium supplemented with 5-fluoroorotic acid (5-

FOA) (1 g l21) was used for selection against URA3 marker.

Plasmid construction for introduction of rev3-cysB

mutations into chromosome

Integrative plasmid was constructed as follows: REV3

sequence with 500 bp of 50- and 500 bp of 30-flanking

regions was PCR-amplified with primers 50-GGTACCT

CCCTTCATTCACTTGATCATTTG-30 (KpnI digestion site)

and 50-ACTAGTGAACCCAATCGCTTATGGAAAC-30 (SpeI

digestion site) and cloned into pJET1.2 vector. Using pJET

1.2-REV3 plasmid as a template, mutations in CysB motif

(rev3-CC1449,1473SS (Makarova et al., 2012)) were intro-

duced sequentially by site-directed mutagenesis using two

pairs of primers for PCR: 50- CCGTGTGCAGGACGTCCA

GTTATCGTTACAC-30 and 50- GTGTAACGATAACTGGA

CGTCCTGCACACGG-30 to introduce the G4346C muta-

tion, and 50- GTAAATGCAATTCATATGACAGTCCAGTA

TTTTACTCTCG 230 and 50-CGAGAGTAAAATACTGGA

CTGTCATATGAATTGCATTTAC-30 to introduce the T4417A

mutation. Correctness of sequences was verified by

sequencing. Next, the 2920 bp fragment containing 30-part of

rev3-cysB was cut from pJET1.2-rev3-cysB with HindIII and

SpeI and ligated into the integrative plasmid pRS306 carry-

ing URA3 marker, cut with HindIII and SpeI.

Integration of rev3-cysB allele into REV3 locus

Substitution of chromosomal wild-type REV3 with the point-

mutated rev3-cysB, REV3 was performed by two-step gene

replacement. SC765 strain was transformed with pRS306-

rev3-cysB linearized with KflI and transformants growing on

plates depleted of Uracil were selected. To remove the

URA3 marker from the REV3 locus, 5-FOA selection was

carried out. The presence of rev3-cysB mutation was veri-

fied by sequencing of PCR-amplified fragment (primers: 50-
AAAGGGCGAGCACAACTACTAC-30 and 50- CTTAGAGGA

TACGAAGATTC-30).

Disruption of REV3 gene

The rev3::LEU2 cassette described in Kraszewska et al.

(2012) was used for REV3 disruption in SC765 strain. Dele-

tion of the REV3 open reading frame was confirmed by PCR

using primers flanking the REV3 locus (50- GATAAGTATT-

CACTAACACC-30 and 50- CTTAGAGGATACGAAGATTC-30).

Integration of psf1-100 cassette

The psf1-100 cassette was integrated into chromosomal

PSF1 locus in strains carrying the rev3-cysB mutation. The

presence of the psf1-100 (CaURA3) allele was confirmed

as described in Grabowska et al. (2014).

Construction of pol3-Y708A strain and its derivatives

The pol3-Y708A allele was integrated into the POL3 locus

of the SC765 strain and its rev3D and rev3-cysB derivatives

by two-step gene replacement, as described in Pavlov et al.

(2001). The presence of the pol3-Y708A mutation was veri-

fied by sequencing of PCR-amplified fragment (primers: 50-
GTGCCTGGAGATTGATACTGTG-30 and 50-CGGAATCA

GTGTCACCGTAAAC-30).

Construction of pol2-1 strain and its derivatives

The pol2-1 cassette was integrated into POL2 locus of the

SC765 strain and its rev3D and rev3-cysB derivatives, as
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described in (Morrison et al., 1990; Shcherbakova et al.,

1996). The presence of the pol2-1(URA3) allele was con-

firmed by PCR using primers flanking the POL2 locus (50-
GGCTCTCGTTGGTATTCC-30 and 50-GTTAACTAGATCAC

TGCCTTC-30).

Determination of spontaneous mutation rates

The mutation rates at the CAN1 locus were determined in

9–40 cultures of 2 or 3 independent isolates of each strain.

Stationary-phase cultures of each strain grown at 308C

under agitation were diluted as requested and plated on

selective and nonselective media. Colonies were counted

after 3–5 days of incubation at 308C. Each experiment was

repeated at least three times.
To determine mutant frequency, the respective mutant

count was divided by the total cell count. To calculate muta-

tion rates, the following equation was used: l 5 ƒ/ln(N�l),

where ƒ is the mutant frequency, N is the total population

size and l is the mutation rate per replication (Drake,

1991). To calculate the median values of the mutation rates

and 95% confidence intervals STATISTICA 6.0 was used.

To determine the p-values of the differences between the

mutation rates of the respective strains, nonparametric

Mann–Whitney U-test was used.

CanR mutation spectra

Single CanR colonies were selected randomly from plates

supplemented with canavanine used to determine sponta-

neous mutation frequencies at the CAN1 locus (see above)

and chromosomal DNA was isolated from each colony

(Amberg et al., 2005). The CAN1 locus was PCR-amplified

and sequenced using primers described in Kraszewska

et al. (2012). Sequence alignment and identification of

mutations were performed using Clone Manager 9.

Acknowledgements

The authors thank Dr Piotr Jonczyk for critical reading of

manuscript and useful suggestions. They are grateful to Dr

Paulina V. Shcherbakova (Eppley Institute for Research in

Cancer and Allied Diseases, Fred and Pamela Buffett Cancer

Center, University of Nebraska Medical Center, Omaha, NE,

USA.) for providing plasmids carrying pol3-Y708A and pol2-1

mutations and to Milena Denkiewicz and Dr Aneta Kaniak-

Golik (Institute of Biochemistry and Biophysics, PAS) for pro-

viding S. cerevisiae strains. This study was supported by grant

B/ZN1/02773 from the National Science Center, Poland and

PARENT/BRIDGE/2013-7/13 from the Foundation for Polish

Science. Authors have no conflict of interest to declare.

References

Abdulovic, A.L., Minesinger, B.K., and Jinks-Robertson, S.

(2008) The effect of sequence context on spontaneous

Polf-dependent mutagenesis in Saccharomyces cerevi-

siae. Nucleic Acids Res 36: 2082–2093.

Acharya, N., Haracska, L., Johnson, R.E., Unk, I., Prakash,

S., and Prakash, L. (2005) Complex formation of yeast

Rev1 and Rev7 proteins: a novel role for the polymerase-

associated domain. Mol Cell Biol 25: 9734–9740.
Acharya, N., Johnson, R.E., Prakash, S., and Prakash, L.

(2006) Complex formation with Rev1 enhances the profi-

ciency of Saccharomyces cerevisiae DNA polymerase f
for mismatch extension and for extension opposite from

DNA lesions. Mol Cell Biol 26: 9555–9563.
Acharya, N., Johnson, R.E., Pagès, V., Prakash, L., and

Prakash, S. (2009) Yeast Rev1 protein promotes complex

formation of DNA polymerase f with Pol32 subunit of

DNA polymerase d. Proc Natl Acad Sci USA 106: 9631–

9636.
Aksenova, A., Volkov, K., Maceluch, J., Pursell, Z.F.,

Rogozin, I.B., Kunkel, T.A., et al. (2010) Mismatch repair-

independent increase in spontaneous mutagenesis in

yeast lacking non-essential subunits of DNA polymerase

E. PLoS Genet 6: e1001209.
Amberg, D.C., Burke, D.J., and Strathern, J.N. (2005) Meth-

ods in Yeast Genetics. A Cold Spring Harbor Laboratory

Course Manual. NY: Cold Spring Harbor Laboratory

Press.

Baranovskiy, A.G., Lada, A.G., Siebler, H.M., Zhang, Y.,

Pavlov, Y.I., and Tahirov, T.H. (2012) DNA polymerase d

and f switch by sharing accessory subunits of DNA poly-

merase d. J Biol Chem 287: 17281–17287.
Becker, J.R., Nguyen, H.D., Wang, X., and Bielinsky, A.K.

(2014) Mcm10 deficiency causes defective-replisome-

induced mutagenesis and a dependency on error-free

postreplicative repair. Cell Cycle 13: 1737–1748.
Brocas, C., Charbonnier, J.B., Dh�erin, C., Gangloff, S., and

Maloisel, L. (2010) Stable interactions between DNA

polymerase d catalytic and structural subunits are essen-

tial for efficient DNA repair. DNA Repair 9: 1098–1111.

Burgers, P.M., and Kunkel, T.A. (2017) Eukaryotic DNA rep-

lication fork. Annu Rev Biochem 9: 1–9.22.

Cassier, C., Chanet, R., Henriques, J.A.P., and Moustacchi,

E. (1980) The effects of three PSO genes on induced

mutagenesis: a novel class of mutationally defective

yeast. Genetics 96: 841–857.
Chen, C., and Kolodner, R.D. (1999) Gross chromosomal rear-

rangements in Saccharomyces cerevisiae replication and

recombination defective mutants. Nat Genet 23: 81–85.
Daraba, A., Gali, V.K., Halmai, M., Haracska, L., and Unk,

I. (2014) Def1 promotes the degradation of Pol3 for poly-

merase exchange to occur during DNA-damage-induced

mutagenesis in Saccharomyces cerevisiae. PLoS Biol 12:

e1001771.
Drake, J.W. (1991) A constant rate of spontaneous muta-

tion in DNA-based microbes. Proc Natl Acad Sci USA

88: 7160–7164.

Endo, K., Tago, Y., Daigaku, Y., and Yamamoto, K. (2007)

Error-free RAD52 pathway and error-prone REV3 path-

way determines spontaneous mutagenesis in Saccharo-

myces cerevisiae. Genes Genet Syst 82: 35–42.
Ganai, R.A., Zhang, X.-P., Heyer, W.-D., and Johansson, E.

(2016) Strand displacement synthesis by yeast DNA

polymerase E. Nucleic Acids Res 44: 8229–8240.
Garbacz, M., Araki, H., Flis, K., Bebenek, A., Zawada,

A.E., Jonczyk, P., et al. (2015) Fidelity consequences of

670 E. Szwajczak, I. J. Fijalkowska and C. Suski �

VC 2017 The Authors. Molecular Microbiology Published by John Wiley & Sons Ltd., Molecular Microbiology, 106, 659–672



the impaired interaction between DNA polymerase epsi-

lon and the GINS complex. DNA Repair 29: 23–35.

Garcia, J.S., Ciufo, L.F., Yang, X., Kearsey, S.E., and

MacNeill, S.A. (2004) The C-terminal zinc finger of the

catalytic subunit of DNA polymerase d is responsible for

direct interaction with the B-subunit. Nucleic Acids Res

32: 3005–3016.
Giot, L., Chanet, R., Simon, M., Facca, C., and Faye, G.

(1997) Involvement of the yeast DNA polymerase delta in

DNA repair in vivo. Genetics 146: 1239–1251.
G�omez-Llorente, Y., Malik, R., Jain, R., Choudhury, J.R.,

Johnson, R.E., Prakash, L., et al. (2013) The architecture

of yeast DNA polymerase f. Cell Rep 5: 79–86.
Grabowska, E., Wronska, U., Denkiewicz, M., Jaszczur, M.,

Respondek, A., Alabrudzinska, M., et al. (2014) Proper

functioning of the GINS complex is important for the fidelity

of DNA replication in yeast. Mol Microbiol 92: 659–680.
Halas, A., Baranowska, H., Podlaska, A., and Sledziewska-

Gojska, E. (2009) Evaluation of the roles of Pol zeta and

NHEJ in starvation-associated spontaneous mutagenesis

in the yeast Saccharomyces cerevisiae. Curr Genet 55:

245–251.
Harfe, B.D., and Jinks-Robertson, S. (2000) DNA polymer-

ase f introduces multiple mutations when bypassing

spontaneous DNA damage in Saccharomyces cerevisiae.

Mol Cell 6: 1491–1499.
Hogg, M., and Johansson, E. (2012) DNA Polymerase E.

Subcell Biochem 62: 237–257.
Johnson, R.E., Washington, M.T., Haracska, L., Prakash,

S., and Prakash, L. (2000) Eukaryotic polymerases i and

f act sequentially to bypass DNA lesions. Nature 406:

1015–1019.
Johnson, R.E., Prakash, L., and Prakash, S. (2012) Pol31

and Pol32 subunits of yeast DNA polymerase d are also

essential subunits of DNA polymerase f. Proc Natl Acad

Sci USA 109: 12455–12460.
Knobel, P.A., and Marti, T.M. (2011) Translesion DNA synthesis

in the context of cancer research. Cancer Cell Int 11: 39.
Kochenova, O.V., Daee, D.L., Mertz, T.M., and

Shcherbakova, P.V. (2015) DNA polymerase f-dependent

lesion bypass in Saccharomyces cerevisiae is accompa-

nied by error-prone copying of long stretches of adjacent

DNA. PLoS Genet 11: 1–21.

Kochenova, O.V., Bezalel-Buch, R., Tran, P., Makarova, A.V.,

Chabes, A., Burgers, P.M.J., and Shcherbakova, P.V. (2017)

Yeast DNA polymerase f maintains consistent activity and

mutagenicity across a wide range of physiological dNTP

concentrations. Nucleic Acids Res 45: 1200–1218.
Kraszewska, J., Garbacz, M., Jonczyk, P., Fijalkowska, I.J.,

and Jaszczur, M. (2012) Defect of Dpb2p, a noncatalytic

subunit of DNA polymerase E, promotes error prone repli-

cation of undamaged chromosomal DNA in Saccharomy-

ces cerevisiae. Mutat Res 737: 34–42.
Kunkel, T.A., and Burgers, P.M.J. (2017) Arranging eukaryo-

tic nuclear DNA polymerases for replication. BioEssays

39: 1700070.
Lange, S.S., Takata, K., and Wood, R.D. (2011) DNA poly-

merases and cancer. Nat Rev Cancer 11: 96–110.
Lange, S.S., Wittschieben, J.P., and Wood, R.D. (2012)

DNA polymerase zeta is required for proliferation of nor-

mal mammalian cells. Nucleic Acids Res 40: 4473–4482.

Lange, S.S., Bedford, E., Reh, S., Wittschieben, J.P.,

Carbajal, S., Kusewitt, D.F., et al. (2013) Dual role for

mammalian DNA polymerase f in maintaining genome

stability and proliferative responses. Proc Natl Acad Sci

USA 110: E687–E696.
Lange, S.S., Tomida, J., Boulware, K.S., Bhetawal, S., and

Wood, R.D. (2016) The polymerase activity of mamma-

lian DNA Pol f is specifically required for cell and embry-

onic viability. PLoS Genet 12: e1005759.
Lawrence, C.W. (2002) Cellular roles of DNA polymerase f

and Rev1 protein. DNA Repair 1: 425–435.
Lee, Y.-S., Gregory, M.T., and Yang, W. (2014) Human Pol

f purified with accessory subunits is active in translesion

DNA synthesis and complements Pol h in cisplatin

bypass. Proc Natl Acad Sci USA 111: 2954–2959.

Lemontt, J.F. (1971) Mutants of yeast defective in mutation

induced by ultraviolet light. Genetics 68: 21–33.
van Loon, B. V., Woodgate, R., and H€ubscher, U. (2015)

DNA polymerases: biology, diseases and biomedical

applications. DNA Repair 29: 1–3.
MacNeill, S.A. (2010) Structure and function of the GINS

complex, a key component of the eukaryotic replisome.

Biochem J 425: 489–500.
Makarova, A.V., and Burgers, P.M. (2015) Eukaryotic DNA

polymerase f. DNA Repair 29: 47–55.
Makarova, A.V., Stodola, J.L., and Burgers, P.M. (2012) A

four-subunit DNA polymerase f complex containing Pol d

accessory subunits is essential for PCNA-mediated muta-

genesis. Nucleic Acids Res 40: 11618–11626.
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.
Nelson, J.R., Lawrence, C.W., and Hinkle, D.C. (1996) Thy-

mine-thymine dimer bypass by yeast DNA polymerase

zeta. Science 272: 1646–1649.
Netz, D.J.A., Stith, C.M., St€umpfig, M., K€opf, G., Vogel, D.,

Genau, H.M., et al. (2012) Eukaryotic DNA polymerases

require an iron-sulfur cluster for the formation of active

complexes. Nat Chem Biol 8: 125–132.
Northam, M.R., Garg, P., Baitin, D.M., Burgers, P.M.J., and

Shcherbakova, P.V. (2006) A novel function of DNA poly-

merase f regulated by PCNA. EMBO J 25: 4316–4325.
Northam, M.R., Robinson, H.A., Kochenova, O.V., and

Shcherbakova, P.V. (2010) Participation of DNA polymer-

ase f in replication of undamaged DNA in Saccharomy-

ces cerevisiae. Genetics 184: 27–42.
Northam, M.R., Moore, E.A., Mertz, T.M., Binz, S.K., Stith,

C.M., Stepchenkova, E.I., et al. (2014) DNA polymerases

f and Rev1 mediate error-prone bypass of non-B DNA

structures. Nucleic Acids Res 42: 290–306.
Pavlov, Y.I., and Shcherbakova, P.V. (2010) DNA polymer-

ases at the eukaryotic fork-20 years later. Mutat Res

685: 45–53.
Pavlov, Y.I., Shcherbakova, P.V., and Kunkel, T.A. (2001) In

vivo consequences of putative active site mutations in yeast

DNA polymerases a, E, d and f. Genetics 159: 47–64.

Pavlov, Y.I., Newlon, C.S., and Kunkel, T.A. (2002) Yeast

origins establish a strand bias for replicational mutagene-

sis. Mol Cell 10: 207–213.
Pustovalova, Y., Magalhaes, M.T.Q., D’Souza, S., Rizzo,

A.A., Korza, G., Walker, G.C., and Korzhnev, D.M. (2016)

Involvement of Pol f4 in DRIM 671

VC 2017 The Authors. Molecular Microbiology Published by John Wiley & Sons Ltd., Molecular Microbiology, 106, 659–672



Interaction between the Rev1 C-terminal domain and the
PolD3 subunit of Polf suggests a mechanism of polymer-
ase exchange upon Rev1/Polf-dependent translesion
synthesis. Biochemistry 55: 2043–2053.

Quah, S.K., Borstel, R.C.V., and Hastings, P.J. (1980) The

origin of spontaneous mutation in Saccharomyces cerevi-
siae. Genetics 96: 819–839.

Roche, H., Gietzt, R.D., and Kunz, B.A. (1994) Specificity
of the yeast rev3D antimutator and REV3 dependency of
the mutator resulting from a defect (radlD) in nucleotide

excision repair. Genetics 137: 637–646.
Sabbioneda, S., Minesinger, B.K., Giannattasio, M.,

Plevani, P., Muzi-Falconi, M., and Jinks-Robertson, S.
(2005) The 9-1-1 checkpoint clamp physically interacts
with Polf and is partially required for spontaneous Polf-
dependent mutagenesis in Saccharomyces cerevisiae.
J Biol Chem 280: 38657–38665.

Sale, J.E. (2013) Translesion DNA synthesis and mutagen-
esis in eukaryotes. Cold Spring Harb Perspect Biol 5:

a012708.
Shcherbakova, P.V., Noskov, V.N., Pshenichnov, M.R., and

Pavlov, Y.I. (1996) Base analog 6-N-hydroxylaminopurine
mutagenesis in the yeast Saccharomyces cerevisiae is
controlled by replicative DNA polymerases. Mutat Res

369: 33–44.
Siebler, H.M., Lada, A.G., Baranovskiy, A.G., Tahirov, T.H.,

and Pavlov, Y.I. (2014) A novel variant of DNA polymer-
ase f, Rev3DC, highlights differential regulation of Pol32
as a subunit of polymerase d versus f in Saccharomyces

cerevisiae. DNA Repair 24: 138–149.
Skoneczna, A., Kaniak, A., and Skoneczny, M. (2015)

Genetic instability in budding and fission yeast-sources
and mechanisms. FEMS Microbiol Rev 39: 917–967.

Sparks, J.L., Chon, H., Cerritelli, S.M., Kunkel, T.A.,

Johansson, E., Crouch, R.J., and Burgers, P.M. (2012)
RNase H2-initiated ribonucleotide excision repair. Mol
Cell 47: 980–986.

Stillman, B. (2015) Reconsidering DNA polymerases at the

replication fork in eukaryotes. Mol Cell 59: 139–141.
Suzuki, T., Gruz, P., Honma, M., Adachi, N., and Nohmi, T.

(2016) The role of DNA polymerase zeta in translesion

synthesis across bulky DNA adducts and cross-links in

human cells. Mutat Res 791–792: 35–41.
Tomida, J., Takata, K.I., Lange, S.S., Schibler, A.C.,

Yousefzadeh, M.J., Bhetawal, S., et al. (2015) REV7 is

essential for DNA damage tolerance via two REV3L bind-

ing sites in mammalian DNA polymerase f. Nucleic Acids

Res 43: 1000–1011.
Tumini, E., Barroso, S., Calero, C.P., and Aguilera, A.

(2016) Roles of human POLD1 and POLD3 in genome

stability. Sci Rep 6: srep38873.
Vaisman, A., and Woodgate, R. (2017) Translesion DNA

polymerases in eukaryotes: what makes them tick? Crit

Rev Biochem Mol Biol 52: 274–303.

Whelan, W.L., Gocke, E., and Manney, T.R. (1979) The

CAN1 locus of Saccharomyces cerevisiae: fine-structure

analysis and forward mutation rates. Genetics 91: 35–51.
Zhang, D., and O’Donnell, M. (2016) The eukaryotic repli-

cation machine. Enzymes 39: 191–229.

Zhao, L., and Washington, M. (2017) Translesion synthesis:

insights into the selection and switching of DNA polymer-

ases. Genes (Basel) 8: 24.
Zhong, X., Garg, P., Stith, C.M., McElhinny, S.A.N., Kissling,

G.E., Burgers, P.M.J., and Kunkel, T.A. (2006) The fidelity of

DNA synthesis by yeast DNA polymerase zeta alone and

with accessory proteins. Nucleic Acids Res 34: 4731–4742.

Supporting information
Additional supporting information may be found in the

online version of this article at the publisher’s web-site.

672 E. Szwajczak, I. J. Fijalkowska and C. Suski �

VC 2017 The Authors. Molecular Microbiology Published by John Wiley & Sons Ltd., Molecular Microbiology, 106, 659–672


