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II;OIbZ helicase [Cdc45 Mcm2-7 GINS(Psf1-3, Sld5)]. Proper functioning of the CMG-Pol &, the helicase-polymerase
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is significantly increased.

complex is essential for its progression and the fidelity of DNA replication. Dpb2p, the essential non-catalytic
subunit of Pol & plays a key role in maintaining the correct architecture of the replisome by acting as a link
between Pol ¢ and the CMG complex. Using a temperature-sensitive dpb2-100 mutant previously isolated in our
laboratory, and a genetic system which takes advantage of a distinct mutational signature of the Pol §-L612M
variant which allows detection of the involvement of Pol & in the replication of particular DNA strands we show
that in yeast cells with an impaired Dpb2 subunit, the contribution of Pol § to the replication of the leading strand

1. Introduction

Faithful and timely DNA replication is a tightly regulated process,
dependent on the coordinated actions of many proteins forming the
replisome. In eukaryotic cells, three DNA polymerases belonging to the
B family of polymerases, i.e., a, 8, and ¢, are responsible for most of the
synthesis of newly formed DNA strands; for review, see [1]. Pol a is a
heterotetramer with primase and polymerase activity [2] that initiates
DNA synthesis, to be taken over later by Pol € or Pol & replicating the
leading and lagging strand, respectively, in advancing uninterrupted
replication forks. However, recent discoveries have complicated this
simple division of labor during DNA replication between the two poly-
merases as Pol § has been shown to be involved in initiation, elongation,
and termination of synthesis on the leading strand [1].

Pol § is composed of the catalytic Pol3 subunit exhibiting polymerase
and 3'—>5’ proofreading exonuclease activities and two non-catalytic
Pol31 and Pol32 subunits [3,4]. Pol e consists of 4 subunits, Pol2,
Dpb2, Dpb3, and Dpb4 [5,6]. Pol2 is the catalytic subunit, and its
N-terminal catalytic part (N-Pol2) equipped with DNA polymerase ac-
tivity and a proofreading 3'—5 exonuclease activity is responsible for
DNA synthesis [7,8]. It is thought that the C-terminal part of Pol2
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(C-Pol2) contains a second polymerase fold that has been inactivated
during evolution [9]. Unlike the N-catalytic part of Pol €, which has been
shown to be dispensable, the non-catalytic C-Pol2 is essential for
viability. [10,11]. Pol € interacts with the replicative, 11-subunit CMG
[Cdc45, Mcm2-7, and GINS (Psf1-3, S1d5)] helicase to form the CMGE
complex [12-14]. The C-terminal part of Pol2 interacts directly with
Dpb2 [15] and with Mcm2, Mcm5 subunits of the heterohexameric
Mcm2-7 complex that builds the CMG helicase engine [12,15,16]. Dpb2
is the second largest subunit of Pol € [17] and is conserved in eukaryotic
polymerases [18,19]. Although Dpb2 has no catalytic activity, it is
essential for viability. Dpb2 contains an N-terminal, helical domain, an
oligonucleotide/oligosaccharide-binding (OB) domain, and an inacti-
vated calcineurin-like phosphoesterase (PDE) domain [20,21]. Inter-
estingly, according to a recently proposed model, the OB fold in Dbp2
directs leading ssDNA from CMG to the Pol ¢ active site [22]. Within the
replisome, Dpb2 interacts with the GINS subunit Psfl, the helicase core
subunit Mem3 and Cde45 [13,15,22-24]. Previously we found that
Dpb2 is important for the faithful replication of genomic DNA and
activation of the replication checkpoint [25-27]. Dpb2p plays a key role
in maintaining the correct architecture of the replisome by acting as a
link between Pol € and the CMG complex [12,13,28]. Pol € and CMG
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interact functionally. Pol € modulates the activity of the CMG helicase
while CMG has a stimulating effect on Pol € [29-31] and directs Pol € to
the leading strand [12,13]. Dpb3 and Dpb4 subunits of Pol ¢ are not
essential, ancillary, DNA-binding subunits that adopt histone folds [32,
33]. Importantly Dpb3-Dpb4 bridge the catalytic and non-catalytic
modules of Pol2 [22], and are required for epigenetic inheritance dur-
ing DNA replication [34,35].

Biochemical and structural studies provided important data on the
major enzymatic activities and the overall architecture of the eukaryotic
replisome and revealed the basic principles of genomic DNA duplication.
However, the physiological role of specific subunits of the replisome, in
particular the non-catalytic subunits, is still poorly understood. There is
also a lack of data on the physiological consequences of defects in the
function of individual proteins. With an increasing number of reports
linking physiological defects leading to severe disease to mutations in
non-catalytic proteins of the replisome [36-38], this knowledge is
fundamental.

Previously, we have isolated a number of temperature-sensitive dpb2
mutants encoding Dpb2 variants demonstrating defective interaction
with the C-domain of the Pol2 catalytic subunit and the Psfl subunit of
the GINS helicase [25,39]. Strains carrying these mutations show phe-
notypes indicative of impaired DNA replication and a strong mutator
effect comparable in size to a defective mismatch repair (MMR) mech-
anism (msh6A) or the lack of Pol €’s 3°' -5’ exonuclease activity (pol2-4)
[25,39]. Here, we employed the dpb2-100 allele encoding a Dpb2
variant with L284P and T345A substitutions [25]. Previously we showed
that Pol & complex isolated from the dpb2-100 strain contains sub-
stoichiometric amounts of the Dpb2 subunit [39]. In the dpb2-100
strain, the contribution of error-prone Pol ¢ to DNA synthesis is
increased [39,40]. Dpb2 defect causing reduced interaction with the
C-terminal part of Pol2 and, at the same time, with the Psfl subunit of
the GINS complex, can weaken the cooperation of CMG with Pol € and
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reduce the stability of Pol € during replication of the leading strand. This,
in turn, may result in an increased contribution of Pol § to the replication
of this strand. To verify this hypothesis, we used a well-described yeast
genetic system that Kunkel’s laboratory used to identify the activity of
Pol § and Pol € on the two replicated DNA strands [41-43]. This system
takes advantage of a distinct mutational signature of the Pol §-L612M
variant and allows detection of the involvement of Pol § in the replica-
tion of particular DNA strands in yeast cells [42]. We show that in cells
with an impaired Dpb2 subunit, the contribution of Pol § to the repli-
cation of the leading strand is significantly increased.

2. Results

2.1. The experimental approach to study the involvement of Pol § in
leading/lagging strand replication

To investigate the possible contribution of DNA polymerase & in the
replication of the leading strand in the dpb2-100 mutant, we used a
genetic system that we recently employed to study the involvement of
Pol § in yeast cells with impaired CMG helicase function [44]. The Pol
8-L612M variant used in this approach introduces specific mutations
during DNA replication, which allows tracking of Pol § on particular
DNA strands [45]. The spectrum of mutagenesis is analyzed in cells with
the URA3 reporter gene cloned in two orientations regarding the nearest
origin of replication ARS306 (~2 kb distance, compared to ~32 kb from
ARS307) [42]. As a consequence, the URA3 coding sequence in one
strain serves as a template for lagging strand (orientation 1 [OR1]) or for
leading strand in the other strain (orientation 2 [OR2]) (Fig. 1).
Therefore, in URA3[OR1] TedGTP, CedTTP, and GedTTP mispairs, most
commonly introduced by Pol §-L612M, result in T»C, C—A, and G—»A
substitutions in the reporter gene coding sequence, respectively [46,47].
Similarly, in URA3[OR2], the same mispairs result in A—>G, G—T, and
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Fig. 1. The rationale for the analysis of the Pol § contribution to leading strand replication in the dpb2-100 mutant. (A) The URA3 reporter gene was cloned in one
orientation in strains [OR1] and in opposite orientation in strains [OR2] in the vicinity of ARS306. Therefore, its coding sequence was lagging-strand template in OR1
and a leading-strand template in OR2. As a result, L612M Pol 8-specific TedGTP, CedTTP, and GedTTP mispairs generated during lagging strand replication were
detected in URA3 OR1 as T-C, C—A, and G—A substitutions, respectively. In the URA3 OR2, the same mispairs were detected as A—G, G—T, and C—T substitutions.
(B) If Pol § additionally contributed to the replication of the leading strand, L612M Pol & — specific mispairs would be generated in both strands. In this case, in URA3
OR1, a GedTTP mispair generated during lagging strand replication would be detected as a G—A substitution, while the mispair generated during leading strand
replication would be detected as a C—T substitution. Accordingly, in URA3 OR2, a GedTTP mispair generated during lagging strand replication would be detected as
a C—T substitution, while when generated during leading strand replication, it would be detected as a G—A substitution.

This figure and its description originate from https://doi.org/10.1016/j.dnarep.2022.103272, an open-access article under the CC BY license http://creativecommo
ns.org/licenses/by/4.0/.
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C—T substitutions, respectively. An analysis of mutation spectra in
URA3 in cells carrying the pol3-L612M and dpb2-100 alleles and a
comparison with results obtained in pol3-L612M DPB2 cells enabled the
estimation of the contribution of Pol § in leading strand replication.
Because earlier studies have shown that increased mutation rates in
dpb2-100 cells are partially dependent on the error-prone Pol ¢ [40], and
that the introduced errors are corrected by the mismatch repair (MMR)
mechanism [25], we performed an analysis of mutational spectra in the
rev3A msh6A background. As a control, we used mutational spectra data
obtained for strains described as DPB2 POL3 OR1, DPB2 POL3 OR2,
DPB2 pol3-L612M OR1, and DPB2 pol3-L612M OR2 (all in the rev3A
msh6A background), and presented in our previously published work
[44].

First, we compared the contribution of each type of substitution to
the total mutational spectrum (Fig. 2). In pol3-L612M cells with URA3-
OR1 T—C and G—A changes accounted for 30% and 61% of all muta-
tions, respectively, and in pol3-L612M cells with URA3-OR2 the most
abundant substitutions are C—T and G—T - 49% and 27%, respectively.
In dpb2-100 derivatives of these strains, we observed significant
changes: in pol3-L612M dpb2-100 [OR1] strains in comparision with
pol3-L612M [OR1] the share of T-C and G—A substitutions in the
spectrum of mutations significantly declined (19% and 54% of all mu-
tations, respectively) and the fraction of C—»T and G—T substitutions
increased (from ~1% to 12% and from ~1% to 6%, respectively)
(p = 0.0030). In pol3-L612M dpb2-100 [OR2] compared to pol3-L612M
[OR2] cells the share of C—T and G—T substitutions decreased to 42%
and 17%, respectively. Likewise, the contribution of T—»C and G—A
substitutions increased from 1% and 5%, to 5% and 17%, respectively
(p = 0.0086). A more detailed analysis of changes in mutation spectra in
cells with the dpb2-100 allele is shown below.

2.2. AT-GC, CG—TA, and GC—TA substitutions in dpb2-100 cells

As we have previously shown [44], in the genetic background used in
this work, in pol3-L612M URA3[OR1] cells, A-T-G-C substitutions
originating from T—C changes in the URA3 coding sequence were
observed > 53x more frequently than A—G, while in pol3-L612M URA3
[OR2] the same ratio was 0.1 (Fig. 3A) [44]. Similarly, in these strains,
the ratio of C-G—T-A transitions originating from G—A versus C—T
changes was 107 in URA3[OR1] and 0.1 URA3[OR2] (Fig. 3A). Another
type of substitutions that demonstrated different ratios of nucleotide
changes depending on the orientation of the reporter gene URA3 are
G-C—T-A substitutions [44,46]. In pol3-L612M cells, the C—A versus
G-T ratio was 2 and < 0.02 in URA3[OR1] and URA3[OR2], respec-
tively (Fig. 3A). The strong URA3 orientation bias observed for these
substitutions is consistent with the specificity of mismatches produced
by Pol3-L612M and the involvement of this polymerase mainly in lag-
ging strand replication [45].

The presence of the dpb2-100 allele in pol3-L612M cells significantly
changed the ratios observed. The T—C versus A—G ratio in URA3[OR1]
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was reduced to > 27 (p < 0.0001), while in URA3[OR2] it increased to
0.5 (p < 0.0001) (Fig. 3B and Table S1 and S2). Similarly, the rate of
G—A relative to C—T was reduced to 4.4 in pol3-L612M dpb2-100 URA3
[OR1] (p < 0.0001), and increased to 0.4 in pol3-L612M dpb2-100
URA3[OR2] (p < 0.0001) (Fig. 3B and Table S1 and S2). Importantly,
the Tarone test used to compare the ratios of G—A versus C—T sub-
stitutions in the two orientations of the reporter gene gave the p-value
< 0.0001. The dpb2-100 allele also affected the ratio of C—A versus
G-T substitutions; it was reduced to 0.5 (p < 0.0001) (Table S2) when
the reporter gene was in [OR1], and increased to 0.01 (p < 0.0001) in
URA3[OR2] (Fig. 3B and Table S1 and S2). Again, the Tarone test used
to compare the ratios of C—A versus G—T substitutions in the two ori-
entations of the reporter gene gave a p-value < 0.0001.

We conclude that the observed changes in mutagenesis spectra in
cells with the dpb2-100 allele result from TedGTP, GedTTP, and CedTTP
mispairs generated by Pol §-L612M during replication of the leading
strand.

2.3. Mutations generated by Pol §-L612M at specific hotspots in dpb2-
100 cells

As was shown previously, Pol 8-L612M-specific mutations were
generated at increased rates at specific hotspots in the URA3 reporter
gene [42,44,48]. In URA3[OR1], these are at position 97 for T—C sub-
stitutions and 764 for G—A, while in URA3[OR2], specific hotspots were
observed at position 310 for C—T and 679/706 for G—T (Fig. 4A). Here
we show that rates at specific hotspots are significantly changed in
dpb2-100 cells. The rate of T—»C substitutions at position 97 was
> 26-fold higher in URA3 OR1 than in URA3 OR2 in pol3-L612M cells,
but only 2.5-fold higher in pol3-L612M dpb2-100 cells (Fig. 4)
(p < 0.0001, Table S3). The rate of this type of substitution at other sites
was 16-fold higher in URA3 OR1 than in URA3 OR2 in pol3-L612M cells
and was reduced to 3 in cells with the dpb2-100 allele (Fig. 4)
(p < 0.0001, Table S4). Similarly, in pol3-L612M the rate of G—A
changes was higher in URA3 OR1 than in URA3 OR2 24-fold at position
764 and 13-fold at other positions (Fig. 4) (p < 0.0001, Table S3). In the
presence of the dpb2-100 allele, these values were reduced to 3.2 and
2.0, respectively(Fig. 4)(p < 0.0001, Table S4). The rate of C—T sub-
stitutions in pol3-L612M cells is more than 39-fold higher in URA3 OR2
than in URA3 OR1 both at the hotspot at position 310 and at other sites
(Fig. 4)(p < 0.0001, Table S3 and S4). In pol3-L612M dpb2-100 cells,
this dominance was reduced to 13-fold and 2-fold at the hotspot at po-
sition 310 and at other sites, respectively (Fig. 4) (p < 0.0001, Table S3
and S4). Finally, the G—T substitutions which in pol3-L612M URA3 OR2
compared to pol3-L612M URA3 OR1 occurred at a rate > 8-fold higher
at positions 679 and 706 and more than 18-fold higher at the other sites,
in pol3-L612M dpb2-100 OR2 cells occurred at the rates only 2.6 and
5.4-fold higher than in than in pol3-L612M dpb2-100 OR1, respectively
(Fig. 4)(p < 0.0001, Table S3 and S4). In summary, these results show
that mutation types that occurred with high prevalence in the
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Fig. 2. Contribution of Pol §-L612M-specific types of substitutions to total mutagenesis in strains with pol3-L612M or pol3-L612M dpb2-100 alleles in the rev3A
msh6A background. The reporter gene URA3 was cloned in two orientations [OR1] and [OR2]. Mutation spectra were analyzed in the coding sequence of URA3 from
5-FOA-resistant yeast clones. The proportion of each substitution type found in each spectrum is shown. Detailed data are provided in Table S1.
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Fig. 3. Total mutation rates calculated for specific substitutions resulting in A-T-G-C, C-G—T-A, and C-G—A-T substitutions found in the URA3 sequence [5-
FOARx 10°®] in strains with pol3-L612M (A) or pol3-L612M dpb2-100 alleles (B) in the rev34 msh6A background. For detailed mutation spectra, see Table S1. The
analysis of the statistical significance of the observed differences is shown in Table S2.

orientation in which the URA3 coding sequence served as a
lagging-strand template (T—C, and G—A changes in the URA3 coding
sequence) in cells with the dpb2-100 allele were found at significantly
increased rates in the reporter gene when the coding sequence served as
the leading strand template. Similarly, substitutions specific to the other
URAS3 orientation, where the coding sequence was the leading strand
template (C—T and G—T changes in the URA3 coding sequence), were
introduced at significantly higher rates in dpb2-100 cells where the
URA3 coding sequence served as the lagging strand template (compare
Fig. 4A and B). In parallel, relative rates of substitutions specific for a
given orientation in pol3-L612M cells decrease in pol3-L612M dpb2-100
cells (Fig. 4A and B). These observations support the hypothesis that in
dpb2-100 cells, participation of Pol & in leading strand replication is
increased.

2.4. Cell cycle progression of dpb2-100 cells and the measurement of
dNTP pools

Perturbations of DNA replication can delay progression through the S
phase of the cell cycle. Therefore, we synchronized dpb2-100 cells in the
G1 phase using the a-factor and monitored their entry into a new cell
cycle as changes in DNA content using the fluorescence-activated cell
sorting method (FACS). Compared to wild-type cells, dpb2-100 cells
demonstrate a changed FACS profile with an increased population of
cells in the S phase of the cell cycle (Fig. 5A). After release from the G1
block, dpb2-100 cells progressed slowly through the S-phase and
required more time to complete DNA synthesis. Cellular response to
impaired DNA replication may involve an increase in the dNTP pool
levels. Moreover, imbalanced concentrations of nucleotides accessible

for DNA synthesis may have consequences for the specificity of muta-
tions. To test this hypothesis, we analyzed the dNTP pool levels in
dpb2-100 cells. We observed an over 4-fold increase in the amounts of
all nucleotides (Fig. 5B). However, the amounts of each nucleotide
relative to each other were the same in dpb2-100 cells as in wild-type
cells therefore, should not have consequences for the specificity of
mutations (Fig. 5C).

2.5. Analysis of the involvement of Pol ¢ in leading/lagging strand
replication

Pol e forms the pre-loading complex (pre-LC) loaded onto Mcm2-7
during DNA replication initiation. Importantly, depletion of Dpb2 in
S. cerevisiae cells after synchronization in the G1 phase prevented the
association of other pre-LC factors with Mcm2-7 [49]. In light of these
observations, we considered the possibility that as a result of impaired
interaction with Pol2 and Psfl, Dpb2-100 might compromise the as-
sembly of replisomes resulting in inefficient firing of some origins. This
would necessitate DNA replication initiation from a neighboring origin
resulting, in inverted leading/lagging strand specificity, i.e., the DNA
strand, which under normal conditions is replicated as the leading
strand would be replicated as the lagging strand (by Pol §), while the
other one as the leading strand (by Pol ¢). Therefore, we decided to test
the hypothesis that the observed increased signature of Pol & on the
leading strand is the effect of URA3 sequence replication performed by
the replisome approaching from another neighboring origin. To do this,
we analyzed the signature of Pol e-M644G variant of the leading strand
replicase. Replication by Pol e-M644G is characterised by a high inci-
dence of A-T—-T-A transversions, occurring predominantly via the
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Fig. 4. Mutation rates calculated for specific substitutions in the URA3 reporter gene at hotspots characteristic for the Pol3-L612M variant of Pol & (positions 97, 310,
764, and 679/706) and other sites (OS) [5-FOARx 10°°] in strains with pol3-L612M (A) or pol3-L612M and dpb2-100 mutations (B) in the rev34 msh6A background.
For detailed mutation spectra, see Table S1. In the pol3-L612M OR1 strain, the number of sites other than hotspots was 12 for T—C substitutions and 17 for G—A. In
the pol3-L612M OR2 strain, the number of sites other than hotspots was 2 for T—»C substitutions, 10 for C—T, 5 for G—A, and 15 for G—T. In the pol3-L612M
dpb2-100 OR1 strain, the number of sites other than hotspots was 12 for T—C substitutions, 8 for C—T, 18 for G—A, and 4 for G—T. In the pol3-L612M dpb2-100 OR2
strain, the number of sites other than hotspots was 4 for T—C substitutions, 9 for C—T, 13 for G—A, and 10 for G—T. The analysis of the statistical significance of the

observed differences is shown in Table S3 and Table S4.

TedTTP mispairs rather than AedATP transversions [43,50]. Conse-
quently, the A-T-T-A transversions produced by Pol e-M644G (in the
DPB2 strain) are manifested in the high rate of the A—T changes in the
URA3[OR1] coding sequence and in the high rate of the T—A changes in
URA3[OR2] (Fig. 6A and C). Conversly, if the reporter gene sequence
was replicated by the replisome originating from another, more distant
origin, the coding sequence would be the leading strand template in
URA3[OR1] and as the lagging strand template in URA3[OR2] (Fig. 6B).
As aresult, in pol2-M644G dpb2-100 cells one would expect an increased
prevalence of T—A substitutions in URA3[OR1] and A—T in URA3
[OR2], compared to the pol2-M644G DPB2 strain (Fig. 6B). However, in
pol2-M644G dpb2-100 cells with URA3[OR1], the ratio of A>T rate
versus T—A substitutions demonstrated no significant changes from 8.3
to 7.0 (p = 0.2691) (Fig. 6D upper part and Table S1 and S5). Consis-
tently, when the reporter gene was in inversed orientation URA3[OR2],
A—-T mutations were observed neither in pol2-M644G, nor in
pol2-M644G dpb2-100 cells; and the ratio of A—T rate versus T—A
substitutions was unchanged (p > 0.9999) (Fig. 6D lower part and
Tables S1 and S5). Moreover, the Tarone test used to compare the ratios
of A—T versus T—A substitutions in the two orientations of the reporter
gene gave a p-value 0.9886. These results show that the involvement of
Pol ¢ in DNA replication on both strands is not significantly changed in
cells with the dpb2-100 allele, compared to DPB2 cells. Therefore, we
conclude that the observed mutational signature of Pol & on the leading
strand in dpb2-100 cells is not caused by an inversion of replication fork
movement direction.

3. Discussion

At the eukaryotic replication fork, the highly conserved components
of the replisome work together to facilitate replisome progression and
maintain genome stability. Our current understanding of the division of
labor among the major replicases predominantly results from research
conducted on yeast. The generally accepted model assumes that leading
strand synthesis is performed by Pol €, while lagging-strand synthesis is
catalyzed by Pol 6. Many experiments have confirmed this division of
labor between polymerases. First of all, the employment of mutator
variants of yeast polymerases producing specific mismatches (Y869A or
L868M Pol a, L612M Pol 5, and M644G Pol ¢), and analysis of the
specificity of errors introduced into the reporter gene into both DNA
strands allowed to determine the contribution of Pol € and Pol & to the
synthesis of a particular DNA strand [41-43,51,52,53]. Additionally, the
usage of different polymerases during replication has been mapped by
Pol € or Pol § variants promiscuous for ribonucleotide incorporation [47,
52-59]. Additionally, the results of experiments in which replication
was reconstituted in vitro using purified components support such di-
vision of labor between polymerases [12,60-63]. Finally, replisome
architecture analysis also supports this canonical model during unin-
terrupted elongation [15,16,64].

Pol € has been shown to target the leading strand by interacting with
the CMG helicase [Cdc45-Mcm2-7-GINS(Psf1-3, SId5)] [12,13,65,66].
This requires the interaction of the non-catalytic Dpb2 subunit of Pol &
with the Psfl subunit of GINS, as well as with Mcm3 [13,15,23,24]. In



M. Dmowski et al.

DNA Repair 129 (2023) 103541

A B Fig. 5. Progression through the cell cycle and
61 G2M 61 G2M 1000 dNTP pool measurement in the dpb2-100
mutant. (A) Flow cytometry (FACS) analysis of
900 asynchronous cells and those released from the
180 \—}\\’/L LNL = 800 G1 block at the permissive temperature of
% 200 23 °C. Wild-type and dpb2-100 mutant pop-
U w‘-’ ulations were analyzed. DNA content for G1
— 160 J \— L/\/L 8 600 and G2/M are indicated. (B) Concentrations of
£ > 500 the four dNTPs in DPB2 and dpb2-100 cells.
E \—/L =] Mean values with SD are shown. (C) Relative
'; 140 ‘—-/ : L_/\/L g_ 400 dNTP amounts in DPB2 and dpb2-100 cells
» JL : 300 calculated using data from B. For the analysis of
© = statistical significance of the differences in the
L
c 120 Lj ' k—/\& % 200 dNTP balance between DPB2 and the dpb2-100
6 JL 100 strain, the contingency tables were compared
using the chi-square test (p = 0.1357).
g 100 J N~ 0
S DPB2 dpb2-100
o U\ c
2 80 _J - 0
© .
@ J\J 09 dGTP
2 60 [ c on = dATP
- .
& J 2 oy = dTTP
S 40 YA N E m dcTP
E a
= =
-~ 0.5 -
20 - \_k %
o 04 1
>
J\x S 0.3 -
0 - 8
\_}\‘/ E 0.2 A
0.1 A
Async. _ N 0.0 -
DPB2 dpb2-100 DPB2 dpb2-100

parallel, Pol & access to the lagging strand is promoted by binding to
PCNA [67], and the presence of RPA-coated ssDNA facilitates this tar-
geting [62,63].

Recent genetic and biochemical data and high-resolution mapping of
polymerase usage have identified new key roles for Pol § in several steps
of leading-strand synthesis; reviewed in [1]. First, Pol 6 was shown to
initiate the leading strand synthesis from the lagging strand primer from
the opposite side of the origin [53,68-71]. Furthermore, Pol  was found
to synthesize both DNA strands during replication termination [57].
Additionally, during break-induced replication (BIR) [69] or when
replication fork progression is blocked, Pol § participates in homologous
recombination (HR)-mediated restart of collapsed replication forks [72].
Furthermore, Pol & can take over the replication of the leading strand
when Pol ¢ is deprived of catalytic activity [71]. This defect (pol2-16
mutation) results in severe growth defect, increased doubling time,
larger than normal cells, mutator phenotype, aberrant nuclei, and higher
than normal dNTP concentrations [46,71]. It has been shown that when
the level of Pol ¢ in the cell is reduced, Pol & is more likely to participate
in DNA synthesis [46,57,71]. Furthermore, the presence of Pol 6 on the
leading strand is evidenced by the fact that Pol & corrects Pol ¢ errors
[73,74]. All these observations indicate that Pol § is able to replace the
replicative function of Pol €.

Proper functioning of the CMGE complex is essential for the leading
strand replisome, fidelity of DNA replication, and the rate of CMGE
progression [23,62]. As mentioned earlier, the N-terminal part of the
Pol2 catalytic subunit exhibits DNA polymerase and exonuclease ac-
tivities [8], while the C-terminal part (C-Pol2) is predicted to contain a
second polymerase fold but become inactivated during evolution [9,20].
C-Pol2 and the Dpb2 non-catalytic subunit are essential subunits
required for CMGE formation and DNA replication. It was suggested that
the OB fold in Dbp2 directs leading ssDNA from CMG to the Pol ¢ active

site [22]. Additionally, the Dpb2 subunit stimulates CMG activity [12].
Dpb2 has been shown to share an extended interface with the C terminal
half of Pol ¢, indicating an important structural and stabilizing role for
Dpb2 [15]. Remarkably, Dpb2 contacts Mcm3, while the C-Pol2 poly-
merase part contacts Mcm2 and Mcmb5. These interactions allow for the
closure of the Mcm2-5 gate on the ATPase side of the helicase motor ring
[15]. Furthermore, the N-terminal part of Dpb2 links Pol ¢ to the GINS
component of the CMG through Dpb2 - Psfl interaction [15,23,24].
Thus, C-Pol2 and Dpb2 provide a molecular bridge linking CMG to Pol ¢,
with Dpb2 contacting GINS and C-Pol2 contacting MCM [15,24]. It can
be assumed that a defect in the CMG - Pol ¢ interactions can not only
cause disturbances of helicase function but also affect the stabilization
and function of Pol & during leading strand synthesis.

We employed the temperature-sensitive dpb2—-100 mutant previously
isolated in our laboratory, to investigate what are the physiological
consequences associated with the impairment of the Dpb2 subunit. We
have previously shown that dpb2-100 expression has a strong mutator
effect and various phenotypes characteristic of replication mutants, i.e.,
dumbbell cells, and enlarged nuclei and cells. Here we also show that the
dpb2-100 strain has an increased nucleotide pool and strongly delayed
cell cycle progression. We know from previous studies that the stoichi-
ometry of the Pol & subunits in the Pol epppa_100 variant is significantly
altered [39]. The Dpb2-100 (L284P, T345A) subunit is present at
approximately 1/10 of its normal level (the Pol2:Dpb2-100:Dpb3:Dpb4
ratio is 1:0.1:1:1.2 instead of 1:1:1:1 [75]. In addition, the Dpb2-100
subunit has impaired interactions with the C-terminal part of Pol2 and
with the Psfl subunit of the GINS complex [39]. These data suggest that
in vivo, there may be a reduced amount of CMGE complexes with the
correct subunit composition. However, we have shown that Dpb2-100
does not alter the biochemical properties of Pol ¢, including catalytic
efficiency, processivity, or proofreading activity [39]. Interestingly, the
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synergistic effect of the dpb2-100 and pol3-L612M mutations presented
herein (Table S1) and the similar effect of dpb2-100 and pol3-5DV (Pol &
with inactive proofreading) on mutagenesis rates observed previously
[39] suggest that in the dpb2-100 strain, the Pol § holoenzyme may
participate more efficiently in leading strand replication.

To investigate this, we used a genetic system developed in Kunkel’s
lab that allows analyzing mutations that arise on respective DNA strands
as a result of errors made by a specified DNA polymerase. The reporter
gene (here URA3) is cloned in two orientations regarding the nearest
origin of replication. Therefore, in one strain [OR1] its coding sequence
is replicated as the lagging but in the other [OR2] as the leading strand,
thus elongated by Pol ¢ or Pol §, respectively. The Pol §-L612M variant
introduces specific mispairs which, depending on the orientation ([OR1]
or [OR2]) of the reporter, generate different substitutions in the coding
sequence (Fig. 1). The results presented in this work demonstrate that
substitutions identified as dominating in the URA3 sequence in a given
orientation in pol3-L612M cells, in pol3-L612M dpb2-100 cells were
found in the reporter gene when its sequence was in inversed orientation
(Figs. 2, 3, and 4). Moreover, the analysis of the amount of the four
nucleotides in dpb2-100 cells has shown that although the dNTP pool
was increased, presumably as a result of the intra S-phase checkpoint
activation, the dNTP pool balance was maintained (Fig. 5). Therefore,
we exclude the possibility that the relative changes in specific mispair
rates are caused by an imbalanced dNTP pool. Finally, we checked
whether the increased contribution of Pol & to leading strand replication
is caused by the simple inversion of the direction of movement of the
replisome, which would come from a more distant ARS instead of the
nearest ARS306. For this purpose, we analyzed the signature of the Pol
€-M644G variant to check whether this polymerase replicates the DNA
strand, that under normal conditions is replicated as the lagging strand
by Pol 8. We found no difference in relative A—»T versus T—A rates

between cells with DPB2 and dpb2-100 alleles (Fig. 6), demonstrating
that the increased contribution of Pol § to DNA synthesis on the leading
strand is not caused by DNA replication starting from a neighboring
origin.

Interestingly, using the same approach we have previously examined
whether the psf1-1 mutation in the GINS subunit of the CMG complex
changes the canonical participation of DNA polymerases in the repli-
cation of leading and lagging DNA strands [44,50]. The obtained results
have shown that the defect of the GINS complex causes increased
participation of Pol & in the replication of the leading strand.

As mentioned, the Psfl subunit not only plays a structural role in the
CMG complex but is also responsible for contacting Pol € through the
Dpb2 subunit. Thus, the present and previous results indicate that Psfl
or Dpb2 subunit defect, i.e., CMG - Pol ¢ contact dysfunction results in
increased Pol & contribution to the synthesis on the leading strand. We
do not know the exact mechanisms of the increased involvement of Pol §
in the synthesis of the leading strand in the analyzed mutants. In the
work describing the effect of psfiI-1 on cell physiology, we proposed
possible events leading to the increased participation of Pol & in leading
strand synthesizing [44,50]. Most likely, they also apply to the dpb2-100
cells.

Since CMG contact with Dpb2 is essential for i/ targeting Pol € to the
leading strand, ii/ stability of Pol ¢ in the replisome, iii/ proper func-
tioning of Pol ¢ and CMG, iv/ limitation of the access of Pol & to this
strand and v/ proper positioning of the leading strand template within
CMGE, disturbance of any of these mechanisms may result in an
increased Pol §’s participation in leading strand replication.

In the previous work, we showed an increase in the frequency of
indel mutations in dpb2 strains, possibly due to polymerase slippage
[39]. This indicates instability of Pol € in the replication fork, which may
result in uncoupling from the 3’ end, and a more frequent polymerase
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switch. In addition, the lack of coordination of CMGE function may give
rise to the formation of ssDNA regions that can increase Pol § recruit-
ment or activate repair processes, i.e. homologous recombination or
break-induced replication. It is also possible to assume that in the
dpb2-100 strain, Pol ¢, after insertion of an incorrect nucleotide or after
encountering DNA damage, may have difficulty binding onto the 3’ end
of the synthesized strand, allowing Pol & to access the terminus of the
nascent strand.

Mapping of regions in DNA synthesized by Pol § allowed to propose a
model of DNA initiation, according to which on the leading strand, Pol a
passes the 3’ end to Pol 8, which, after catching up with the helicase,
makes it available for Pol € [57,71]. In the dpb2-100 strain, the synthesis
by Pol & after priming may take longer if the cooperation between the
helicase and Pol ¢ is disturbed. In addition, Pol & can replace Pol € in
situations when the leading strand is unoccupied by a polymerase, such
as at the site of replication restart after a stalling event, in the presence of
blocking lesions, alternative DNA structures, strand breaks or genomic
rearrangements; for review see [76]. Such replacement may occur more
frequently when Dpb2 is impaired.

Our earlier studies showed that approximately 50% of the dpb2-100
mutator effect is due to the increased participation of the error-prone Pol
€ [39,40]. However, it remains an open question what is the source of
the remaining mutations. In our earlier work [39], we suggested that
increased participation of Pol 8 in DNA synthesis in dpb2-100 strains
may be responsible for this mutator effect. The results of the present
study also argue for this hypothesis. It is challenging to compare the
fidelity of replication of Pol € and Pol § because, during replication, they
interact to varying degrees and with different components of the repli-
some, but many data indicate that the error rate of Pol & is higher than
that of Pol ¢ [77-82]. In addition, if repair processes, i.e., homologous
recombination or BIR, are enhanced in the dpb2-100 cells due to CMGE
disintegration and impairment, they may be a significant source of
mutagenesis. It has been shown that during HR or BIR, DNA synthesis
carried out by Pol §, especially during synthesis of a sequence with
repeated tracts or a sequence that forms alternative structures, can be a
significant source of mutations; for review see [76]. Additionally,
altered stoichiometry of the Pol & subunits in the mutant Pol eppb2-100
[39] and the resulting reduced number of the correct Pol € holoenzymes
may favor Pol § participation in replication of leading strands. Inter-
estingly, it has been shown that reduced levels of Pol € increase the rates
of mitotic recombination, aneuploidy, and single-base mutations
[83-85].

Given the previous results with the psf1-1 allele and the present
results with the dpb2-100 allele, it can be concluded that defects in the
non-catalytic subunits of the CMGE complex, such as the Psf1 subunit of
the GINS complex or the Dpb2 subunit of the Pol € complex, may affect
the division of labor between the two main replicases. Such defects can
affect genome stability and, consequently, the mechanisms of evolution
or cause abnormalities in cell physiology. For example, the human FILS
syndrome has been described, where a mutation in POLE1 (encoding the
catalytic subunit of Pol €) was identified that caused alternative splicing
that strongly reduced the expression of the POLEI and, to a lesser extent,
the POLE2, encoding the homologue of the yeast Dpb2 subunit. As a
consequence, facial dysmorphism, immunodeficiency, livedo, and short
stature were observed. Additionally, impaired proliferation and G1- to S-
phase progression were observed in T lymphocytes, B lymphocytes,
chondrocytes, and osteoblasts from patients [86]. The other case is a
patient with combined immunodeficiency, facial dysmorphia, and
autoimmunity, with a novel mutation in the gene encoding the DNA
polymerase € subunit 2 (POLE2) [87]. Moreover, POLE2 was found to be
highly expressed in GBM - Glioblastoma - a brain cancer with high
morbidity and mortality worldwide [88]. Also, in the IMAGe syndrome
[89], patients with reduced Pol ¢ levels were identified. There is also a
long list of disorders in which polymorphisms or overexpression of genes
encoding replisome components have been detected; for review see [36,
37]. These results underscore the need to study the physiological
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consequences associated with defects in not only catalytic but also
non-catalytic components of the replisome.

4. Materials and methods
4.1. Yeast strains

A list of S. cerevisiae strains used in this study for the analyses of
mutation spectra is shown in Table S6. They are derivatives of YTAK0O01,
YTAKO002 [43], SNM12, SNM24 [90], and SNM70, SNM79 [59] strains
(Table S6), kindly provided by T. A. Kunkel (NIEHS, USA). These
parental strains contained the URA3 reporter in the AGP1. The reporter
gene was cloned in two orientations, [OR1] and [OR2], in respect to the
nearest origin of replication (ARS306). Additionally, strains SNM12 and
SNM24 contained the pol3-L612M allele while strains SNM70 and
SNM79 contained the pol2-M644G allele. To disrupt REV3 and MSH6
PCR-amplified DNA cassettes: rev3A::NAT1 (using primers Rev3_UPTEF
and Rev3_DNTEF and pAG25 [91] as template) and msh6A::HPH (using
primers msh6UTEF and msh6DTEF and pAG32 [91] as template),
respectively were used (Table S7). Replacement of REV3 by NATI in
nourseothricin-resistant transformants was verified by multiplex PCR
with primer sets Rev3-R4 — Rev3A — natlUO and Rev3-F4 — Rev3D —
nat1DO (Table S7). The DPB2-LEU2 and dpb2-100-LEU2 alleles were
introduced into yeast cells using the PstI-HindIII DNA fragments from
plasmid pLD2 and pLD2-100, respectively (Fig. S1). Replacement of
MSH6 with HPH in hygromycin-resistant transformants was verified by
multiplex PCR with primers MSH6-UO — msh6up2 - HPH-UO and
MSH6-DO - msh6dw2 — HPH-DO (Table S7). The pol3-L612M rev3A
dpb2-100 msh6A and pol2-M644G rev3A dpb2-100 msh6A strains were
also obtained by tetrad dissection from heterozygous diploid strains.

4.2. Media and growth conditions

S. cerevisiae cells were grown at 23 or 30 °C in standard media: YPD
(1% Bacto-yeast extract, 2% Bacto-peptone, 2% glucose liquid or so-
lidified with 2% Bacto-agar) supplemented when required with
hygromycin B 300 pg/ml (Bioshop, Burlington, Canada) or nourseo-
thricin 100 pg/ml (Werner BioAgents, Jena, Germany). SD medium
(0.67% yeast nitrogen base without amino acids, 2% glucose, liquid or
solidified with 2% Bacto-agar) supplemented with appropriate amino
acids and nitrogenous bases were used for nutrition selection. For se-
lection of URA3 mutants and mutagenesis assays, SD medium supple-
mented with 1 mg/ml 5-fluoroorotic acid (5-FOA) (US Biological,
Salem, MA, USA) was used [92]. Transformation of S. cerevisiae was
done using the LiAc/ssDNA/PEG method [93]. For the isolation of yeast
chromosomal DNA the Genomic Mini AX Yeast Spin Kit (A&A Biotech-
nology, Gdansk, Poland) was used.

4.3. Analysis of mutation rates and spectra

Mutation rates were calculated for at least 7 cultures of 2-3 inde-
pendent yeast isolates for each genotype. Yeast cells were cultured in
2 ml of liquid SD medium supplemented with the required amino acids
and nitrogenous bases at 23 °C until stationary phase. After dilution,
they were plated on nonselective media and media supplemented with
5-FOA for selection of URA3 mutants. Colonies were counted after 4-7
days-growth at 23 °C. To calculate mutation rates the y = f/In(Nw) [u -
mutation rate per round of DNA replication; f - mutant frequency (cell
count from selective media divided by the cell count from nonselective
media), and N - total population] equation was used [94]. Median
values, 95% confidence intervals, and statistical significance of differ-
ences in the mutation rates between the respective strains (measured
using the nonparametric Mann-Whitney U test) were calculated using
GraphPad Prism software. The homogeneity of odds ratios was tested
using the calculator (https://www.prostatservices.com/blog/calcu
lator-for-breslow-day-and-tarone-tests-for-homogeneity-of-odds-ratios).
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To determine the mutation spectrum in the URA3 reporter gene,
103-172 5-FOA-resistant colonies obtained from independent cultures
were analyzed for each strain under study. For URA3 sequencing, the
gene was amplified by PCR with primers URA3F393 and URA3R412
(Table S7). These primers were also used for sequencing of the PCR
product. To calculate the proportion each type of mutation in overall
mutagenesis, the number of specific events was divided by the total
number of mutations found in a given strain. Then, specific mutations
rates were calculated according to their contribution to the overall
mutagenesis spectrum. Differences in contribution of each substitution
to overall mutagenesis in two strains to be compared were analyzed
using contingency table and chi-square statistics. The p values for dif-
ferences in mutation spectra were calculated using Fisher’s Exact test
(GraphPad Prism software).

4.4. FACS analysis of cell cycle progression

For flow cytometry analysis of DPB2 and dpb2-100 cells were
cultured at 23 °C and after treatment as described previously [27] were
stained using 0.5 pM SYTOX Green (Invitrogen, Carlsbad, CA, USA).
Then, the fluorescence signal FL1 was measured using Becton Dickinson
FACS Calibur and CellQuest software (BD Bioscience, San Jose, CA,
United States) and analysed using Flowing Software (http://www.
flowingsoftware.com) to determine the DNA content.

4.5. Measurement of dNTP pools

The dNTPs concentrations were determined as previously described
[95]. The analysis was performed for six dpb2-100 strains (SC234) and
four control wild-type strains (SC228) at the permissive temperature
23 °C. For statistical analysis of the dNTP balance, contingency table
and the chi-square test were used.
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