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Abstract

Mutations are a major driving force of evolution and genetic disease. In eukaryotes, mutations are produced in the
chromatin environment, but the impact of chromatin on mutagenesis is poorly understood. Previous studies have
determined that in yeast Saccharomyces cerevisiae, Rtt109-dependent acetylation of histone H3 on K56 is an abundant
modification that is introduced in chromatin in S phase and removed by Hst3 and Hst4 in G2/M. We show here that the
chromatin deacetylation on histone H3 K56 by Hst3 and Hst4 is required for the suppression of spontaneous gross
chromosomal rearrangements, base substitutions, 1-bp insertions/deletions, and complex mutations. The rate of base
substitutions in hst3D hst4D is similar to that in isogenic mismatch repair-deficient msh2D mutant. We also provide evidence
that H3 K56 acetylation by Rtt109 is important for safeguarding DNA from small insertions/deletions and complex
mutations. Furthermore, we reveal that both the deacetylation and acetylation on histone H3 K56 are involved in mutation
avoidance mechanisms that cooperate with mismatch repair and the proofreading activities of replicative DNA polymerases
in suppressing spontaneous mutagenesis. Our results suggest that cyclic acetylation and deacetylation of chromatin
contribute to replication fidelity and play important roles in the protection of nuclear DNA from diverse spontaneous
mutations.
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Introduction

Mutations are the prerequisites for evolution and the humoral

immune response. However, mutations are often detrimental due

to their ability to trigger both inherited and sporadic diseases. Base

substitutions, 1-bp deletions, and 1-bp insertions are the most

common mutations [1,2]. Cells can also acquire gross chromo-

somal rearrangements (GCRs) [3,4], complex mutations [5], and

other genetic alterations [1,2,6]. Though GCRs are relatively rare

mutational events, they profoundly reshape genetic information.

Mutations arise as a result of replication errors, defects in DNA

repair, spontaneous and induced DNA damage, and several error-

prone processes including somatic hypermutagenesis, mitotic gene

conversion, and break-induced replication [2,6–12]. DNA repli-

cation errors produce a large fraction of spontaneous mutations

[7].

The bulk of nuclear DNA is replicated by the leading-strand

polymerase e and lagging-strand polymerase d that both possess

intrinsic 39-59 exonucleolytic activities [13,14]. The suppression of

DNA replication errors is in part achieved by the nucleotide

selectivity at the active sites of replicative polymerases that permits

DNA synthesis with an error rate of 1024–1025 [6]. The excision

of incorrectly incorporated dNMPs by the 39-59 exonucleolytic

activity of replicative polymerases further decreases the error rate

,100-fold. In addition, mismatch repair (MMR) promotes high-

fidelity DNA replication by correcting replication errors which

escaped the proofreading activities of replicative polymerases.

MMR is a multifunctional process, but correction of DNA

replication errors is its primary function [2,11,15–21]. Eukaryotic

MMR is initiated by the binding of MutSa (MSH2-MSH6

heterodimer) or MutSb (MSH2-MSH3 heterodimer) to a mispair.

After detecting a mismatch, MutSa or MutSb activates the

endonuclease activity of MutLa (MLH1-PMS2 in humans and

Mlh1-Pms1 in S. cerevisiae) in the presence of ATP, a strand break,

and PCNA loaded by RFC [22–25]. A MutLa incision 59 to the

mismatch initiates the downstream events leading to the correction

of the mismatch [26,27]. MMR improves fidelity of DNA

replication 10–104-fold depending on the sequence context. Thus,

replicative polymerases and MMR are the major factors in high-

fidelity DNA replication [28–31].

Several reversible histone modifications have been implicated in

DNA replication, repair, and damage response [32,33]. Histone
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H3 K56 acetylation is one such modification located in the aN-helix

that is adjacent to the histone fold domain [34,35]. When histone

H3 acetylated on K56 (H3K56ac) is part of a nucleosome, the

acetylation is near the entry and exit sites of DNA and appears to

loosen the histone-DNA contacts [34]. Nearly all newly synthesized

yeast H3 histones are acetylated on K56 [36] by the histone

acetyltransferase Rtt109 and histone chaperone Asf1 in S phase

[37–40]. The loss of yeast H3K56ac enhances the sensitivity of cells

to several DNA damaging drugs [35,40–42] and destabilizes stalled

replication forks [43]. During DNA damage response, yeast

H3K56ac is required for both restoration of chromatin on repaired

DNA and subsequent recovery of the cells from the DNA damage

checkpoint [41]. H3K56ac has been identified in human cells where

it is also involved in DNA damage response [44,45].

The NAD-dependent histone deacetylases Hst3 and Hst4 erase

H3K56ac marks from the newly generated chromatin in G2/M

[36,46,47]. Like H3 K56 acetylation, H3 K56 deacetylation by

Hst3 and Hst4 is important for DNA damage response. In the

presence of DNA damage in G2/M in wild-type strains, H3 K56

deacetylation is delayed to allow DNA repair to take place [35].

Furthermore, it is known that H3 K56 acetylation and deacetyla-

tion are critical for selecting sister chromatid as the template for

repair of replication-born double strand breaks by homologous

recombination (HR) [48]. About 92% of chromatin histone H3

molecules are continuously acetylated on K56 residues in hst3D
hst4D strains [36]. Strains lacking both HST3 and HST4 display

spontaneous DNA damage, a strong sensitivity to genotoxic

agents, a five-fold increase in mitotic homologous recombination,

and an elevated level of chromosome loss in mitosis [36,47,49,50].

Hst3 and Hst4 are members of the conserved sirtuin family also

containing Hst1 and Hst2 [49,51]. The targets of Hst1 and Hst2

enzymes are not well defined. A recent study reported that Hst1 is

important for histone H3 K4 deacetylation in euchromatin [52].

Nuclear DNA is part of chromatin, but little is known about the

relationship between chromatin and mutation avoidance. Previous

studies have demonstrated that the yeast chromatin factors Caf1,

Asf1, Hst3, and Rtt109 are involved in the suppression of GCRs

[39,53–55]. Furthermore, human CAF-1 has been shown to

interact functionally and physically with the mismatch recognition

factor MutSa and modulate MMR in cell-free extracts and

reconstituted systems [56,57]. A recent report has described that a

depletion of the histone methyltransferase SETD2 triggers

microsattelite instability and an increased mutation frequency at

HPRT [58]. Because microsattelite instability is a hallmark of

MMR defects and the MSH6 subunit of MutSa recognizes

H3K36me3, these findings suggest that SET2D-dependent

H3K36me3 is required for the action of human MMR in vivo [58].

In this work, we analyzed the impacts of both H3 K56

deacetylation and acetylation on spontaneous mutagenesis in S.

cerevisiae. We found that H3 K56 deacetylation by the combined

action of Hst3 and Hst4 plays a major role in the defense against

GCRs, base substitutions, 1-bp insertions/deletions, and complex

mutations. Our analysis also showed that in addition to being part

of the protection from GCRs [54], H3 K56 acetylation is involved

in the prevention of small insertions/deletions and complex

mutations. Furthermore, our results revealed that both the

acetylation and deacetylation of H3 K56 are important for genetic

stabilization mechanisms that act in concert with MMR and the

proofreading activities of replicative DNA polymerases to suppress

spontaneous mutagenesis.

Results

Spontaneous mutagenesis in strains deficient in H3 K56
deacetylation

We started this work to investigate whether chromatin is

involved in the defense against spontaneous point mutations in the

haploid yeast S. cerevisiae. Many of our experiments relied on CAN1

and his7-2 reporters for scoring mutations. CAN1 is a counter-

selectable marker that allows the selection of any mutation that

inactivates the gene including base substitutions, small insertions/

deletions and complex mutations. In addition, CAN1 can be

inactivated by GCRs involving the 43-kb CAN1-containing region

of chromosome V [3]. The his7-2 reporter permits the selection of

net +1 frameshift mutations causing a reversion to HIS7 [59]. As

shown in Table 1, analysis of several histone deacetylase and

acetyltransferase mutants revealed that the CAN1 and his7-2

mutation rates for three different hst3D hst4D strains are about 25

times as high as those for isogenic wild-type strains. However,

deletion of HST3 or HST4 alone causes little or no mutator

phenotype (Table 1). We also established that the CAN1 mutation

rates in hst3D hst4D are very similar to those in the MMR-deficient

msh2D and mlh1D strains (Figure 1C). Collectively, these data

demonstrated that the loss of HST3 and HST4 strongly promotes

spontaneous mutagenesis.

Hst3 and Hst4 remove acetylations on H3 K56 residues that are

introduced by Rtt109 [36–40,46]. No other enzymatic activity has

been assigned to Hst3 and Hst4. Based on this information, we

hypothesized that Hst3 and Hst4 participate in the suppression of

spontaneous mutations (Table 1) by deacetylating chromatin

histones H3 on K56. If this hypothesis is correct, the loss of

H3K56ac by deletion of RTT109 or introduction of H3K56R

should make the H3 K56 deacetylation activities of Hst3 and Hst4

unnecessary, and therefore suppress the mutator phenotype of

hst3D hst4D. (H3K56R variant mimics histone H3 that is not

acetylated on lysine 56 [35,60].) However, if H3 K56 deacetyla-

tion by Hst3 and Hst4 is not involved in the protection of yeast

genome from spontaneous mutations, the loss of H3K56ac should

not affect the mutator phenotype of hst3D hst4D. We found that

deletion of RTT109 or introduction of H3K56R suppresses the

mutator phenotype of hst3D hst4D to the level observed in rtt109D
and H3K56R (Table 1). We concluded from these data that H3

K56 deacetylation by Hst3 and Hst4 is required for the prevention

of spontaneous mutations.

H3K56ac is weakly mimicked by H3K56Q [35,46,60,61].

Consistent with H3K56Q being a weak mimic of H3K56ac

Author Summary

Mutations strongly predispose humans to cancer and
many other diseases. Despite significant progress, we still
do not fully understand the molecular mechanisms that
protect us from mutations. Human DNA is part of a highly
organized complex called chromatin. Chromatin regulates
our development, metabolism, and behavior. Special
enzymes modify chromatin by the addition and removal
of chemical groups. Acetylation and deacetylation of
chromatin have been conserved during evolution. The
involvement of chromatin and its modifications in the
protection of DNA from mutations is poorly understood.
The yeast Saccharomyces cerevisiae is an excellent model
for studying the connection between chromatin modifi-
cations and mutations. Using this model, we found that
the deacetylation and acetylation of chromatin on histone
H3 lysine 56 are required for preventing a wide range of
spontaneous mutations. Future studies will determine
whether acetylation and deacetylation of chromatin are
involved in protecting DNA from mutations in human cells.

H3 K56 and Mutation Avoidance
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[46,60,61], we observed that the CAN1 and his7-2 mutation rates

for H3K56Q are increased, but 6 and 2 times lower, respectively,

than those for hst3D hst4D (Table 1). Furthermore, we found that

the mutation rates for H3K56Q and hst3D hst4D H3K56Q do not

differ from each other (Table 1). Therefore, these data further

support the conclusion that H3 K56 deacetylation by Hst3 and

Hst4 is required for mutation avoidance.

Nicotinamide (NAM) is a potent inhibitor of Hst3, Hst4, and

other NAD-dependent sirtuins [36,50,62]. Yeast strains grown in

25-mM NAM-containing media accumulate an abnormally high

level of H3K56ac [36]. We studied whether the presence of NAM

in the culture medium promotes spontaneous mutagenesis of

several yeast strains. We found that exposure to 25-mM or 50-mM

NAM increases the mutation rates in wild type (Figures 1A and
1B). For example, the CAN1 mutation rate for wild type treated

with 50-mM NAM increases 30-fold compared to that for

untreated wild type. Importantly, our control experiments

established that exposing H3K56R and rtt109D to 25-mM or 50-

mM NAM has no effect on their mutation rates (Figures 1A and
1B). Together, these results provided independent evidence that

H3 K56 deacetylation is important for the suppression of

spontaneous mutagenesis.

We also found that the CAN1 and his7-2 mutation rates in

the hst3D hst4D strain grown in the presence of 25-mM NAM

are twice and five times higher, respectively, than those in

untreated strain (Figures 1A and 1B). This finding suggested

that an NAD-dependent histone deacetylase activity partici-

pates in the defense against spontaneous mutations in hst3D
hst4D.

Hst1 and Hst2 are homologous to Hst3 and Hst4, but their

biological functions remain enigmatic [36,49]. In light of our

evidence that the mutation rates in hst3D hst4D are increased in the

presence of 25-mM NAM (Figures 1A and 1B), we sought to

determine whether Hst1 and Hst2 are involved in the suppression

of spontaneous mutations. We found that the CAN1 and his7-2

mutation rates in the hst1D, hst2D, hst1D hst3D, hst1D hst2D hst3D,

and hst1D hst2D hst4D strains are not significantly different from

those in wild type (Table 1). Furthermore, deletion of HST2 in the

hst3D hst4D and hst3D hst4D hst1D strains does not increase

spontaneous mutagenesis above the existing levels. However, the

mutation rates in hst3D hst4D hst1D are twice higher than those in

hst3D hst4D (Table 1). Together, these findings suggested that

Hst1, but not Hst2, contributes to maintaining genome integrity in

strains lacking Hst3 and Hst4.

Table 1. Spontaneous mutagenesis in strains deficient in histone H3 K56 deacetylation.

Mutation rate

CAN1 his7-2

Genotype Absolute rate (61028) Relative rate Absolute rate (61028) Relative rate

E35 (wild type) 27 (23–49) 1 0.6 (0.4–1.0) 1

E35 hst3D hst4D 690 (470–850) 25 16 (8–32) 27

BY4742 (wild type) 17 (14–25) 1 - -

BY4742 hst3D hst4D 500 (390–600) 28 - -

Wild type 19 (16–24) 1 0.6 (0.6–1.0) 1

hst3D 33 (25–42) 2 1.2 (0.9–1.5) 2

hst4D 25 (14–41) 1 1.0 (0.5–1.6) 2

hst3D hst4D 480 (420–570) 25 14 (11–23) 23

rtt109D 37 (29–51) 2 5.1 (2.6–7.4) 9

hst3D hst4D rtt109D 30 (19–33) 2 3.1 (2.2–5.2) 5

H3K56R 39 (29–56) 2 5.7 (3.4–9.4) 10

hst3D hst4D H3K56R 32 (28–55) 2 7.0 (3.3–9.6) 12

H3K56Q 84a (59–160) 4 5.8b (4.3–9) 10

hst3D hst4D H3K56Q 120a (83–150) 6 5.0 (3.8–7.3) 8

hst3D H3K56Q 85 (76–140) 5 5.6 (3.9–10) 9

hst1D H3K56Q 96 (77–130) 5 9.3b (5.9–15) 16

hst1D 19 (16–28) 1 ,0.6 (,0.6–0.9) 1

hst2D 25 (16–32) 1 0.7 (0.4–1.2) 1

hst1D hst3D 19 (10–25) 1 1.4 (,0.6–2.2) 2

hst1D hst2D hst3D 19 (15–29) 1 0.5 (0.4–0.7) 1

hst1D hst2D hst4D 15 (11–24) 1 0.8 (0.6–1.0) 1

hst3D hst4D hst1D 1,100c (960–1,500) 58 31 (29–38) 52

hst3D hst4D hst1D hst2D 1,600c (1,100–1,900) 86 35 (28–53) 58

hst3D hst4D hst2D 680 (440–960) 36 18 (11–32) 30

With the exception of the first four strains, the strains are E134 (wild type) and its mutant derivatives. Fluctuation analyses and calculations of both mutation rates and
95% confidence intervals were performed as described in Materials and Methods. 95% confidence intervals are in parentheses. BY4742 strain lacks the his7-2 reporter.
The difference between two mutation rates marked with a, b, or c is not statistically significant (ap = 0.17, bp = 0.06, and cp = 0.10).
doi:10.1371/journal.pgen.1003899.t001
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Spontaneous mutagenesis in strains deficient in H3 K56
acetylation

The histone acetyltransferase Rtt109 produces H3K56ac in the

presence of the histone chaperone Asf1 [37–40]. We inquired

whether H3 K56 acetylation plays a role in mutation avoidance.

We determined that deletion of RTT109 causes 9- and 2-fold

increases of the his7-2 and CAN1 mutation rates, respectively

(Table 2). The mutation rates for asf1D and H3K56R are nearly

identical to those for rtt109D (Table 2). Importantly, we found

that there is epistasis between H3K56R and rtt109D for CAN1 and

his7-2 mutations (Table 2). The simplest interpretation of these

results is that H3 K56 acetylation by Rtt109 is involved in a

mutation avoidance mechanism that suppresses spontaneous

mutations in his7-2 and CAN1.

Figure 1. Involvement of H3 K56 deacetylation in the suppression of spontaneous mutagenesis in the yeast S. cerevisiae.
Spontaneous mutation rates were measured as described in Materials and Methods. The data are shown as medians with 95% confidence intervals.
The numbers above the bars are the relative mutation rates. (A) and (B) Effect of nicotinamide (NAM) on CAN1 (A) and his7-2 (B) mutation rates. The
rates were measured in the haploid E134 strain (wild type) and indicated mutant derivatives exposed to 0-mM, 25-mM, or 50-mM NAM. (C) Effect of
combining hst3D hst4D with msh2D, mlh1D, pol2-4, or pol3-5DV on spontaneous mutagenesis of CAN1 and his7-2.
doi:10.1371/journal.pgen.1003899.g001
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We considered the possibility that the absence of H3K56ac

causes a defect in replication-coupled nucleosome assembly, which

in turn increases spontaneous mutagenesis. The current view

suggests that normal replication-coupled chromatin assembly in

yeast depends on histone chaperones Caf1 (Cac1-Cac2-Cac3

heterotrimer) and Rtt106 [33]. However, as shown in Table S1,

deletions of the replication histone chaperone genes CAC2 and

RTT106 have nearly no effect on the CAN1 and his7-2 mutation

rates. These results suggested that the increased mutagenesis in

strains lacking H3K56ac is not caused by defects in the Caf1- and

Rtt106-dependent chromatin assembly.

H3K56ac is required for conferring cellular resistance to several

DNA-damaging drugs [35]. In this pathway, H3K56ac acts

through the ubiquitin ligase containing Rtt101, Mms1, and

Mms22 subunits [63,64]. Our data revealed that deletion of

RTT101, MMS1, or MMS22 causes an ,7-fold increase in his7-2

frameshifts (Table S2). Furthermore, we established that rtt101D
and rtt109D are epistatic for his7-2 frameshifts (Table S2). These

results suggested that the Rtt101 cullin-containing ubiquitin ligase

is part of an H3 K56 acetylation-dependent mutation avoidance

mechanism.

H3K56ac is involved in the regulation of budding yeast

transcription [65]. In one mechanism of transcriptional regulation,

the presence of H3K56ac leads to the SWR-C-dependent removal

of the histone variant H2A.Z from promoter-proximal nucleo-

somes [65,66]. In strains deficient in H2A.Z, transcription of

,320 genes is upregulated while transcription of ,480 genes is

repressed [65]. To test whether the H3K56ac-dependent tran-

scription regulation plays a role in the control of spontaneous

mutagenesis, we measured CAN1 and his7-2 mutation rates in

htz1D and swr1D strains. (HTZ1 is the only gene for the histone

variant H2A.Z and SWR1 encodes the catalytic subunit of the

SWR-C chromatin remodeling complex.) As shown in Table 2,

the CAN1 and his7-2 mutation rates in the htz1D and swr1D strains

are nearly identical to those in wild type. These findings indicated

that the defects in the SWR-C- and H2A.Z-dependent transcrip-

tion regulation do not increase the levels of can1 and HIS7

mutations in strains proficient in both the acetylation and

deacetylation of H3 K56.

The deacetylation and acetylation of histone H3 K56 are
important for mutation avoidance mechanisms that
cooperate with MMR and the proofreading activities of
replicative DNA polymerases d and e

Analysis of genetic interactions has been critical for under-

standing the functions of numerous proteins involved in mutation

avoidance. Previous studies have defined the existence of

multiplicative, synergistic, and additive relationships between

mutants that inactivate different mutation avoidance mechanisms

[29,67–71]. In a synergistic relationship, the relative mutation rate

for a double mutant is greater than the sum of those for the single

mutants [29]. A multiplicative relationship is a form of synergistic

relationship in which the relative mutation rate in a double mutant

is equal to the product of those in the single mutants [29]. The

presence of a synergistic or multiplicative relationship indicates

that one of the mutants is deficient in one mechanism and the

other mutant in a different mechanism, and that the two

mechanisms act in concert to suppress the same pool of DNA

lesions [29]. On the other hand, the existence of an additive

relationship indicates that either mechanism suppresses a different

Table 2. Spontaneous mutagenesis in strains deficient in histone H3 K56 acetylation.

Mutation rate

CAN1 his7-2

Genotype Absolute rate (61028) Relative rate Absolute rate (61028) Relative rate

Wild type 19 (16–24) 1 0.6 (0.6–1.0) 1

rtt109D 37 (29–51) 2 5.1 (2.6–7.4) 9

H3K56R 39 (29–56) 2 5.7 (3.4–9.4) 10

asf1D 35 (26–49) 2 8.5 (6.3–10.2) 14

rtt109D H3K56R 44 (34–67) 2 6.7 (3.6–11.7) 11

htz1D 18 (12–32) 1 0.8 (0.7–1.7) 1

swr1D 16 (12–24) 1 0.7 (0.5–2.2) 1

msh2D 620 (450–830) 33 140a (110–170) 230

msh2D rtt109D 1,600 (1,000–2,200) 84 230a (170–290) 390

msh2D H3K56R 1,600 (1,000–2,400) 83 510 (350–610) 840

msh2D asf1D 1,900 (1,300–3,700) 100 590 (430–920) 990

pol2-4 75 (56–100) 4 3.9 (3.5–5) 7

pol2-4 rtt109D 170 (110–280) 9 16 (9–24) 27

pol2-4 H3K56R 370 (240–520) 20 39 (31–56) 65

pol2-4 asf1D 300 (260–530) 15 19 (17–27) 32

pol3-5DV 150 (130–190) 7 9.7 (8–16) 16

pol3-5DV rtt109D 280 (200–430) 15 20 (15–24) 33

pol3-5DV H3K56R 600 (470–920) 32 38 (23–48) 63

pol3-5DV asf1D 620 (330–800) 32 34 (24–42) 57

a, the two mutation rates are statistically different from each other (p = 0.003).
doi:10.1371/journal.pgen.1003899.t002
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pool of DNA lesions [29]. In an additive relationship, the relative

mutation rate for a double mutant is equal to the sum of those for

the single mutants [29,71].

In hst3D hst4D strains, nearly all H3 histones are acetylated on

K56 at replication forks [36,47]. We thought that the presence of

excess H3K56ac might interfere with high-fidelity DNA replica-

tion. Therefore, we decided to test whether histone H3 K56

deacetylation by Hst3 and Hst4 contributes to DNA replication

fidelity. In these experiments we used four replication fidelity

mutants: msh2D and mlh1D completely inactivate MMR [59,72],

pol2-4 disables the proofreading activity of DNA polymerase e
[73], and pol3-5DV eliminates the proofreading activity of DNA

polymerase d [74]. Based on the results of the previous research

[29,67–71] described above, we predicted that if a histone H3 K56

deacetylation-dependent mutation avoidance mechanism cooper-

ates with MMR and the proofreading activities of replicative

polymerases in promoting replication fidelity, each of triple mutant

combinations containing hst3D hst4D and one of the replication

fidelity mutants (msh2D, mlh1D, pol2-4, or pol3-5DV) should display

synergistic or multiplicative, but not additive, increases in the

relative CAN1 and his7-2 mutation rates. We found that the hst3D
hst4D msh2D, hst3D hst4D mlh1D, hst3D hst4D pol2-4, and hst3D
hst4D pol3-5DV triple mutants indeed show synergistic increases in

the relative CAN1 and his7-2 mutation rates (Figure 1C and

Table S3). In addition, weak synergies were observed when hst3D,

but not hst4D, was combined with msh2D, mlh1D, pol2-4, or pol3-

5DV (Table S3). Taken together, these findings suggested that an

H3 K56 deacetylation-dependent mutation avoidance mechanism

act in concert with MMR and the proofreading activities of

replicative polymerases d and e to maintain high-fidelity DNA

replication.

Because replication-coupled nucleosome assembly incorporates

H3K56ac in chromatin in S phase [35], we tested whether this

modification is important for maintaining high-fidelity DNA

replication. We found a multiplicative increase in the relative

CAN1 mutation rate when an H3 K56 acetylation mutant (rtt109D,

H3K56R, or asf1D) was combined with a replication fidelity mutant

(msh2D, pol2-4, or pol3-5DV) (Table 2). Furthermore, we

established that all these double mutant combinations display

synergistic increases in his7-2 mutation rates (Table 2). Collec-

tively, these data suggested that an H3K56ac-dependent mutation

avoidance mechanism cooperates with MMR and the proofread-

ing activities of DNA polymerases to promote replication fidelity.

In addition to H3 K56, Rtt109 acetylates other targets

[39,75,76]. Analysis of data in Table 2 indicated that the

synergies between rtt109D and replication fidelity mutants for his7-

2 mutations are often weaker than those between asf1D or

H3K56R and msh2D, pol2-4, or pol3-5DV. Therefore, acetylation of

a different target by Rtt109 may compromise replication fidelity.

Mutations formed in H3 K56 deacetylation- and H3 K56
acetylation-deficient strains

To characterize spontaneous mutagenesis caused by the

deficiency in H3 K56 deacetylation (Figure 1 and Table 1),

we determined mutations that occurred within the 1.77-kb CAN1

ORF in the wild-type and hst3D hst4D strains by PCRs and DNA

sequencing (Figures 2, S1, and S2). Consistent with a previous

report [77], we observed that in the wild-type strain 79% of can1

mutations are base substitutions (Figure 2A). Genetic alterations

detected in the hst3D hst4D strain include base substitutions, 1-bp

deletions, 1-bp insertions, complex mutations, and deletions of

CAN1 gene (Figures 2A and S2). Of those, deletions of CAN1

gene are the most common mutations generated at a rate of

19061028. This unexpected finding suggested that strains

defective in H3 K56 deacetylaton are very susceptible to GCRs

and we confirmed this idea in experiments described in the next

subsection. We also found that base substitutions in the hst3D hst4D
strain accumulate at a high rate of 16061028. Strikingly, the rate

of base substitutions in hst3D hst4D is comparable with that in

MMR-deficient msh2D. This finding suggested that H3 K56

deacetylation is a major player in the protection of S. cerevisiae from

base substitutions. The most common base substitution in the

spectrum of hst3D hst4D is a GRT transversion produced at a rate

of 5061028 (Figures 2B and S2B). Analysis of the spectrum also

suggested that CRG transversions and CRT transitions are

formed at high rates in the H3 K56 deacetylation-deficient strain.

Among other mutations detected in hst3D hst4D are six medium-

size deletions ranging from 40-bp to 1,036-bp. Examination of the

end points of the deletions revealed that five out of the six deletions

occurred between perfect or nearly perfect direct repeats (Figure
S2D).

Deletion of HST1 in hst3D hst4D promotes spontaneous

mutagenesis (Table 1). To obtain additional insight into the

interaction between hst1D and hst3D hst4D, we determined can1

mutation spectrum of hst3D hst4D hst1D. Analysis of the can1

mutation spectrum showed that the rates of base substitutions, 1-

bp deletions, 1-bp insertions, and deletions of CAN1 gene for hst3D
hst4D hst1D are 2–8 times higher than those for hst3D hst4D
(Figures 2A). We also found that the rate of base substitutions for

hst3D hst4D hst1D exceeds that for msh2D by 3-fold. Complex

mutations comprising 2 or more mutations within an ,10-bp

DNA are a signature of the action of DNA polymerase f [5].

Surprisingly, the mutation spectrum of hst3D hst4D hst1D does not

contain even a single complex mutation whereas six complex

mutations are present in the spectrum of hst3D hst4D (Figures 2A
and S2C). Collectively, these findings suggested that deletion of

HST1 in hst3D hst4D significantly affects the dynamics of DNA

metabolism.

To characterize the synergy between hst3D hst4D and msh2D
(Figure 1C and Table S3), we determined can1 mutation spectra

of the msh2D and hst3D hst4D msh2D strains. As expected from the

results of an earlier work [72], 71% and 19% of mutations in the

msh2D spectrum are 1-bp deletions and base substitutions,

respectively (Figure 2A). Analysis of the data indicated that the

rate of CAN1 gene deletions in hst3D hst4D msh2D is 5 times lower

than that in hst3D hst4D (Figure 2A). This result provided us with

the first clue that MMR might be involved in the formation of a

large fraction of CAN1 deletions in H3 K56 deacetylation-defective

strains. The can1 mutation spectrum of hst3D hst4D msh2D is

dominated by base substitutions and 1-bp deletions accumulating

at the rates of 1,10061028 and 1,60061028, respectively

(Figure 2A). Among different base substitutions observed in the

spectrum of hst3D hst4D msh2D, GRA changes are the most

frequent (Figures 2B and S2B). Further analysis of the data

revealed that there is a synergistic relationship [29] between hst3D
hst4D and msh2D for base substitutions, 1-bp deletions, and 1-bp

insertions (Figures S2A and S2B). For example, the relative rate

of GRA substitutions for hst3D hst4D msh2D is 8 times as high as

the sum of those for msh2D and hst3D hst4D (Figure S2B). Taken

together, these findings established that H3 K56 deacetylation

cooperates with MMR to prevent base substitutions, 1-bp

deletions, and 1-bp insertions.

To better understand the H3 K56 acetylation-dependent

suppression of spontaneous mutations, we determined spectra of

mutations of the rtt109D and rtt109D msh2D strains (Figure 2A,
2C, and S2A). Compared to wild type, rtt109D displays higher

rates of 1-bp insertions, complex mutations, and deletions of CAN1

(Figure 2A). The most common mutation in the his7-2 reporter of
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the rtt109D mutant was an A insertion that extended the A7 into

an A8 run (Figure 2C). In addition, the HIS7 spectrum contains

other net 1-bp insertions, small deletions, and complex mutations

consisting of a 1-bp insertion and an adjacent base substitution.

Noticeably, the rate of complex mutations in his7-2 for rtt109D is

20 times as high as that for wild type. Collectively, these results

demonstrated that H3 K56 acetylation is important for the

protection from 1-bp insertions, small deletions, and complex

mutations. Comparison of can1 mutation spectra of the rtt109D,

msh2D, and rtt109D msh2D strains revealed a synergy between

rtt109D and msh2D for both base substitutions and 1-bp insertions/

deletions (Figure S2A). Therefore, these data established that an

H3 K56 acetylation-dependent mutation avoidance mechanism

acts synergistically with MMR to prevent 1-bp deletions, base

substitutions, and 1-bp insertions.

GCRs in hst3D hst4D strains
The genomic DNAs of 40% of our can1 hst3D hst4D isolates did

not support PCR amplification of can1, but templated the expected

POL2 PCR product (Figure S1). This finding implied that the

hst3D hst4D mutant loses all or part of CAN1 due to GCRs

(Figure 2A). To further investigate this phenomenon, we carried

out experiments that took advantage of contour-clamped homog-

enous electric field (CHEF) electrophoresis coupled with Southern

blot hybridization. The data revealed the presence of a rearranged

chromosome V in can1 hst3D hst4D isolates that did not support

PCR-based amplification of can1 (Figure 3A). Some of the isolates

appear to carry fusions of the chromosome V arm with a different

chromosome (Figure 3A, lanes 2, 4, and 6), while the other

isolates contain deletions within chromosome V (Figure 3A, lanes

7–16). Such chromosomal rearrangements have been detected in

previous studies [78,79].

To provide further evidence that the defect in H3 K56

deacetylation triggers GCRs, we measured the rate of GCRs in the

wild-type and hst3D hst4D strains using an approach developed by

Richard Kolodner and coworkers [4]. URA3 was inserted 2.1-kb

telomeric to CAN1 and the simultaneous loss of the two markers

occurring as a result of a GCR was measured (Figures 3B and 3C).

The rate of GCRs in the hst3D hst4D strain is 15,600-fold as high as

that in wild type (Figure 3C). This finding demonstrated that the

lack of H3 K56 deacetylation causes a dramatic increase in the rate

of GCRs. Combining hst3D hst4D with pol3-5DV does not

significantly change the rate of GCRs. Strikingly, the hst3D hst4D
msh2D and hst3D hst4D mlh1D strains display GCR rates that are 15

times lower than that in isogenic hst3D hst4D (Figure 3C).

Furthermore, we found that deletion of MSH3 or MSH6 in the

hst3D hst4D mutant decreases the rate of GCRs (Figure 3C). These

results suggested that the formation of the majority of GCRs in hst3D
hst4D strains involves MMR action dependent on both MutSa and

MutSb. A model shown in Figure 3D outlines a possible mechanism

of this phenomenon and is described in the Discussion section.

Analysis of genetic interactions involving H3 K56
deacetylation and H3 K56 acetylation mutants

Next, we investigated whether several DNA repair proteins

contribute to the high mutation rates in the hst3D hst4D strains

(Table 3). As described above, the spectrum of hst3D hst4D
contains complex mutations (Figures 2A and S2C). Rev3 is the

catalytic subunit of DNA polymerase f [80] that produces

complex and other mutations during replication of damaged and

undamaged DNA and during double-strand break repair [71,81].

The CAN1 and his7-2 mutation rates for rev3D hst3D hst4D are

nearly identical to those for hst3D hst4D. Therefore, these results

implied that DNA polymerase f is not responsible for the

majority of mutations occurring in the H3 K56 deacetylation-

deficient strains.

Deletion of RTT101 or CTF18 suppresses a strong defect of

hst3D hst4D strains for growth at 37uC [47,82]. Rtt101 is required

for the progression of replication forks through pause sites and

damaged DNA template [83], and is part of the H3K56ac-

dependent resistance to genotoxic stress [82]. Ctf18 is the largest

subunit of the Ctf18-RFC complex, which is essential for sister

chromatid cohesion [84] and unloads PCNA from DNA [85]. We

analyzed the involvement of both RTT101 and CTF18 in the

formation of spontaneous mutations in hst3D hst4D. As shown in

Table 3, the CAN1 and his7-2 mutation rates in rtt101D hst3D
hst4D are 12 and 6 times lower, respectively, than those in hst3D
hst4D. This finding implicated Rtt101 in the formation of the

majority of can1 and HIS7 mutations in H3 K56 deacetylation-

deficient strains. Furthermore, we found that the mutation rates in

ctf18D hst3D hst4D are lower than those in hst3D hst4D. This result

indicated that Ctf18-RFC is involved in promoting spontaneous

mutagenesis in H3 K56 deacetylation-deficient strains.

The presence of complex mutations in the mutation spectra of

rtt109D (Figures 2A and 2C) suggested that DNA polymerase f
might contribute to spontaneous mutagenesis in the H3 K56

acetylation-deficient strains. We determined that deletion of REV3

in rtt109D completely suppresses the CAN1 mutation rate and

decreases the his7-2 mutation rate two-fold (Table 3). These

results support the idea that DNA polymerase f is involved in the

formation of mutations in H3 K56 acetylation-deficient strains.

Rad52 and Rad51 are key components of HR [12]. To

characterize the genetic interactions between H3 K56 acetylation

and HR, we measured the CAN1 and his7-2 mutation rates in the

rad51D, rad51D rtt109D, rad52D, and rad52D rtt109D strains

(Table 3). Unfortunately, the relative CAN1 mutation rates in

the single and double mutants do not allow us to distinguish

between epistasis and additivity in the genetic interactions of

rtt109D with the HR alleles (Table 3). However, we found that

rtt109D displays epistatic relationships with rad51D and rad52D for

his7-2 mutations (Table 3). This finding suggested that the

recombination proteins and H3K56 acetylation act in the same

pathway to promote the integrity of replication fidelity.

Because our results provided evidence that H3K56 acetylation

acts synergistically with MMR (Table 2) and epistatically with

HR (Table 3) to control spontaneous mutagenesis, we hypoth-

esized that HR might contribute to fidelity of DNA replication. To

test this hypothesis, we studied the genetic interactions between

rad52D and msh2D (Figures 4A and 4B). We found the presence

of a synergistic relationship between rad52D and msh2D for both

CAN1 and his7-2 mutations. Rev3 produces the majority of

mutations in rad52 strains by acting on ssDNA generated by the

Figure 2. Characterization of spontaneous mutagenesis in hst3D hst4D and rtt109D strains. (A) Rates of the different classes of mutations
in the coding strand of CAN1 gene in the indicated strains. The can1 mutations were identified by DNA sequencing as described in Materials and
Methods. Deletions of CAN1 gene were detected by using PCR reactions like those shown in Figure S1. When a genomic DNA did not support PCR
amplification of the CAN1 fragment but produced the POL2 fragment, the mutant was classified as one that contains a CAN1 deletion. (B) Rates of
different can1 base substitutions in the wild-type and indicated mutant strains. (C) Spectra of mutations that reverted his7-2 in the wild-type and
rtt109D strains. Forty-two mutants of either genotype were sequenced to generate the spectra.
doi:10.1371/journal.pgen.1003899.g002
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resection of double-strand breaks [86]. We established that in the

rev3D background, the relationship between rad52D and msh2D is

nearly multiplicative for both CAN1 and his7-2 mutations

(Figures 4A and 4B). Next, we compared the can1 mutation

spectra of the rad52D msh2D and msh2D strains (Figure 2A). The

mutation spectrum of rad52D msh2D is similar to that of msh2D, but

the rates of the most common classes of mutations (1-bp deletions,

base substitutions, and 1-bp deletions) for msh2D are 2–3 times

lower than those for rad52D msh2D. Taken together, these results

suggested that Rad52-dependent HR contributes to fidelity of

DNA replication.

Discussion

Chromatin controls many critical aspects of metabolism in

eukaryotes. Besides being a major regulator of transcription,

chromatin profoundly affects DNA damage response, replication,

and repair [32,33,87]. However, our knowledge about the

relationship between chromatin and spontaneous mutagenesis is

very limited. Previous research has identified that yeast Asf1, Caf1,

Hst3, and Rtt109-dependent H3 K56 acetylation are involved

in the control of GCRs [39,53–55]. Additionally, a recent

study reported that SET2D-dependent H3K36me3 regulates the

Figure 3. Analysis of GCRs in strains deficient in H3 K56 deacetylation. (A) Yeast chromosomes of the indicated genotypes were separated
by CHEF gel-electrophoresis, transferred onto a nylon membrane filter, and analyzed by Southern blot hybridization with a 32P-labeled probe
complementary to a chromosome V region as detailed in Materials and Methods. (B) Scheme of the telomeric region of FKY688 strain chromosome V
containing URA3 2.1-kb telomeric to CAN1. (C) GCR rates for the FKY688 strain (wild type) and its mutant derivatives. The GCR rates and 95%
confidence intervals were determined using the FALCOR web tool [105] as described in Materials and Methods. (D) Outline of a possible mechanism
that promotes GCRs in hst3D hst4D.
doi:10.1371/journal.pgen.1003899.g003
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Table 3. Involvement of several DNA repair genes in spontaneous mutagenesis in the hst3D hst4D and rtt109D strains.

Mutation rate

CAN1 his7-2

Genotype Absolute rate (61028) Relative rate Absolute rate (61028) Relative rate

Wild type 19 (16–24) 1 0.6 (0.6–1.0) 1

hst3D hst4D 480 (420–570) 25 14 (11–23) 23

rev3D 11 (8–17) 0.6 0.6 (,0.6–0.7) 1

rev3D hst3D hst4D 500 (420–830) 26 17 (14–20) 28

rtt101D 36 (25–71) 2 3.4 (2–7.8) 6

rtt101D hst3D hst4D 41 (36–60) 2 2.3 (1.9–7.3) 4

ctf18D 25 (19–37) 1 1.7 (0.8–2.8) 3

ctf18D hst3D hst4D 120 (100–180) 6 4.6 (2.6–9.2) 8

rtt109D 37 (29–51) 2 5.1a (2.6–7.4) 9

rev3D rtt109D 18 (16–22) 1 2.6a (1.6–3.1) 4

rad51D 370 (290–520) 19 4.6 (3.7–5.9) 8

rad51D rtt109D 410 (250–430) 22 4.4 (2.8–8.3) 8

rad52D 390 (310–480) 21 4.0 (3.2–5.7) 7

rad52D rtt109D 390 (280–680) 21 5.5 (1.6–8.1) 9

a, the two mutation rates are statistically different from each other (p = 0.013).
doi:10.1371/journal.pgen.1003899.t003

Figure 4. Effect of combining msh2D with rad52D on spontaneous mutagenesis. Spontaneous CAN1 (A) and his7-2 (B) mutation rates in the
indicated strains are shown. The data are presented as medians with 95% confidence intervals. The relative mutation rates are above the
corresponding bars. *, the strain was obtained by tetrad dissection.
doi:10.1371/journal.pgen.1003899.g004
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mismatch correction function of human MMR [58]. Up to date,

no information has been available about the involvement of either

histone acetylation or deacetylation in the protection from point

and complex mutations. In yeast S. cerevisiae, H3K56ac is an

abundant posttranslational modification introduced in and

removed from chromatin in a cell cycle-dependent manner [34–

36,46]. In this work, we investigated the impact of both the

deacetylation and acetylation of H3 K56 on spontaneous

mutagenesis in S. cerevisiae. We demonstrated that H3 K56

deacetylation by Hst3 and Hst4 plays a critical role in the

suppression of GCRs, base substitutions, small insertions/dele-

tions, and complex mutations (Figures 2, 3, and 5). Remarkably,

a strain deficient in Hst3- and Hst4-dependent H3 K56

deacetylation forms GCRs at a rate that is 15,600-fold as high

as that in isogenic wild type (Figure 3C). Furthermore, we

showed that the rates of base substitutions in the hst3D hst4D and

msh2D strains are similar to one another (Figure 2A). This finding

suggests that H3 K56 deacetylation is as important for the

prevention of base substitutions as MMR. We also showed that H3

K56 acetylation by Rtt109 and Asf1 is involved in the protection

of DNA from 1-bp insertions, small deletions, and complex

mutations (Figures 2A and 2C); however the effects of H3 K56

acetylation are weaker than those of H3 K56 deacetylation.

Therefore, our findings indicate that in addition to controlling

gene transcription and GCRs [39,53–55,87], histone acetylation

and deacetylation are required for the defense against point and

complex mutations.

This study was greatly facilitated by the availability of the

H3K56R and H3K56Q alleles [35,46,60] (Figure 1 and Tables 1
and 2). In our experiments, H3K56R mimicked well H3

unacetylated on K56, but H3K56Q behaved as a weak mimic

of H3K56ac. The latter conclusion is based on the observation

that the mutation rates for hst3D hst4D exceeded those for H3K56Q

and hst3D hst4D H3K56Q by 2–6 fold (Table 1). Previous studies

have also found that H3K56Q mimics weakly H3K56ac

[46,60,61].

Exposure of the hst3D hst4D strain to 25–50-mM NAM

increases the mutation rates 2–5-fold (Figures 1A and 1B). This

finding suggested that another NAD-dependent histone deacety-

lase is involved in mutation avoidance. Consistent with this, we

found that the CAN1 and his7-2 mutation rates in hst1D hst3D hst4D
are twice higher than those in hst3D hst4D (Table 1). Given that

8% of histone H3 is still unacetylated on K56 in hst3D hst4D strains

[36] and that the CAN1 and his7-2 mutation rates for hst1D
H3K56Q and H3K56Q do not differ from each other (Table 1), we

hypothesize that Hst1 is involved in the suppression of spontane-

ous mutagenesis in hst3D hst4D cells by weakly deacetylating H3 on

K56. Alternatively, Hst1 may promote genetic stability by acting

on a different target. Since the removal of euchromatic H3K4ac

mainly depends on Hst1 [52], H3K4ac may be this target.

Mutagens, in general, produce a lesion by directly acting upon

DNA, which is later converted into a mutation. One of the few

deviations from this rule is the demonstration that cadmium

cations trigger genetic instability in yeast strains by inhibiting an

enzymatic system, MMR [88]. We showed that exposure of yeast

strains to 50-mM NAM, a specific inhibitor of the NAD-

dependent histone deacetylases [62], produces a strong 30-fold

increase in the CAN1 mutation rate (Figure 1A). This effect

depends on the presence of both H3 K56 and RTT109. To the

best of our knowledge, these data have provided the first example

of a small molecule that inhibits chromatin-modifying enzymes

and by doing so strongly promotes spontaneous mutagenesis.

MMR and the proofreading activities of DNA polymerases d
and e are critical for maintaining high-fidelity DNA replication

[2,18]. We found the presence of synergistic increases in CAN1 and

his7-2 mutation rates when hst3D hst4D is combined with msh2D,

mlh1D, pol2-4, or pol3-5DV (Figures 1C, 2A, and 2B and Table
S3). Furthermore, we established the existence of a synergy

between hst3D hst4D and msh2D for base substitutions, 1-bp

insertions, and 1-bp deletions (Figure 2A, 2B, and S2A). It is

also evident that the relationships of rtt109D, asf1D, and H3K56R

with msh2D, pol2-4, and pol3-5DV are synergistic for his7-2

frameshifts and multiplicative for CAN1 mutations (Table 2).

The presence of synergistic and multiplicative relationships

supports the view that both the deacetylation and acetylation of

H3 K56 are involved in mutation avoidance pathways that act in

concert with MMR and the proofreading activities of the

replicative polymerases to promote DNA replication fidelity.

The absolute CAN1 mutation rates for hst3D hst4D msh2D (Table
S3) and msh2D rtt109D (Table 2) are 4.2 times and 7.6 times

lower, respectively, than that for the pol2-4 msh2D mutant [69].

Therefore, this comparison suggests that the contributions of the

acetylation and deacetylation of H3 K56 to replication fidelity are

not as strong as that of the proofreading activity of DNA

polymerase e.
GCRs have been implicated in triggering many different

cancers [9]. S. cerevisiae has been instrumental for dissecting the

mechanisms of GCRs [4,78,89,90]. A study that used a URA3-

CAN1 cassette containing the two genes 7.5-kb apart from each

other described that deletion of HST3 or RTT109 increases the

rate of GCRs four-fold [55]. To analyze GCRs, we utilized a

URA3-CAN1 cassette in which the distance between URA3 and

CAN1 is 2.1-kb (Figures 3B and 3C). We determined that the

deletions of HST3 and RTT109 cause 45- and 6-fold increases of

the GCR rate, respectively (Figure 3C). Surprisingly, the rate of

GCRs in hst3D hst4D exceeds those in the corresponding single

mutants and rtt109D by at least 350-fold. Therefore, our findings

(Figure 3C) are in good accord with and extend the previous

observations that identified that Hst3 and Rtt109-dependent H3

K56 acetylation play roles in the control of GCRs [39,53,89]. In

addition, our data (Figure 3C) support the view that Hst3 is the

principal enzyme for H3 K56 deacetylation [36,46].

Msh2 and Mlh1 are the key components of yeast MMR [2,15].

Msh2 is a subunit of the mismatch recognition factors MutSa and

MutSb, whereas Mlh1 forms MutLa endonuclease by dimerizing

with Pms1. Strikingly, deletion of MSH2 or MLH1 in hst3D hst4D
reduces the rate of GCRs by 15-fold (Figure 3C). On the other

hand, the rate of GCRs in the hst3D hst4D pol3-5DV mutant is

nearly identical to that in hst3D hst4D. Therefore, these data

demonstrate that MMR, but not the proofreading activity of DNA

polymerase d, is required for the generation of the majority of

GCRs in the H3 K56 deacetylation-defective strains. We infer

from these results that histone H3 K56 deacetylation is necessary

to suppress malfunction of MMR. It is possible that in addition to

promoting GCRs, MMR malfunction may result in the formation

of some point mutations in hst3D hst4D (Figures 2A and 5). We

speculate that MMR malfunction triggered by a defective

environment may be responsible for the formation of a subset of

cancer-initiating GCRs and point mutations. It has been known

that MMR initiates several neurodegenerative diseases by

destabilizing a number of DNA triplet repeats [2]. Thus, the idea

that MMR can cause pathogenic consequences has already gained

significant experimental support. We also analyzed the importance

of the Msh6 subunit of MutSa and the Msh3 subunit of MutSb for

GCR formation (Figure 3C). The results of this analysis suggested

that both MutSa and MutSb contribute to the high rate of GCRs

in hst3D hst4D, but the impact of the latter complex is somewhat

weaker compared to that of the former.
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How does MMR contribute to the formation of GCRs in hst3D
hst4D cells? Our data permit us to suggest a speculative model

shown in Figure 3D. It is known that in the absence of

nucleosomes or concomitant nucleosome assembly the MutSa-

dependent endonuclease activity of MutLa causes excessive

degradation of mismatch-containing DNA in cell-free extracts

and defined systems [22,23,56]. Therefore, we hypothesize that

excessive and persistent nicking of DNA by MutLa may occur in

the presence of the defective H3 K56 deacetylation. Such strand

breaks can be converted into double-strand breaks in the next

round of replication. If DNA flanking an end of one double-

strand break carries a sequence that is a direct repeat of DNA

flanking an end of another double-strand break, the MutSb-

dependent single strand annealing (SSA) mechanism [91–93] can

join these two ends producing a GCR. Previous studies already

demonstrated the importance of the MutSb-dependent SSA

mechanism for the repair of double-strand breaks flanked by

direct repeats [91–93]. In this mechanism, MutSb stabilizes the

annealed DNA ends permitting the Rad1-Rad10 nuclease to

cleave nonhomologous DNA tails [94]. The involvement of

MutSb and SSA, which is a major mechanism for repairing

double-strand breaks flanked by direct repeats [95], in the

formation of GCRs in hst3D hst4D cells is consistent with the

following findings. First, the loss of MutSb in hst3D hst4D
decreases the GCR rate four-fold (Figure 3C). Second, five out

of six identified medium-size deletions in CAN1 of the hst3D hst4D
mutant were between direct repeats (Figure S2D).

In addition, a different mechanism may lead to GCRs in the

hst3D hst4D strains. In this mechanism, H3 K56 hyperacetylation,

MutSa or MutSb, and a mismatch activate MutLa endonuclease

to initiate the excision of the mismatch on opposite strands. Such

aberrant excision may produce a double-strand break. When two

double-strand breaks arise in the same hst3D hst4D cell, they may

be repaired by the SSA mechanism causing a GCR. This

mechanism is somewhat related to the one that has been proposed

to explain the mismatch repair-dependent killing of E. coli dam recA

mutants [96].

Though there are strong synergistic relationships between the

H3 K56 acetylation mutants (rtt109D, asf1D, and H3K56R) and the

replication fidelity defects (msh2D, pol2-4, and pol3-5DV) for CAN1

mutations, the double mutants show weaker synergistic increases

in his7-2 mutations (Table 2). Furthermore, hst3D hst4D displays

weak synergistic relationships with the MMR-deficient and

proofreading mutants for CAN1 and his7-2 mutations (Figure 1C
and Table S3). These findings suggest that a large fraction of

mutations in both hst3D hst4D and rtt109D strains is produced from

DNA lesions/mismatches formed outside S phase. In wild-type

strains, H3K56ac appears in S phase and is removed in G2/M

[36,46]. Wild-type, hst3D, and hst4D strains do not have H3K56ac

in G1, unlike hst3D hst4D [36]. Therefore, it is likely that a

Figure 5. Model that summarizes the importance of the acetylation and deacetylation of H3K56 for the suppression of GCRs, base
substitutions, small deletions/insertions, and complex mutations. Rtt109 and Asf1 acetylate newly synthesized histones H3 on K56 prior to
their incorporation into chromatin in S phase [37–40]. H3K56ac is removed from the new chromatin by Hst3 and Hst4 in G2/M [36,46,47]. Hence, in
wild-type cells, H3K56ac is present in S phase and G2/M, but absent in G1. In contrast to wild-type cells, rtt109D and asf1D lack H3K56ac in S phase
and G2/M, and hst3D hst4D cells contain H3K56ac in G1. Furthermore, the levels of H3K56ac in S phase and G2/M in hst3D hst4D are higher than
those in wild type. The imbalance in H3K56ac provides the basis for the different spontaneous mutagenesis in the rtt109D and hst3D hst4D strains.
doi:10.1371/journal.pgen.1003899.g005
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significant fraction of pre-mutagenic lesions/mismatches in hst3D
hst4D is formed in G1 as a result of the presence of H3K56ac.

Compared to wild type, rtt109D does not have H3K56ac in S

phase and a part of G2/M. Hence, it is possible that S phase-

independent pre-mutagenic lesions/mismatches in rtt109D arise in

G2/M as a consequence of the lack of H3K56ac. In addition, the

indicated variations in the presence or absence of H3K56ac in the

different stages of the cell cycle provide a good explanation of why

hst3D hst4D and rtt109D impact spontaneous mutagenesis differ-

ently (Tables 1–3 and Figures 2A and 3C).

What are the mechanisms that could be responsible for the

generation of pre-mutagenic lesions in hst3D hst4D during G1 and

in rtt109D during G2/M? Studies of gene transcription have

identified many factors that recognize/read the presence or

absence of histone modifications including histone acetylations

[87,97]. In addition, some factors read a specific combination of

modifications [87]. After forming a complex with a modified/

unmodified residue(s), the factor alters transcription of the affected

gene. Thus, it is plausible that factors that read the absence or

presence of H3K56ac alone or in combination with different

modifications in the different stages of the cell cycle change

transcription, DNA repair, and/or other mechanisms in a way

that results in spontaneous mutagenesis. For example, transcrip-

tion-dependent variations in the levels of some DNA repair

proteins triggered by the defects in the deacetylation or acetylation

of H3 K56 may shift the dynamics of DNA metabolism towards

increased formation of spontaneous mutations. Consistent with

this, it is known that H3K56ac is involved in several mechanisms

that regulate gene transcription in yeast [34,37,65], and that

transcription of ,370 genes is deregulated in H3K56Q cells [65].

One of the mechanisms of transcriptional regulation that

involves H3K56ac uses this modification to facilitate SWR-C-

dependent removal of the H2A.Z variant from promoter-proximal

nucleosomes [65]. Transcription of ,900 genes is upregulated or

downregulated in mutants lacking H2A.Z [65]. We tested whether

defects in this H3K56ac-dependent transcriptional regulation

affect spontaneous mutagenesis. However, we found that strains

lacking H2A.Z or Swr1 do not have increased levels of CAN1 and

his7-2 mutations (Table 2). Thus, the H3K56ac-dependent

transcriptional regulation does not contribute to spontaneous

mutagenesis in strains with the intact control of both H3 K56

acetylation and H3 K56 deacetylation. Nevertheless, it is still

possible that this mechanism of transcriptional regulation contrib-

utes to the formation of mutations in strains that are deficient in

the acetylation or deacetylation of H3 K56. Furthermore, the

defects in the acetylation and deacetylation of H3 K56 may

promote the formation of spontaneous mutations via a different

mechanism of transcriptional regulation.

The abundant and persistent H3K56ac in hst3D hst4D mutants

impairs DNA replication [47]. Replication forks in hst3D hst4D are

able to adapt to the high level of H3K56ac when RFC1 is

overexpressed or CTF18 is deleted [47]. The overexpression of

RFC1 or deletion of CTF18 also suppresses the temperature-

sensitive phenotype of the cells. Additionally, we observed that

deletion of CTF18 in hst3D hst4D strongly reduces the mutation

rates (Table 3). Because RFC loads PCNA onto DNA and

CTF18-RFC unloads the clamp from DNA [85], these results

suggest that a higher concentration of PCNA at replication forks

allows the cells to adapt to the abundant and persistent H3K56ac.

Intriguingly, PCNA is also required for MMR [22,98,99]. Thus,

we speculate that inadequate concentrations of PCNA at

replication forks in hst3D hst4D strains may impair both the

replicative proofreading and MMR and this compromises

replication fidelity. Nevertheless, it is also feasible that factors that

recognize unacetylated H3 K56 and promote mutation avoidance

cannot be recruited to replication forks in hst3D hst4D cells.

Alternatively, the presence of the excessive H3K56ac may cause

recruitment of mutagenic factors to the replication forks.

What is the mechanism that causes spontaneous mutagenesis in

S phase in rtt109D cells? Our results suggest that H3K56ac is

involved in a yet unknown HR mechanism that promotes

replication fidelity (Figure 4 and Tables 2 and 3). The

progression of replication forks is often impeded by spontaneous

DNA damage. Therefore, it is possible that H3K56ac is important

for an error-free bypass of spontaneous lesions by the HR

machinery during DNA replication. In this mechanism, the

presence of H3K56ac may be necessary for recruiting an

interacting complex that promotes efficient chromatin remodeling

around the lesions and by doing so facilitates an error-free bypass.

Understanding the mechanisms that depend on the acetylation

and deacetylation of H3 K56 to prevent spontaneous mutagenesis

will require further experimentation.

In summary, our findings revealed that the cell cycle-regulated

acetylation and deacetylation of chromatin on H3 K56 are critical

for suppressing spontaneous mutagenesis (Figure 5). The

acetylation and deacetylation of H3 K56 are involved in mutation

avoidance mechanisms that act in concert with MMR and

replicative polymerases to maintain genome stability. The lack of

H3K56ac appears to compromise an HR mechanism that

promotes replication fidelity. Defective H3 K56 deacetylation

causes spontaneous mutagenesis involving Rtt101 and Ctf18, and

results in the formation of MMR-dependent GCRs.

Materials and Methods

Strains
The S. cerevisiae wild-type strains used in this work are E134

(MATa ade5-1 lys2::InsE-A14 trp1-289 his7-2 leu2-3,112 ura3-52)

[68], E35 (MATa ade5-1 lys2::InsE-A8 trp1-289 his7-2 leu2-3,112

ura3-52) [68], BY4742 (MATa his3D1 leu2D0 lys2D0 ura3D0), and

1B-D770 (MATa ade5-1 lys2::Tn5-13 trp1-289 his7-2 leu2-3,112

ura3-4) [59]. Strain SY579 and plasmids pPK588 and pPK589

have previously been described [60,100]. If not indicated, the

mutant strains are derivatives of E134. All strains used in this work

are listed in Table S4.

To create gene replacements, disruption cassettes with homol-

ogous or heterologous markers [101] were amplified in PCRs and

introduced into yeast cells by the lithium acetate/PEG-based

transformation method [102]. Yeast genomic DNAs were isolated

from recombinant isolates with MasterPure Yeast DNA purifica-

tion kits (Epicentre) and all gene replacements were verified by

PCR. The pol2-4 [67] and pol3-5DV [74] alleles were introduced

by the integration-excision method. To analyze GCRs, S. cerevisiae

URA3 gene amplified from the pFL34 plasmid with primers (59-

ATACATGCACATATAGCTACTACATAGTCAAGAACATA

TCATAACATTTGTCTGGCTTTTCAATTCATC-39) and (59-

GTCGGTAGAGCCAGCATCAGATGCAAAGCCATGCAAA

GACTGATATAAAGACTGTTATACAGATCTGAGCTTTT

TCTTTCC-39) was inserted at position 29617 of chromosome V,

which is 2,077 bp telomeric to CAN1 and 39 adjacent to SIT1.

Measurement of spontaneous mutation rates
Spontaneous mutation rates were measured using fluctuation

analysis carried out according to a previously described procedure

[59]. On average 15 cultures (no less than 9 cultures), started

from single colonies of two-four freshly prepared independent

isolates of the same genotype, were used to determine spontaneous

mutation rate for this genotype. The cultures were grown to
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saturation in 3–50 ml YPD medium (1% yeast extract, 2% bacto-

peptone, 2% dextrose) supplemented with 60 mg/L adenine and

60 mg/L uracil at 30uC for 20–48 h. When indicated, nicotin-

amide was added to the supplemented YPD medium to the final

concentration of 25 mM or 50 mM. Each saturated culture was

plated, after dilution, on a synthetic complete (SC) medium for

scoring the total number of cells. The cultures were also plated on

SC medium lacking histidine for scoring His+ revertants, SC

medium lacking arginine and supplemented with 60 mg/L L-

canavanine for scoring can1 mutants, and/or SC medium lacking

arginine and supplemented with 60 mg/L L-canavanine and 1 g/

L 5-FOA for scoring GCRs. The plates were incubated for 3–5

days at 30uC, and the colonies were counted.

The CAN1 and his7-2 mutation rates were calculated from the

total numbers of cells and mutants in the cultures with the Drake

formula and are presented as median values with 95% confidence

intervals [7,59]. Where indicated, the significance of observed

differences in the CAN1 and his7-2 mutation rates was analyzed

with Mann-Whitney U two-tailed test (GraphPad Prism 6

software), where the null hypothesis is that there is no difference

between the two data sets. The rates of GCRs were calculated with

the Ma-Sandri-Sarkar maximum likelihood method [103,104]

using the web tool FALCOR at http://www.keshavsingh.org/

protocols/FALCOR.html [105,106].

Analysis of mutation spectra
Mutation spectra in CAN1 gene were determined essentially as

described [71]. Patches were started from single colonies on YPD

plates and then replica plated on SC plates supplemented with

60 mg/L L-canavanine and lacking arginine. A single CanR clone

from each patch was randomly selected, purified on the selective

medium, and then propagated by patching on a YPD plate.

Genomic DNAs were isolated from the patched cultures with a

MasterPure Yeast DNA purification kit (Epicentre). 2,057-bp

fragments containing the entire length of can1 ORF were amplified

with primers 1 (59-GCAGAAAGAAGAGTGGTTGCGAAC-39)

and 2 (59-GAGAATGCGAAATGGCGTGGAAATG-39) in PCR

reactions. The amplified fragments were purified with a PCR

purification kit (Qiagen) and sequenced such that the entire DNA

sequence of the mutant ORF in each clone was determined.

To generate HIS7 mutation spectra for the wild-type and

rtt109D strains, 1.4-ml or 2.8-ml saturated cultures started from

single colonies were concentrated and plated on SC medium

lacking histidine. One His+ clone from each plate was randomly

selected and processed as above. 2005-bp fragments spanning

HIS7 ORF were PCR-amplified with primers 3 (59-CTC

CACGGCTAATTAGGTGATCATG-39) and 4 (59-CCTACT-

GACACCACCAATAATACAAC-39). The PCR fragments were

purified as described above and part of HIS7 ORF, corresponding

to chromosome II coordinates 716234 – 715434, was sequenced.

his7-2 reverts to HIS7 by acquiring a +1-net frameshift in a 51-bp

region (chromosome II coordinates 716023 - 715973) containing

an A7 run [59].

CHEF gel electrophoresis and Southern hybridization
Yeast cells were embedded into 0.8% agarose plugs at a

concentration of 66108 cells/ml, and chromosomal DNA was

separated by a contour-clamped homogeneous electric field

(CHEF) gel electrophoresis in a 1.2% agarose gel/0.56TBE for

40 hours at 6 V/cm and at 14uC, using the CHEF Mapper XA

system (Bio-Rad). The included angle was 120 degrees. The initial

and final switch times were 36.63 sec and 2 min 6.67 sec,

respectively. The separated yeast chromosomal DNAs were

transferred onto a nylon membrane and probed with a 32P-

labeled MET6-specific probe. (The probe was generated by a

random prime labeling of a MET6 PCR fragment amplified with

primers 59-GACGCCATCAAGGGCTTGCCAG-39 and 59-CG

TTAGCTTCTAGGGCAGCAGC-39.) The indirectly labeled

yeast chromosomal DNAs were visualized with a Kodak BioMax

film.

Supporting Information

Figure S1 PCR analyses of hst3D hst4D can1 mutants. Genomic

DNAs of the indicated isolates were prepared as described in

Materials and Methods. can1 mutants were generated in the hst3D
hst4D (A) and hst3D hst4D msh2D (B) strains. The PCR analyses of

can1 mutants were carried out with CAN1 (59- GCAGAAAGAA-

GAGTGGTTGCGAAC-39 and 59-GAGAATGCGAAATGGC

GTGGAAATG-39) or POL2 (59-ATTCCAATCAGTTATTCGA

GGCCAG-39 and 59-CACCATTGAAGGTGGATATAACAG

T-39) specific primers.

(PDF)

Figure S2 Mutations formed in hst3D hst4D and rtt109D strains.

Mutations in the CAN1 coding strand were identified as detailed in

Materials and Methods. (A) Relative rates of base substitutions, 1-

bp deletions, and 1-bp insertions in the indicated strains. Absolute

mutation rates of these classes of mutations are shown in

Figure 2A. (B) Base substitutions in the wild-type, hst3D hst4D,

msh2D, and hst3D hst4D msh2D strains. A graphical presentation of

these data is shown in Figure 2B. The relative rates are in

parentheses. (C) Complex mutations formed in the hst3D hst4D
strain. Complex mutations, which are defined as changes of two or

more nucleotides within a short segment of DNA [5], are in red.

Above of the indicated wild-type sequences of the CAN1 coding

strand (in black) are base substitutions and 1-bp deletions and

below are 1-bp and 2-bp insertions. (D) Deletions within CAN1 in

the hst3D hst4D strain often occurred between direct repeats. PCR

and DNA sequencing analyses of can1 mutants (n = 106) generated

in hst3D hst4D identified six deletions within CAN1 ORF. DNA

sequences of the 59 and 39 junctions of these deletions in the CAN1

coding strand are shown. Direct repeats that flank a deletion are in

red. Parts of the repeats, which were deleted, are underlined.

(PDF)

Table S1 Effect of CAC2 and RTT106 deletions on spontaneous

mutagenesis.

(DOC)

Table S2 Involvement of several H3 K56 acetylation-dependent

DNA damage tolerance genes in the control of spontaneous

mutagenesis.

(DOC)

Table S3 Spontaneous mutation rates in strains deficient in H3

K56 deacetylation and replication fidelity.

(DOC)

Table S4 Haploid S. cerevisiae strains used in this study.

(DOC)
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