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Abstract

The conserved family of RecQ DNA helicases consists of caretaker tumour suppressors, that defend genome integrity by
acting on several pathways of DNA repair that maintain genome stability. In budding yeast, Sgs1 is the sole RecQ helicase
and it has been implicated in checkpoint responses, replisome stability and dissolution of double Holliday junctions during
homologous recombination. In this study we investigate a possible genetic interaction between SGS1 and RAD9 in the
cellular response to methyl methane sulphonate (MMS) induced damage and compare this with the genetic interaction
between SGS1 and RAD24. The Rad9 protein, an adaptor for effector kinase activation, plays well-characterized roles in the
DNA damage checkpoint response, whereas Rad24 is characterized as a sensor protein also in the DNA damage checkpoint
response. Here we unveil novel insights into the cellular response to MMS-induced damage. Specifically, we show a strong
synergistic functionality between SGS1 and RAD9 for recovery from MMS induced damage and for suppression of gross
chromosomal rearrangements, which is not the case for SGS1 and RAD24. Intriguingly, it is a Rad53 independent function of
Rad9, which becomes crucial for genome maintenance in the absence of Sgs1. Despite this, our dissection of the MMS
checkpoint response reveals parallel, but unequal pathways for Rad53 activation and highlights significant differences
between MMS- and hydroxyurea (HU)-induced checkpoint responses with relation to the requirement of the Sgs1
interacting partner Topoisomerase III (Top3). Thus, whereas earlier studies have documented a Top3-independent role of
Sgs1 for an HU-induced checkpoint response, we show here that upon MMS treatment, Sgs1 and Top3 together define a
minor but parallel pathway to that of Rad9.
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Introduction

The maintenance of genome stability is a fundamental aspect of

all life. DNA is damaged regularly by both exogenous factors and

endogenous events. In order to maintain a stable genome, cells

have devoted a significant percentage of their genome to encode

DNA repair, checkpoint and other DNA damage tolerance

proteins that act in multiple complexes and interrelated pathways

to protect the genome.

One such group of enzymes is the conserved family of RecQ

DNA helicases, which are genome caretakers. They exert multiple

cellular functions in order to suppress genome instability, and loss

of RecQ helicase activity is associated with a hyperrecombination

phenotype. In human cells, five members of the RecQ helicase

family have been identified. Mutations in three of the genes are

responsible for genetic disorders (Blooms, Werners and Roth-

mund-Thomson syndromes) that correlate with enhanced fre-

quencies of chromosomal rearrangements and aneuploidy. At a

clinical level this is manifested as a cancer predisposition, or, in the

case of Werners syndrome, premature aging (reviewed in [1,2]).

Sgs1 is the RecQ helicase in S. cerevisiae, encoded by the non-

essential gene SGS1. Loss of Sgs1 leads to increased rates of

chromosome missegregation and mitotic hyper-recombination

[3,4]. Furthermore, sgs1D mutants confer sensitivity to DNA

damaging agents such as MMS and the deoxynucleotide depleting

agent HU [5,6].

RecQ helicases functions in a complex with Rmi1 and DNA

topoisomerase III (Top3). Top3 enzymes are type 1A DNA

topoisomerases, which have the unique ability to unlink single-

stranded DNA catenanes that may arise during homologous

recombination or at sites of termination of DNA replication [7].

Loss of this function probably accounts for the severe slow growth

or lethality of top3-deficient cells in budding yeast, fission yeast or

mouse [3,8,9]. The slow growth of the budding yeast top3D mutant

is accompanied by hyper-recombination and chromosome loss

[10]. Surprisingly enough, the most severe consequences of TOP3

deletion in yeast can be suppressed by deletion of SGS1, although

cells retain the abnormally high recombination rates that

accompany sgs1D mutation [3]. Knowing that Sgs1, the fission

yeast RecQ helicase Rqh1, and the human homologue BLM

interact physically with DNA topoisomerase III, the suppression

may be explained if RecQ helicase activity promotes an

accumulation of improperly resolved exchange events in the

absence of Top3, thereby engendering genomic instability.
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Consistent with these roles, it was shown that the absence of

either Sgs1 or Top3 is synthetic lethal with the loss of other

enzymes or proteins implicated in DNA repair, recombination

and/or replication [11,12,13]. Because many of these negative

interactions can be suppressed by eliminating homologous

recombination altogether, it has been proposed that the Sgs1/

Top3 complex functions downstream of homologous recombina-

tion [11,14]. Indeed both BLM and Sgs1 were shown to function

together with Top3 to resolve crossover structures induced by

recombination to suppress reciprocal exchange [15,16].

Sgs1 also functions upstream of break-induced strand exchange

and is replication fork-associated both under normal conditions

and when replication forks stall due to HU [17]. Indeed, Sgs1 acts

to maintain DNA polymerases stably associated with stalled

replication forks on HU [17,18], and is particularly important in

the presence of a mutant ATR kinase allele, called mec1-100 [19].

Furthermore, it was shown that Sgs1 and Top3 act in the same

pathway for polymerase stability during HU treatment [18]. One

explanation for this would be that the combined action of Sgs1/

Top3 reverses pathological pairing events at stalled forks. In

addition to this we have reported a Top3-independent role for

Sgs1 in the checkpoint response to HU [18], which may entail the

recruitment of Rad53 [20]. Indeed, the contribution of Sgs1 to

Rad53 activation is independent of its helicase activity and

mechanistically distinct from its role in DNA polymerase

stabilisation [20]. In budding and fission yeast, the intra-S phase

checkpoint in response to MMS is partially compromised by

deletion of SGS1 or Rqh1+ [5,21]. It was further reported that

deletion of yeast TOP3 also impairs Rad53 activation in response

to MMS [22]. This observation contrasts with results on HU,

where no significant role for Top3 in Rad53 activation was found

[18].

As RecQ helicases are multifunctional enzymes it is not a

surprise that many interaction partners have been identified for

these enzymes. Among the proteins BLM is found in complex with

is BRCA1, another prominent caretaker protein [23]. BRCA1

binds directly to branched DNA structures and four-way junctions,

a feature shared with the RecQ helicase family, and it is thought to

control recombination events in the cell (reviewed in [24]). There

is no obvious BRCA1 homologue in S. cerevisiae, however, the RAD9

gene does share homology and several features with BRCA1. Both

proteins contain BRCT domains, which are heavily engaged in

protein-protein interactions, and they both get hyperphosphory-

lated in a checkpoint dependent manner. Rad9 was the first

checkpoint protein identified and it is thought to act at an early

step of damage recognition to activate the central checkpoint

kinases Rad53 and Chk1 [25,26,27,28]. Rad9 works as an adaptor

in the damage checkpoint response, as it is phosphorylated in a

Mec1/Tel1-dependent manner. This damage checkpoint also

relies on the PCNA-like clamp complex Ddc1-Rad17-Mec1 (in

higher eukaryotes the 9-1-1 complex for Rad9, Rad1 and Ddc1),

which is loaded near DNA damage by the Rad24-clamp. The

phosphorylated form of Rad9 specifically interacts with Rad53,

enhancing its activation by Mec1. This suggests that Rad9 recruits

Rad53 and Chk1 to DNA damage-dependent complexes [26,27].

Rad9 is required for maintaining genome stability particularly

in the case of strand breakage, like BRCA1. Absence of Rad9 leads

to increased rates of spontaneous chromosome loss and rear-

rangements [29,30,31,32]. This could be readout for loss of proper

checkpoint function, however accumulating evidence suggests that

Rad9 may play multiple roles in the DNA damage response. For

instance, Rad9 has been implicated in nucleotide excision repair of

UV-damaged DNA [33,34], for suppression of mutagenic post-

replicative repair during MMS induced damage [35], and a post

checkpoint activation role for Rad9 in promoting efficient repair of

DSBs imposed by irradiation has also been suggested [36]. Thus, it

seems we are far from understanding the complexity of the cellular

functions that Rad9 may be engaged in to act as a caretaker gene.

In this study we examine the genetic interaction between RAD9

and SGS1 in response to MMS-induced lesions. We find that

recovery after MMS exposure for the sgs1Drad9D double mutant is

more compromised than for the sgs1Drad24D double mutant,

strongly suggestive of a Rad24 independent pathway of Rad9 for

genome maintenance in the absence of Sgs1. This is furthermore

reflected in MMS-induced genomic instability monitored as gross

chromosomal rearrangements (GCR), where the sgs1Drad9D
mutant has a significant higher rate than sgs1Drad24D. We show

that this cannot be explained by a more severe checkpoint defect

for the sgs1Drad9D mutant as Rad53 and Chk1 activation is

equally compromised in sgs1Drad9D and sgs1Drad24D back-

grounds. Using a Rad9 mutant defective in Rad53 activation,

we are able to show that in the absence of Sgs1 recovery and

suppression of GCR after MMS exposure requires a Rad53

independent function of Rad9. This strongly indicates a role for

Rad9 in genome maintenance, which is checkpoint independent

and crucial in the absence of Sgs1.

Materials and Methods

Yeast strains and general yeast manipulation
All strains used are listed in Table 1 and are derived from either

S288C for GCR assays or W303 for all other assays. The W303

strains carry a rad5 point mutation that weakens its activity. Unless

stated otherwise, the genomic deletions of SGS1 and RAD51 were

done using a sgs1-3::TRP1 plasmid [37] and a rad51::URA3

plasmid [38], which both create null alleles. All other deletions are

complete ORF deletions based on pFA6a PCR disruption cassette

[39,40]. Double and triple mutants were in many cases obtained

by genetic crossing. Growth was at 30uC in YPD unless otherwise

indicated. The rad97xA strains were generated by digesting

plasmid Ylp-Rad97xA-HA (kindly provided by Dr. David F. Stern)

with SnaBI, which was then used for transformations in the

respective strains.

In situ auto-phosphorylation assay (ISA)
Cultures were grown to 0.56107 cells/ml at 30uC in YPD prior

to a-factor (Lipal Biochem, Zürich, CH) synchronisation during

one generation. Cells were sedimented, washed and released into

prewarmed YPD medium containing 0.02% MMS. All steps of

ISA are as described [41], except 5 mCi/ml c32P-ATP was used.

In order to obtain equal loading, protein concentration was

determined for each sample by Coomassie blue. Samples were

loaded on 10% SDS-polyacrylamide gels, along with 5 ml of a

standard (standard, Std), containing a known amount of activated

Rad53. Dried filters were exposed for equal times on a Biorad

Phosphorimager. After exposure, filters were probed with antibody

against RnaseH42 (kindly provided by U. Wintersberger, Vienna,

Austria) to provide a quantifiable loading control and allow

comparison among different gels and mutants. All experiments

were performed 2–3 times with similar results.

FACS
During the time course of the experiments for Rad53

autophophorylation 1 ml aliquots were taken for FACS. Cells

were fixed overnight in 70% ethanol at 4uC. Cells were recovered

by centrifugation and incubated 3 hr at 37uC in 0.2 mg/ml

RNaseA/50 mM Tris-Cl (pH 7.4). Cells were sedimented and

resuspended in 10 mg/ml propidium iodide/50 mM Na-citrate
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(pH 7.0) and incubated overnight in the dark at 4uC, prior to

analysis on a Becton Dickinson FACSCalibur.

MMS recovery assay
Cultures (0.56107) were blocked in G1 by a-factor and released

into fresh YPD containing different concentrations of MMS (v/v).

Cultures were incubated at 30uC for 70 min. Aliquots were then

diluted, washed and sonicated prior to plating in triplicate on YPD

and incubated at 30uC for 3 days. Survival ratios for a culture

without MMS were set as 100%. The recovery assays shown are

an average of 2–3 experiments with standard deviations below

10%.

Gross Chromosomal Rearrangements
GCR analysis was performed as described by Myung and

Kolodner [42]. In brief, cells were cultured in YPD to a cell

density of 26107 cells/ml. 10 ml cultures were used for GCR

experiments without drug whereas 5 ml cultures were used when

MMS was present. Cells were then washed twice with distilled

water and suspended in a volume of distilled water equal to the

starting culture volume either without or with 0.02% MMS for 2 h

at 30uC. This MMS concentration resulted in 10% survival for the

strain LBy-400, which displayed the highest MMS sensitivity of the

strains tested. After treatment, cells were washed with distilled

water twice, suspended in 50 or 100 ml YPD depending on the

initial volume, and incubated at 30uC until the culture reached

saturation. Different dilutions of the culture were plated on YPD

plates in order to determine cell concentration and the rest were

plated on plates containing 1 mg/ml 5-FOA and 60 mg/ml of

canavanine (FC-plates) to determine GCR frequency. Experi-

ments were conducted with 3–4 individual colonies from each

strain, and repeated 2–3 times. Mutation rates were calculated by

fluctuation analysis using the method of the median [43].

Spontaneous GCR was measured in the same way just without

addition of MMS.

Chk1 upshift assay
Upshift assays were preformed from TCA extract prepared

from cultures arrested in G1 by a-factor treatment and then

released into S phase in the presence of 0.1% MMS. Samples for

TCA precipitation were taken at the indicated time points. Extract

were loaded on 8% SDS-PAGE and Western blotting was

performed with monoclonal anti-cMyc antibody (Santa Cruz).

Table 1. Saccharomyces cerevisiae strains used in this study.

Strain Genotype Source

LBy-1 MATa, ade2-1, trp1-1, his3-11, -15, ura3-1, leu2-3, -112, can1-100 R. Rothstein (W303-1A)

LBy-2 MATa, ade2-1, trp1-1, his3-11, -15, ura3-1, leu2-3, -112, can1-100 R. Rothstein (W303-1B)

LBy-3 MATa, ade2-1, trp1-1, his3-11, -15, ura3-1, leu2-3, -112, can1-100, pep4::LEU2 R. Rothstein (W303-1A)

LBy-7 LBy-3 with top3::HIS3 Bjergbaek et al., 2005

LBy-8 LBy-3 with top3::HIS3, sgs1-3::TRP1 Bjergbaek et al., 2005

LBy-27 LBy-3 with top3::HIS3, rad9::TRP1 This study

LBy-28 LBy-3 with top3::HIS3, rad24::URA3 Bjergbaek et al., 2005

LBy-36 LBy-3 with sgs1-3::TRP1, rad24::URA3 Bjergbaek et al., 2005

LBy-40 LBy-3 with top3::HIS3, sgs1-3::TRP1, rad24::URA3 Bjergbaek et al., 2005

LBy-44 LBy-3 with sgs1-3::TRP1, rad9::HIS3 Bjergbaek et al., 2005

LBy-129 LBy-3 with sgs1-3::TRP1 Bjergbaek et al., 2005

LBy-316 LBy-1 with rad9::LEU2 D. Shore (S114)

LBy-366 LBy-1 with CHK1-13myc-HIS3 This study

LBy-372 LBy-1 with CHK-13myc-KanMX sgs1-3::TRP1 This study

LBy-374 LBy-1 with CHK-13myc-KanMX rad9::TRP1 This study

LBy-376 LBy-1 with CHK-13myc-KanMX sgs1-3::TRP1 rad9::HIS3 This study

LBy-383 MATa, CAN1, hxt13::URA3 Lengronne (E1557)

LBy-388 LBy-383 with sgs1::HIS3 This study

LBy-389 LBy-383 with rad9::TRP1 This study

LBy-390 LBy-1 with CHK1-13myc-HIS3 rad24::URA3 This study

LBy-391 LBy-1 with rad24::URA3 This study

LBy-400 LBy-383 with sgs1::HIS, rad9::TRP1 This study

LBy-406 LBy-383 with rad24::TRP1 This study

LBy-407 LBy-383 with sgs1::HIS3, rad24::TRP1 This study

LBy-471 LBy-1 with rad9-7xA-HA-TRP1 This study

LBy-472 LBy-1 with rad9-7xA-HA-TRP1 sgs1-3::TRP1 This study

LBy-473 LBy-383 with rad9-7xA-HA-TRP1 This study

LBy-474 LBy-383 with rad9-7xA-HA-TRP1 sgs1::HIS3 This study

LBy-1085 LBy-1 with CHK1-13myc-HIS3 rad24::URA3 sgs1::LEU2 This study

doi:10.1371/journal.pone.0081015.t001
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Immunoprecipitations
To verify the contructed rad97xA strains immunoprecipitations

were performed with anti-HA antibody (Santa Cruz) on yeast

extracts obtained from cells grown either in the presence or

absence of MMS. Immunoprecipitations were conducted as

described in [17]. Samples were analyzed for Rad9 upshift on

8% SDS-PAGE. For the rad97xA we load more of our IP material

on the SDS-gels to make sure that any slight upshift in the material

will be visible.

Results

Rad9 is required for recovery after MMS exposure in the
absence of the Sgs1/Top3 complex

The relative importance of repair and checkpoint proteins can

be measured by determining survival of mutants after increasing

doses of DNA damaging agents or replication fork inhibiting

agents. Use of survival or recovery assays also enables a dissection

of genetic interactions by scoring whether double mutants show

epistatic, additive or synergistic effects for survival or recovery.

It is already known that both Sgs1 and Rad9 are required for

proper recovery after exposure to MMS. Thus in order to reveal a

possible genetic interaction between SGS1 and RAD9, we

compared recovery after exposure to MMS between sgs1D, rad9D
and sgs1Drad9D cells. In these assays we also included RAD24, as it

has previously been reported that sgs1D and rad24D show an

additive defect for recovery after MMS exposure [5]. Synchro-

nised cultures of single and double mutants were released into S

phase in the presence of different concentrations of MMS for

70 min, and recovery was monitored by scoring colony growth on

drug-free media.

Loss of Rad9 impairs survival but to a lesser extent than a

rad24D deletion (compare Fig. 1A and Fig. 1B). Intriguingly, the

sgs1Drad9D and top3Drad9D double mutants show synergistic defect

for recovery, as no survivors are recovered on 0.03% MMS in the

double mutants (Fig. 1A). This places Sgs1/Top3 on a survival

pathway that is different from that of Rad9. In contrast, the

top3Drad24D and sgs1Drad24D double mutations seem to be

additive with respect to loss of survival (fig. 1B).

In conclusion, in the absence of Sgs1/Top3, cells rely heavily on

Rad9 for recovery after MMS exposure, and this role of Rad9 is

more crucial than the role of Rad24.

sgs1D induced genomic instability increases dramatically
in rad9D cells

The recovery assays strongly suggest that Rad9 becomes critical,

when Sgs1/Top3 is absent. To see if MMS treatment also leads to

higher rates of genomic instability in sgs1Drad9D cells as compared

to sgs1Drad24D cells, we performed a mutator assay that allows us

to monitor the rate of gross chromosomal rearrangements (GCR).

We performed GCR assays after exposure to 0.02% MMS, which

results in a ,10% survival rate for the sgs1Drad9D strain in the

S288C strain background (data not shown), the most sensitive of

all mutants tested. Supporting the recovery data (Fig. 1), we

observe synergism between sgs1D and rad9D for GCR rates (1900-

fold over wild type, Fig. 2A), which is stronger than observed for

the sgs1Drad24D double mutant (490 fold over wild type, Fig. 2).

Even in the absence of exogenous damage provoked by MMS,

were we able to detect a synergistic effect when analyzing GCR

rates for sgs1D, rad9D and sgs1Drad9D cells (Fig. 2B). From this we

conclude that genome integrity is more severely compromised in

sgs1Drad9D cells than in sgs1Drad24D cells after treatment with

MMS, and even in the absence of damage does sgs1Drad9D cells

display higher GCR rates compared to single mutants.

Rad9 works parallel to Sgs1/Top3 in the MMS induced
intra-S checkpoint response

The intra-S damage checkpoint is activated when replication

forks encounter MMS-induced alkylation of DNA. This intra-S

phase checkpoint is dependent on Rad53 and Mec1, and their

primary task is to prevent irreversible replication fork collapse and

inappropriate origin firing. Thus defects in the intra-S phase

checkpoint response leads to loss of viability and faster S phase

progression [44]. While it is well established that Rad9 works as a

key activator of Rad53 in a G2 response to DNA double strand

breaks and subtelomeric stretches of ssDNA [28], its role in the

intra-S phase has been unclear. This is largely based on the fact

that rad9D mutants only show partial defects in regulating S phase

progression in response to MMS [45,46]. Rad24 and members of

the RAD24 epistasis group (RAD17, DDC1 and MEC3) exhibit a

similar partial defect in S phase slowing [45,47,48]. Earlier

analyses have shown that this partial defect in S phase slowing of

rad24D cells is additive with an SGS1 deletion [5], which is also

reflected in the additive effect for recovery reported above. To

investigate whether the synergism observed in the recovery assay

Figure 1. Efficient recovery from MMS reveals a strong synergistic functionality between Sgs1/Top3 and Rad9. (A) Survival was
monitored as described in Materials and Methods after 70 min exposure to different concentrations of MMS for the indicated strains: wild type (LBy-
1), sgs1D (LBy-129), top3D (LBy-7), rad9D (LBy-316), sgs1D rad9D (LBy-44) and top3D rad9D (LBy-27). (B) Survival as in A for isogenic strains rad24D
(LBy-391), sgs1D rad24D (LBy-36) and top3D rad24D (LBy-28). The wild type, sgs1D and top3D survival curves are added in for comparison from A.
doi:10.1371/journal.pone.0081015.g001

Genome Integrity Depends on Rad9 in sgs1D Cells

PLOS ONE | www.plosone.org 4 November 2013 | Volume 8 | Issue 11 | e81015



and for GCR for the sgs1Drad9D mutant can be explained by a

severely compromised Rad53 checkpoint activation, we monitored

Rad53 activation using the in situ autophosphorylation assay (ISA)

[41].

Levels of Rad53 activation were compared for single-, double-

and triple mutants and samples were taken for FACS analysis

throughout the experiments to verify synchronization and S-phase

progression. Cells were grown as outlined in Fig. 3A and extracts

were prepared from samples taken at the indicated times. As

evident from Fig. 3, the rad9D single mutant is much less

compromised in Rad53 activation than is the rad24D single

mutant, suggesting that the role of Rad24 is more central to proper

checkpoint activation in otherwise wildtype cells. The strong delay

or reduction observed for the top3D mutant is in agreement with

an earlier report and likely reflects its reduced rates of S-phase

entry and fork elongation as the checkpoint is restored in an

sgs1Dtop3D mutant [22].

When a rad9D deletion is combined with either sgs1D or top3D,

however, Rad53 activation on MMS is abolished (Fig. 3C). This

resembles the result obtained with the sgs1Drad24D double mutant,

where the reduced Rad53 activation in rad24D cells is further

compromised when combined with either sgs1D or top3D (Fig. 3D).

This could suggest that when the Sgs1/Top3 alternative pathway

is lost Rad9 has an essential co-activator role with Rad24. The

simplest interpretation of these results is that Rad9 specifically

amplifies the Rad53 response to MMS, which is not the case on

HU [49]. Alternatively, a different type of damage may be

generated on MMS in the absence of Sgs1/Top3, which renders

checkpoint activation more dependent on Rad9. Interestingly, we

note further that the involvement of Top3 differentiates this

response to MMS from the response to forks stalled by HU, where

we find no additive effect when combining a top3D with a rad24D
[18].

From these checkpoint analyses we conclude that Sgs1 and

Top3 act together on a secondary minor pathway that can activate

Rad53 on MMS, parallel to that requiring Rad9, consistent with

the observation that Sgs1 when phosphorylated by Mec1 directly

binds Rad53 [20]. Thus, Rad9 and Top3/Sgs1 define two

unequal but parallel pathways for checkpoint activation on MMS

like what has been suggested for Sgs1 and Rad24 [5]. However,

the highly synergistic effects on GCR or recovery seen between

sgs1D and rad9D on MMS are not observed for sgs1D rad24D cells,

thus compromised Rad53 activation is unlikely to be the

explanation for this difference.

Chk1 phosphorylation is equally compromised in rad24D
and rad9D cells

Rad9 is also required for in vivo Chk1 activation, although the role

that Rad9 plays in this signal transduction from Mec1 to Chk1 is not

as well understood as for the Mec1-Rad53 signal transduction

pathway. Interaction between Rad9 and Chk1 has been shown by

two-hybrid analysis [50,51] and biochemical analysis have shown

that it is the N-terminus of Rad9, which plays a role for Chk1

activation [25]. In S. cerevisiae, Chk1 seems to play a fairly minor role

for the intra-S phase checkpoint activation, however, more recently

it was shown that Chk1 can stabilize replication forks in the absence

of Rad53 upon MMS induced damage [52]. To investigate if a

more compromised Chk1 activation may explain the observed

synergism between sgs1D and rad9D, we investigated Chk1

activation by upshift assay in sgs1D, rad9D and rad24D single

mutants. Cells were synchronized in G1 by a-factor and released

into S phase in the presence of 0.1% MMS. In this assay cells were

treated with a higher concentration of MMS in order to activate

Chk1. Levels of Chk1 phosphorylation were investigated in samples

taken at different intervals after release. We find that absence of

Sgs1 does not affect Chk1 phosphorylation, whereas cells lacking

either Rad9 or Rad24 are equally compromised for Chk1

phosphorylation (Fig. 4). To exclude that that in absence of Sgs1

there are secondary lesions that activate Chk1 in a Rad9 dependent

but Rad24 independent manner, we also analyzed Chk1 activation

for the double mutants sgs1Drad9D and sgs1Drad24D. These analyses

reveal that both strains are equally compromised in Chk1 activation

(Figure S1). Taken together, our data on checkpoint activation

suggest that the difference between sgs1Drad9D and sgs1Drad24D
strains both for recovery from MMS induced damaged and

suppression of GCR, is likely checkpoint-independent. This suggests

that Rad9 may perform a checkpoint independent role in genome

maintenance in the absence of Sgs1.

A Rad53 checkpoint independent function of Rad9 is
required for growth on MMS and suppression of GCR in
cells lacking Sgs1

To further investigate a possible checkpoint independent role of

Rad9 for genome maintenance, we took advantage of a Rad9

Figure 2. sgs1D induced genomic instability increases dramat-
ically in rad9D cells as measured by Gross Chromosomal
Rearrangements. (A) GCR were measured after exposure to 0.02%
MMS, which results in 10% survival rate for the sgs1Drad9D strain. GCR
is shown as fold increase over wild type for the following strains: sgs1D
(LBy-388), rad24D (LBy-406), rad9D (LBy-389), sgs1Drad9D (LBy-400),
sgs1Drad24D (LBy-407). (B) Spontaneous GCR was measured for wild
type (LBy-383), sgs1D (LBy-388), rad9D (LBy-389) and sgs1Drad9D (LBy-
400). GCR is shown as fold increase over wild type.
doi:10.1371/journal.pone.0081015.g002
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Figure 3. Rad9 works parallel to Sgs1/Top3 in the intra-S phase checkpoint response induced by MMS. (A) Experimental outline. (B) ISA
analysis of Rad53 auto-phosphorylation measured for wild type (LBy-1), sgs1D (LBy-129), top3D (LBy-7) and sgs1Dtop3D (LBy-8). Cells were
synchronised in G1, released into 0.02% MMS, and analysed at indicated times by ISA. For each strain the upper box shows the incorporation of c32-
ATP into Rad53, and the bottom panel a Western for RnaseH42 on the same blot (*). Time (min) after alpha-factor release is indicated above each
panel. Std is 5 ml of a sample containing a fixed amount of activated Rad53 standard, which is used to normalise all gels after identical exposure times
(see Materials and Methods). FACS samples were taken at 15 min intervals at the beginning of the experiment and 30 min intervals at the end of the
experiment and shown on the right. (C) As in B but with the following strains: rad9D (LBy-316), sgs1Drad9D (LBy-44) and top3Drad9D (LBy-27). (D) As
in B but with the following strains: rad24D (LBy-391), sgs1Drad24D (LBy-36), top3Drad24D (LBy-28) and top3Dsgs1Drad24D (LBy-40).
doi:10.1371/journal.pone.0081015.g003
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mutant defective for Rad53 activation, rad97xA [53]. This mutant

carries alanine substitutions at each [S/T] Q within the [S/T] Q

cluster domain (SCD) and furthermore has an alanine substitution

of T603 (Fig. 5A). The rad97xA is unable to undergo phosphor-

ylation and interact with Rad53 [53].

We generated a rad97xA-HA and an sgs1Drad97xA-HA strain.

The strains were confirmed by immunoprecipitation, which

verifies that the mutant form of Rad9 does not lead to an upshift

upon MMS induced damage, whereas wild-type Rad9 does

(Fig. 5B). Furthermore, Rad53 kinase assay confirms that Rad53

autophosphorylation is similar in the rad9D and rad97xA-HA strains

(Figure S2). Next we investigated survival using the MMS recovery

assay also used for Fig. 1. From this it becomes evident that the

double mutant sgs1Drad97xA-HA displays approximately the same

sensitivity to MMS as an sgs1D mutant and is much less sensitive

than the sgs1Drad9D mutant, thus the checkpoint function of Rad9

is not required for growth in the presence of MMS when Sgs1 is

absent (Fig. 5C). This reinforces our conclusion that it is not the

checkpoint function of Rad9, which is crucial in the absence of

Sgs1. To investigate whether this apparently checkpoint indepen-

dent function of Rad9 also accounts for the synergism observed for

GCR in the sgs1Drad9D double mutant, we measured GCR for the

sgs1Drad97xA double mutant and compared this with the single

mutants. Interestingly, the Rad53 checkpoint function of Rad9 is

not required for GCR suppression in the absence of Sgs1, as

sgs1Drad97xA shows lower levels of GCR than a sgs1D mutant,

substantiating that a checkpoint independent role of Rad9

becomes essential for genome maintenance in the absence of

Sgs1. So far we can only speculate why a rad97xA partly suppresses

the GCR of an sgs1D mutant. In the sgs1D mutant Rad9 is

expected to bind Rad53 upon MMS treatment, whereas this will

not be the case in the sgs1Drad97xA double mutant. Whether this

‘‘frees’’ Rad53 for other interactions, which are more beneficial for

GCR suppression in the absence of Sgs1 can be one explanation.

However, this will need further investigations.

It is furthermore interesting to note, that the rad97xA mutant has

less severe phenotypes compared to rad9D both concerning

recovery after MMS and MMS induced GCR, which could

indicate that although Rad9 is identified as a checkpoint protein,

its Rad53 activating role is of minor importance for survival and

genome stability upon MMS induced damage compared to other

potential roles of Rad9.

Discussion

In this study we have investigated a possible genetic interaction

between the SGS1 and RAD9. Our study reveals several novel

insights into how cells respond to MMS induced damage. First, we

demonstrate a strong synergistic functionality between Sgs1/Top3

and Rad9 for recovery from MMS damage and suppression of

GCR, which is not seen between Sgs1/Top3 and Rad24. These

observations suggest that cells rely on a Rad9-dependent pathway

in the absence of Sgs1 that is at least partially independent of

Rad24, and we confirm that this is a Rad53 checkpoint

independent function of Rad9. Second, our dissection of the

MMS checkpoint response discloses parallel, but unequal path-

ways for Rad53 activation and furthermore highlights significant

differences between MMS and HU induced checkpoint responses

with relation to the requirement of Sgs1/Top3. Thus, our

checkpoint analyses, which are based on Rad53 activation,

confirm that Sgs1/Top3 defines a minor but parallel pathway to

that of Rad9 during an MMS response. It has previously been

suggested based on S phase progression analysis, that Sgs1 defines

a pathway parallel to that of Rad24 [5]. Since rad9D is less

compromised in checkpoint activation than a rad24D, our data

clearly demonstrates that Sgs1/Top3 defines a second checkpoint

pathway as the double mutants sgs1Drad9D and top3Drad9D are

significantly more compromised in Rad53 activation than either

single mutants. Interestingly, earlier studies have shown that Top3

is not engaged in a checkpoint pathway in response to HU, there

Sgs1 works independently of Top3, however in the absence of

either Rad9 or Rad24 checkpoint activation depends on both Sgs1

and Top3.

Treatment with MMS induces methylated DNA lesions, which

are predominantly repaired by the base excision repair (BER)

pathway and DNA alkyltransferases [54]. For a long time it was

generally assumed that MMS damage led to DSB formation. This

assumption was based on several facts; homologous recombination

(HR) deficient cells are sensitive to MMS and DNA fragmentation

was observed after MMS treatment by pulsed-field gel electro-

phoresis (PFGE). However, more recent it was demonstrated that

DNA fragmentation following MMS treatment is an artefact

arising during sample preparation [55], thus the requirement of

HR for survival after MMS treatment may more likely reflect a

function for HR in the repair of MMS-induced stalled forks,

although this still needs to be proven experimentally. If MMS

damage is introduced during S phase this can indeed have a huge

impact on replication forks, as these will stall when encountering

the damage. The stalled replication fork may regress to form a

chicken foot structure and remain stable until the damage has

been removed by BER or the lesion may be tolerated, which

would rely on either template switching or translesion synthesis. If

forks regress, it is fairly easy to imagine a function of Sgs1/Top3.

Sgs1/Top3 may either be involved in reversal of regressed forks,

fork stability or if the regressed fork undergo homologous

recombination to restore the replication fork, Sgs1/Top3 would

be needed for the dissolution of the formed dHJ.

How may the genetic interaction between Sgs1 and Rad9 be

explained? In a genetic screen for interactions with rad9D that

confer sensitivity to MMS several proteins engaged in post-

replication repair both in the error-free template switching

pathway and the error-prone translesion synthesis pathway were

identified. Furthermore, also enzymes engaged in HR resolution

were identified such as Mus81 and Sgs1 [35]. These genetic

interactions could indicate that replication forks encounter more

MMS induced damage in the absence of Rad9, and thereby

require pathways to deal with replication fork stalling or bypass of

the damage. To account for this explanation Rad9 should have a

direct function in the repair of alkylated damage or as have

previously been suggested it should actively promote the use of

BER. Rad9 has been implicated in nucleotide excision repair of

UV-damaged DNA [33,34], however so far there are no reports

on a function of Rad9 in BER.

In 1995 it was reported that Rad9 had a different role than

Rad17, Rad24 and Mec3. Where the latter checkpoint proteins

activated an exonuclease upon damage, which would degrade the

Figure 4. Chk1 activation is equally compromised in rad24D
and rad9D cells. Chk1 upshift assay were performed to investigate
checkpoint activation for the following strains: wild type (LBy-366),
sgs1D (LBy-372), rad9D (LBy-374) and rad24D (LBy-390). Synchronized
cultures of cells were released into S phase in the presence of 0.1% of
MMS and aliquots were taken at the indicated times for analysis.
doi:10.1371/journal.pone.0081015.g004
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DNA, Rad9 was found to inhibit DNA degradation [56].

Following damage near telomeres, Rad9 was shown to play both

a checkpoint dependent and independent role for suppression of

ssDNA formation. Based on genetics a model was suggested,

where Rad9 in a pathway with Mec1 and Rad53 inhibits the

action of Exo1 and in a pathway independent of Mec1 and Rad53

inhibits another exonuclease [57]. These data are suggestive of a

‘‘protective’’ role of Rad9. Further investigations have revealed

that inhibition of ssDNA at uncapped telomers as well as at DSBs

by Rad9 invovle interaction between the Tudor domain of Rad9

and methylated histone H3-K79 [58] Also the tumor suppressor

p53-binding protein 1 (53BP1) interacts with histones via its Tudor

domain. This interaction requires the dimethylated form of histine

H4 K20 [59]. More recent it was furthermore shown that 53BP1

also controls ssDNA formation at dysfunctional telomeres as well

as at DSBs by inhibiting resection, and this process is dependent

on Rif1 [60,61,62]. In further support of a Rad53 checkpoint

independent function of Rad9, a post checkpoint activation role of

Rad9 in promoting efficient repair of DNA DSBs by homologous

recombination induced by irradiation has been reported [36]. In

Figure 5. The Rad53 checkpoint function of Rad9 is not required for GCR suppression and growth in the presence of MMS in cells
lacking Sgs1. (A) Illustration of the domain structure of Rad9. (B) Immunoprecipitations were conducted with extracts from the contructed rad9 7xA-
HA strain (LBy-471) and the sgs1Drad9 7xA-HA strain (LBy-472) to verify the 7xA mutations. Immunoprecipitations were performed with anti-HA
antibody in the presence and absence of MMS. (C) Survival was monitored as described in Materials and Methods after 70 min exposure to different
concentrations of MMS for the indicated strains: wild type (LBy-1), sgs1D (LBy-129), rad9D (LBy-316), sgs1Drad9D (LBy-44), rad9 7xA (LBy-471), sgs1D
rad9 7xA (LBy-472). (D) GCR were measured after exposure to 0.02% MMS and is shown as fold increase over wild type for the isogenic strains: sgs1D
(LBy-388), rad24D (LBy-406), rad9D (LBy-389), rad9 7xA (LBy-473), sgs1D rad9 7xA (LBy-474).
doi:10.1371/journal.pone.0081015.g005
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this study it was shown that Rad9 foci colocalise with a subset of

Rad52 foci and that the hypophosphorylated form of Rad9

associates with damaged chromatin.

Rad9 shares several features with the tumour suppressor protein

BRCA1, most notably the presence of BRCT domains [53,63].

BRCT domains have been implicated in the recognition of H2AX

(or phospho-H2A in yeast), which is found both at sites of double

strand breaks, as well as at stalled forks [19,64], and which has

been suggested to be necessary for efficient repair [65]. Moreover,

BLM helicase has been shown to associate with cH2AX in

response to Top1-mediated strand breaks [66]. Thus it is possible

that BRCT domain-containing proteins play a role in repair as

well as checkpoint processing, perhaps by recruiting proteins to

sites of damage. For instance, BRCA1 has been implicated in

acting as a scaffold, as well as processing abnormal DNA structures

[23,67]. Such a role is conceivable as well for Rad9, which may act

in parallel to Sgs1-mediated recombinational repair at MMS-

induced damage. To this end, we have found an interaction

between Rad51 and Rad9 in vivo (data not shown).

The first step in S-phase checkpoint activation involves replica-

tion fork stalling, either due to the depletion of dNTPs by HU or due

to encountering of alkylated DNA induced by MMS. However,

although the initial step is the same, the downstream events are

likely to differ depending on the destiny of the replication fork. This

current study clearly shows that there are significant molecular

differences between a response provoked by MMS and one

provoked by HU. This is illustrated by the different requirements

for Rad9 depending on the type of fork stalling. On HU, Rad53

activation can be achieved in the absence of Rad9, however upon

loss of either Tof1 or Mrc1, Rad53 activation becomes Rad9-

dependent [49,68]. Under MMS conditions on the other hand,

Rad53 activation is Rad9-dependent (this study and [46]). This

suggests that upon stalling by HU, cells engage a ‘‘stabilization

pathway’’ that relies on Mrc1 and Tof1, and as we have shown in

the past, Sgs1 and Mec1 kinase [17,18]. If stabilization cannot be

achieved, the stalled replication fork is converted to another form of

damage or structure, and checkpoint activation now reflects a

Rad9-dependent pathway. We propose that in the presence of

MMS-induced damage, replication forks adopt a form different

than during HU treatment and this form relies on the Rad9

pathway for checkpoint activation. Interestingly, the requirement

for Top3 further differentiates between HU and MMS induced

checkpoint activation. In an earlier report, we found that on HU,

the cells engage a Sgs1-dependent checkpoint activation. Although

a reduced checkpoint signal is only evident in rad24D cells, we could

show that the Sgs1-dependent activation of Rad53 did not require

neither Top3 nor Rad51, and an enzymatic active Sgs1 was also not

required [18]. Indeed this is consistent with data showing that Sgs1

binds the Rad53 kinase FHA1 domain directly when an acidic

domain upstream of the Sgs1 helicase domain is phosphorylated by

Mec1 [20]. We further suggested that the Rad24 and Sgs1 pathways

are not simply redundant, but act preferentially at different types of

S-phase lesions [18].

Our MMS checkpoint analysis enables us to further extend this

model. Checkpoint activation here relies almost entirely on

Rad24, and not on Sgs1. However, we can detect a secondary

pathway, which becomes especially clear when comparing rad9D
and sgs1D single mutants with the sgs1Drad9D double mutant, that

requires both Sgs1 and in this case, its interacting partner Top3.

This distinguishes it from the role of Sgs1 in the presence of fork

arrest induced by high HU concentrations. These data suggest that

Sgs1 is engaged in distinct pathways depending on the type of

damage, or that in its absence, different damaging agents have

different outcomes.

This study identifies a Rad53 checkpoint independent role of

Rad9 crucial for genome maintenance in the absence of the RecQ

helicase Sgs1, although we also show that Rad9 and Sgs1/Top3

work in parallel but unequal pathways for Rad53 activation during

MMS. Our data and previous analysis on Rad9 strongly points to

this enzyme maintaining multiple functions for genome integrity,

which is not only embedded in its checkpoint role. A precise

dissection of these checkpoint independent roles of Rad9 will be an

intriguing challenge for future studies.

Supporting Information

Figure S1 Chk1 upshift assay were performed to
investigate checkpoint activation for the following
strains: wild type (LBy-366), sgs1D (LBy-372), rad9D
(LBy-374), rad24D (LBy-390), sgs1Drad9D (LBy-376) and
sgs1D rad24D (LBy-1085). Experiments were performed as

described in Material and Methods and in the same way as the

experiment shown in Figure 4, except that only one time point is

loaded on these gels in order to have all single mutants on the

same gel. Wild type (60 min) shown on the lower gel is the same as

wild type (60 min) on the upper gel. This has been included as a

reference for upshift, when investigating the double deletion

mutants.

(TIFF)

Figure S2 Rad53 kinase assay were performed to
compare Rad53 activation in a rad9D (LBy-316) and a
rad97xA (LBy-471) strain. The experiment was performed as

described in Material and Methods and in the same way as the

experiments shown in Figure 3 except in this experiment Mcm2

was used as loading ctrl. Std is 5 ml of a sample containing a fixed

amount of activated Rad53 standard.

(TIFF)

Acknowledgments

We thank U. Wintersberger for antiserum and D. Stern for plasmid.

Author Contributions

Conceived and designed the experiments: LB. Performed the experiments:

LB IN IBB. Analyzed the data: LB IN AHA SMG. Wrote the paper: LB

SMG.

References

1. Khakhar RR, Cobb JA, Bjergbaek L, Hickson ID, Gasser SM (2003)

RecQ helicases: multiple roles in genome maintenance. Trends Cell Biol 13:

493–501.

2. Mohaghegh P, Hickson ID (2002) Premature aging in RecQ helicase-deficient

human syndromes. Int J Biochem Cell Biol 34: 1496–1501.

3. Gangloff S, McDonald JP, Bendixen C, Arthur L, Rothstein R (1994) The yeast

type I topoisomerase Top3 interacts with Sgs1, a DNA helicase homolog: a

potential eukaryotic reverse gyrase. Mol Cell Biol 14: 8391–8398.

4. Watt PM, Hickson ID, Borts RH, Louis EJ (1996) SGS1, a homologue of the

Bloom’s and Werner’s syndrome genes, is required for maintenance of genome

stability in Saccharomyces cerevisiae. Genetics 144: 935–945.

5. Frei C, Gasser SM (2000) The yeast Sgs1p helicase acts upstream of Rad53p in

the DNA replication checkpoint and colocalizes with Rad53p in S-phase-specific

foci. Genes Dev 14: 81–96.

6. Onoda F, Seki M, Miyajima A, Enomoto T (2001) Involvement of SGS1 in

DNA damage-induced heteroallelic recombination that requires RAD52 in

Saccharomyces cerevisiae. Mol Gen Genet 264: 702–708.

7. Wang JC (2002) Cellular roles of DNA topoisomerases: a molecular perspective.

Nat Rev Mol Cell Biol 3: 430–440.

8. Goodwin A, Wang SW, Toda T, Norbury C, Hickson ID (1999) Topoisomerase

III is essential for accurate nuclear division in Schizosaccharomyces pombe.

Nucleic Acids Res 27: 4050–4058.

Genome Integrity Depends on Rad9 in sgs1D Cells

PLOS ONE | www.plosone.org 9 November 2013 | Volume 8 | Issue 11 | e81015



9. Li W, Wang JC (1998) Mammalian DNA topoisomerase IIIalpha is essential in

early embryogenesis. Proc Natl Acad Sci U S A 95: 1010–1013.

10. Wallis JW, Chrebet G, Brodsky G, Rolfe M, Rothstein R (1989) A hyper-

recombination mutation in S. cerevisiae identifies a novel eukaryotic

topoisomerase. Cell 58: 409–419.

11. Gangloff S, Soustelle C, Fabre F (2000) Homologous recombination is

responsible for cell death in the absence of the Sgs1 and Srs2 helicases. Nat

Genet 25: 192–194.

12. Mullen JR, Kaliraman V, Ibrahim SS, Brill SJ (2001) Requirement for three

novel protein complexes in the absence of the Sgs1 DNA helicase in

Saccharomyces cerevisiae. Genetics 157: 103–118.

13. Tong AH, Evangelista M, Parsons AB, Xu H, Bader GD, et al. (2001)

Systematic genetic analysis with ordered arrays of yeast deletion mutants.

Science 294: 2364–2368.

14. Fabre F, Chan A, Heyer WD, Gangloff S (2002) Alternate pathways involving

Sgs1/Top3, Mus81/Mms4, and Srs2 prevent formation of toxic recombination

intermediates from single-stranded gaps created by DNA replication. Proc Natl

Acad Sci U S A 99: 16887–16892.

15. Ira G, Malkova A, Liberi G, Foiani M, Haber JE (2003) Srs2 and Sgs1-Top3

suppress crossovers during double-strand break repair in yeast. Cell 115: 401–

411.

16. Wu L, Hickson ID (2003) The Bloom’s syndrome helicase suppresses crossing

over during homologous recombination. Nature 426: 870–874.

17. Cobb JA, Bjergbaek L, Shimada K, Frei C, Gasser SM (2003) DNA polymerase

stabilization at stalled replication forks requires Mec1 and the RecQ helicase

Sgs1. Embo J 22: 4325–4336.

18. Bjergbaek L, Cobb JA, Tsai-Pflugfelder M, Gasser SM (2005) Mechanistically

distinct roles for Sgs1p in checkpoint activation and replication fork

maintenance. Embo J 24: 405–417.

19. Cobb JA, Schleker T, Rojas V, Bjergbaek L, Tercero JA, et al. (2005) Replisome

instability, fork collapse, and gross chromosomal rearrangements arise

synergistically from Mec1 kinase and RecQ helicase mutations. Genes Dev

19: 3055–3069.

20. Hegnauer AM, Hustedt N, Shimada K, Pike BL, Vogel M, et al. (2012) An N-

terminal acidic region of Sgs1 interacts with Rpa70 and recruits Rad53 kinase to

stalled forks. EMBO J 31: 3768–3783.

21. Marchetti MA, Kumar S, Hartsuiker E, Maftahi M, Carr AM, et al. (2002) A

single unbranched S-phase DNA damage and replication fork blockage

checkpoint pathway. Proc Natl Acad Sci U S A 99: 7472–7477.

22. Chakraverty RK, Kearsey JM, Oakley TJ, Grenon M, de La Torre Ruiz MA, et

al. (2001) Topoisomerase III acts upstream of Rad53p in the S-phase DNA

damage checkpoint. Mol Cell Biol 21: 7150–7162.

23. Wang Y, Cortez D, Yazdi P, Neff N, Elledge SJ, et al. (2000) BASC, a super

complex of BRCA1-associated proteins involved in the recognition and repair of

aberrant DNA structures. Genes Dev 14: 927–939.

24. Lowndes NF (2010) The interplay between BRCA1 and 53BP1 influences death,

aging, senescence and cancer. DNA Repair (Amst) 9: 1112–1116.

25. Blankley RT, Lydall D (2004) A domain of Rad9 specifically required for

activation of Chk1 in budding yeast. J Cell Sci 117: 601–608.

26. Gilbert CS, Green CM, Lowndes NF (2001) Budding yeast Rad9 is an ATP-

dependent Rad53 activating machine. Mol Cell 8: 129–136.

27. Sweeney FD, Yang F, Chi A, Shabanowitz J, Hunt DF, et al. (2005)

Saccharomyces cerevisiae Rad9 acts as a Mec1 adaptor to allow Rad53

activation. Curr Biol 15: 1364–1375.

28. Weinert TA, Hartwell LH (1988) The RAD9 gene controls the cell cycle

response to DNA damage in Saccharomyces cerevisiae. Science 241: 317–322.

29. Fasullo M, Bennett T, AhChing P, Koudelik J (1998) The Saccharomyces

cerevisiae RAD9 checkpoint reduces the DNA damage-associated stimulation of

directed translocations. Mol Cell Biol 18: 1190–1200.

30. Klein HL (2001) Spontaneous chromosome loss in Saccharomyces cerevisiae

is suppressed by DNA damage checkpoint functions. Genetics 159: 1501–

1509.

31. Myung K, Kolodner RD (2002) Suppression of genome instability by redundant

S-phase checkpoint pathways in Saccharomyces cerevisiae. Proc Natl Acad

Sci U S A 99: 4500–4507.

32. Weinert TA, Hartwell LH (1990) Characterization of RAD9 of Saccharomyces

cerevisiae and evidence that its function acts posttranslationally in cell cycle

arrest after DNA damage. Mol Cell Biol 10: 6554–6564.

33. Al-Moghrabi NM, Al-Sharif IS, Aboussekhra A (2001) The Saccharomyces

cerevisiae RAD9 cell cycle checkpoint gene is required for optimal repair of UV-

induced pyrimidine dimers in both G(1) and G(2)/M phases of the cell cycle.

Nucleic Acids Res 29: 2020–2025.

34. Yu S, Teng Y, Lowndes NF, Waters R (2001) RAD9, RAD24, RAD16 and

RAD26 are required for the inducible nucleotide excision repair of UV-induced

cyclobutane pyrimidine dimers from the transcribed and non-transcribed

regions of the Saccharomyces cerevisiae MFA2 gene. Mutat Res 485:

229–236.

35. Murakami-Sekimata A, Huang D, Piening BD, Bangur C, Paulovich AG (2010)

The Saccharomyces cerevisiae RAD9, RAD17 and RAD24 genes are required

for suppression of mutagenic post-replicative repair during chronic DNA

damage. DNA Repair (Amst) 9: 824–834.

36. Toh GW, O’Shaughnessy AM, Jimeno S, Dobbie IM, Grenon M, et al. (2006)

Histone H2A phosphorylation and H3 methylation are required for a novel

Rad9 DSB repair function following checkpoint activation. DNA Repair (Amst)
5: 693–703.

37. Lu J, Mullen JR, Brill SJ, Kleff S, Romeo AM, et al. (1996) Human homologues

of yeast helicase. Nature 383: 678–679.

38. Aboussekhra A, Chanet R, Adjiri A, Fabre F (1992) Semidominant suppressors

of Srs2 helicase mutations of Saccharomyces cerevisiae map in the RAD51 gene,
whose sequence predicts a protein with similarities to procaryotic RecA proteins.

Mol Cell Biol 12: 3224–3234.

39. Goldstein AL, Pan X, McCusker JH (1999) Heterologous URA3MX
cassettes for gene replacement in Saccharomyces cerevisiae. Yeast 15:

507–511.

40. Longtine MS, McKenzie A 3rd, Demarini DJ, Shah NG, Wach A, et al. (1998)

Additional modules for versatile and economical PCR-based gene deletion and

modification in Saccharomyces cerevisiae. Yeast 14: 953–961.

41. Pellicioli A, Lucca C, Liberi G, Marini F, Lopes M, et al. (1999) Activation of

Rad53 kinase in response to DNA damage and its effect in modulating
phosphorylation of the lagging strand DNA polymerase. Embo J 18: 6561–

6572.

42. Myung K, Kolodner RD (2003) Induction of genome instability by DNA
damage in Saccharomyces cerevisiae. DNA Repair (Amst) 2: 243–258.

43. Lea DEaC, C.A. (1948) The distribution of the numbers of mutants in bacterial

populations. Journal of Genetics 49: 264–285.

44. Tercero JA, Diffley JF (2001) Regulation of DNA replication fork progression

through damaged DNA by the Mec1/Rad53 checkpoint. Nature 412:
553–557.

45. Paulovich AG, Margulies RU, Garvik BM, Hartwell LH (1997) RAD9, RAD17,

and RAD24 are required for S phase regulation in Saccharomyces cerevisiae in
response to DNA damage. Genetics 145: 45–62.

46. Weinert TA, Kiser GL, Hartwell LH (1994) Mitotic checkpoint genes in
budding yeast and the dependence of mitosis on DNA replication and repair.

Genes Dev 8: 652–665.

47. Longhese MP, Fraschini R, Plevani P, Lucchini G (1996) Yeast pip3/mec3
mutants fail to delay entry into S phase and to slow DNA replication in response

to DNA damage, and they define a functional link between Mec3 and DNA
primase. Mol Cell Biol 16: 3235–3244.

48. Longhese MP, Paciotti V, Fraschini R, Zaccarini R, Plevani P, et al. (1997) The

novel DNA damage checkpoint protein ddc1p is phosphorylated periodically
during the cell cycle and in response to DNA damage in budding yeast. EMBO J

16: 5216–5226.

49. Alcasabas AA, Osborn AJ, Bachant J, Hu F, Werler PJ, et al. (2001) Mrc1
transduces signals of DNA replication stress to activate Rad53. Nat Cell Biol 3:

958–965.

50. Sanchez Y, Bachant J, Wang H, Hu F, Liu D, et al. (1999) Control of the DNA

damage checkpoint by chk1 and rad53 protein kinases through distinct

mechanisms. Science 286: 1166–1171.

51. Uetz P, Giot L, Cagney G, Mansfield TA, Judson RS, et al. (2000) A

comprehensive analysis of protein-protein interactions in Saccharomyces
cerevisiae. Nature 403: 623–627.

52. Segurado M, Diffley JF (2008) Separate roles for the DNA damage checkpoint

protein kinases in stabilizing DNA replication forks. Genes Dev 22: 1816–1827.

53. Schwartz MF, Duong JK, Sun Z, Morrow JS, Pradhan D, et al. (2002) Rad9

phosphorylation sites couple Rad53 to the Saccharomyces cerevisiae DNA
damage checkpoint. Mol Cell 9: 1055–1065.

54. Lindahl T, Wood RD (1999) Quality control by DNA repair. Science 286:

1897–1905.

55. Lundin C, North M, Erixon K, Walters K, Jenssen D, et al. (2005) Methyl

methanesulfonate (MMS) produces heat-labile DNA damage but no detectable
in vivo DNA double-strand breaks. Nucleic Acids Res 33: 3799–3811.

56. Lydall D, Weinert T (1995) Yeast checkpoint genes in DNA damage processing:

implications for repair and arrest. Science 270: 1488–1491.

57. Jia X, Weinert T, Lydall D (2004) Mec1 and Rad53 inhibit formation of single-

stranded DNA at telomeres of Saccharomyces cerevisiae cdc13-1 mutants.

Genetics 166: 753–764.

58. Lazzaro F, Sapountzi V, Granata M, Pellicioli A, Vaze M, et al. (2008) Histone

methyltransferase Dot1 and Rad9 inhibit single-stranded DNA accumulation at
DSBs and uncapped telomeres. EMBO J 27: 1502–1512.

59. Botuyan MV, Lee J, Ward IM, Kim JE, Thompson JR, et al. (2006) Structural

basis for the methylation state-specific recognition of histone H4-K20 by 53BP1
and Crb2 in DNA repair. Cell 127: 1361–1373.

60. Chapman JR, Barral P, Vannier JB, Borel V, Steger M, et al. (2013) RIF1 is
essential for 53BP1-dependent nonhomologous end joining and suppression of

DNA double-strand break resection. Mol Cell 49: 858–871.

61. Lottersberger F, Bothmer A, Robbiani DF, Nussenzweig MC, de Lange T
(2013) Role of 53BP1 oligomerization in regulating double-strand break repair.

Proc Natl Acad Sci U S A 110: 2146–2151.

62. Zimmermann M, Lottersberger F, Buonomo SB, Sfeir A, de Lange T (2013)

53BP1 regulates DSB repair using Rif1 to control 59 end resection. Science 339:

700–704.

63. Scully R, Chen J, Ochs RL, Keegan K, Hoekstra M, et al. (1997) Dynamic

changes of BRCA1 subnuclear location and phosphorylation state are initiated
by DNA damage. Cell 90: 425–435.

64. Stucki M, Clapperton JA, Mohammad D, Yaffe MB, Smerdon SJ, et al. (2005)

MDC1 directly binds phosphorylated histone H2AX to regulate cellular
responses to DNA double-strand breaks. Cell 123: 1213–1226.

Genome Integrity Depends on Rad9 in sgs1D Cells

PLOS ONE | www.plosone.org 10 November 2013 | Volume 8 | Issue 11 | e81015



65. Redon C, Pilch DR, Rogakou EP, Orr AH, Lowndes NF, et al. (2003) Yeast

histone 2A serine 129 is essential for the efficient repair of checkpoint-blind

DNA damage. EMBO Rep 4: 678–684.

66. Rao VA, Fan AM, Meng L, Doe CF, North PS, et al. (2005) Phosphorylation

of BLM, dissociation from topoisomerase IIIalpha, and colocalization with

gamma-H2AX after topoisomerase I-induced replication damage. Mol Cell Biol

25: 8925–8937.
67. Paull TT, Cortez D, Bowers B, Elledge SJ, Gellert M (2001) Direct DNA

binding by Brca1. Proc Natl Acad Sci U S A 98: 6086–6091.

68. Foss EJ (2001) Tof1p regulates DNA damage responses during S phase in
Saccharomyces cerevisiae. Genetics 157: 567–577.

Genome Integrity Depends on Rad9 in sgs1D Cells

PLOS ONE | www.plosone.org 11 November 2013 | Volume 8 | Issue 11 | e81015


