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The S phase checkpoint response slows down replication in the presence of replication stress such that
replication can resume normally once conditions are favorable. Both proper activation and deactivation of the
checkpoint are crucial for genome stability. However, the mechanisms of checkpoint deactivation have been
largely unknown. Here, we show that two highly conserved Saccharomyces cerevisiae ATP-dependent chromatin
remodeling factors, Isw2 and Ino80, function to attenuate and deactivate S phase checkpoint activity. Genetic
interactions revealed that these chromatin remodeling factors and the Rad53 phosphatases function in parallel
in the DNA replication stress response. Following a transient replication stress, an isw2 nhp10 double mutant
displays stronger and prolonged checkpoint activation without experiencing increased replication fork trou-
bles. Isw2 and Ino80 are both enriched at stalled replication forks and physically and specifically interact with
a single-stranded DNA binding protein, replication protein A (RPA). Based on these results, we propose that
Isw2 and Ino80 are targeted to stalled replication forks via RPA and directly control the amplitude of S phase
checkpoint activity and the subsequent deactivation process.

The packaging of DNA into chromatin facilitates compac-
tion of eukaryotic genomes into the cell nucleus. However, this
compaction also presents challenges for DNA-dependent pro-
cesses such as transcription, replication, and DNA repair by
limiting access of DNA binding proteins to DNA. Thus, elu-
cidating mechanisms of chromatin regulation is essential to
understanding how these DNA-dependent processes are reg-
ulated. One mechanism that eukaryotes use to regulate chro-
matin structure operates through ATP-dependent chromatin
remodeling complexes, which hydrolyze ATP to alter histone-
DNA contacts by nucleosome sliding, histone exchange, and/or
nucleosome or histone eviction. The in vivo roles of chromatin
remodeling complexes have been best characterized in studies
of transcription, but their functions in DNA repair, recombi-
nation, and replication have also been revealed.

ATP-dependent chromatin remodeling complexes are evo-
lutionarily conserved throughout eukaryotes (14). We have
been investigating functions of two Saccharomyces cerevisiae
complexes, Isw2 and Ino80. Isw2 exists as either a two- or a
four-subunit complex (20, 25, 45), while Ino80 consists of 15
subunits (21, 37, 38). Isw2 slides nucleosomes (13) toward
nucleosome-free regions in the intergenic regions (49, 51),
which causes repression of both coding (17, 35, 39) and non-
coding (49, 51) RNA transcripts. Ino80 mutants show hyper-
sensitivities to methyl methanesulfonate (MMS), a DNA alky-
lating agent, and to hydroxyurea (HU), an inhibitor of
ribonucleotide reductase that causes depletion of deoxynucleo-
side triphosphate (dNTP) pools (37). Ino80 is enriched at
DNA double-strand breaks (DSBs) and interacts with �H2AX

to facilitate the DNA damage response (11, 27, 46, 47). More
recently, Ino80 has been suggested to play a critical role in the
replication stress response (12, 30, 31, 40), although a consen-
sus has not been formed on which step(s) in the replication
stress response requires Ino80.

We recently found that several Ino80 subunits (Nhp10, Ies2,
Ies3, Ies5) function in parallel with Isw2 to facilitate growth in
the presence of MMS (48). Double mutants with mutations in
these two chromatin remodelers, such as the isw2 nhp10 mu-
tant, display a prolonged S phase in the presence of MMS due
to delayed replication in late-replicating regions. We further
demonstrated that Isw2 and Ino80 facilitate replication fork
progression rates and late origin firing in the presence of rep-
lication stress caused by MMS (48). This was the first finding of
chromatin regulators having this role; however, the mecha-
nisms by which Isw2 and Ino80 function in facilitating replica-
tion remained to be determined.

Replication stress, resulting from endogenous insults or ex-
ogenous treatment with replication inhibitors such as MMS or
HU, triggers activation of the S phase checkpoint (15). Repli-
cation forks stall when they encounter obstacles, resulting in
accumulation of single-stranded DNA (ssDNA). This leads to
a high concentration of an ssDNA binding protein, replication
protein A (RPA), which is thought to signal the recruitment of
the other players in the highly conserved eukaryotic checkpoint
cascade (56). The sensor 9-1-1 complex (Rad17, Ddc1, and
Mec3), complex loader (Rad24), and central kinase Mec1 with
its interacting partner Ddc2 are recruited to stalled replication
forks (24, 26). Rad9 and Mrc1 are then also targeted to stalled
forks to mediate the activation of the effector kinases Rad53
and Chk1 (1, 43). The activated checkpoint results in slowed
replication, transcriptional induction of damage response
genes, prevention of replication fork collapse, and suppression
of late origin firing (15). The S phase checkpoint cascade
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allows cells to slow down replication to handle replication
stress problems.

Due to the essential role of the S phase checkpoint in ge-
nome stability, activation mechanisms of the S phase check-
point have been extensively studied. Indeed, premature or
defective checkpoint activation leads to genome instability
(28). In contrast, mechanisms of S phase checkpoint deactiva-
tion have not been well understood. The presence of an active
mechanism to deactivate checkpoint activity was recently un-
covered by the finding that Rad53 phosphatases play this role
(44). The importance of proper deactivation of the S phase
checkpoint was demonstrated by the fact that failure to deac-
tivate the checkpoint can lead to defects in replication fork
progression, resulting in incomplete DNA replication and thus
lethality (44). Similarly, how the amplitude of S phase check-
point activation is regulated remains unknown, despite the fact
that checkpoint activation is a graded response (41). It has
been established that checkpoint activity correlates with the
presence of the activated, hyperphosphorylated form of the
Rad53 kinase (32). Rad53 is phosphorylated by Mec1 during
checkpoint activation (36, 42) and dephosphorylated by the
Pph3 and Ptc2 phosphatases (29, 44). Aside from phosphata-
ses, it remains to be discovered whether other players function
in checkpoint deactivation.

As noted above, we previously reported that the ATP-de-
pendent chromatin remodeling factors Isw2 and Ino80 facili-
tate DNA replication in the presence of replication stress (48).
We showed that Isw2 and Ino80 facilitate replication fork
progression and activation of late-firing origins. However, the
mechanisms by which these remodeling factors function have
been unknown. In this article, we present our finding that Isw2
and Ino80 affect DNA replication through regulation of S
phase checkpoint activity. We found that the isw2 nhp10 dou-
ble mutant displays delayed S phase progression as well as
stronger and prolonged Rad53 activation during the replica-
tion stress and recovery stages. Multiple lines of evidence
clearly argue against the possibility that the stronger check-
point activity of the isw2 nhp10 double mutant is due to in-
creased replication fork troubles but rather that Isw2 and
Nhp10 directly function in attenuating the checkpoint re-
sponse. Furthermore, we discovered that Isw2 and Ino80 phys-
ically interact with RPA. Based on these results, we propose
that Isw2 and Ino80 are targeted to stalled replication forks by
RPA to directly attenuate the amplitude of the S phase check-
point activity and facilitate checkpoint deactivation. Thus, our
work uncovered a biological function not previously known to
be associated with any ATP-dependent chromatin remodeling
factors, as well as a novel mechanism to regulate S phase
checkpoint activity.

MATERIALS AND METHODS

Yeast growth and cell synchronization. Cells were grown at 30°C. Log-phase
cells for arrest and release experiments were grown to an optical density at 600
nm (OD600) of 0.2 to 0.25. Arrest in G1 phase was accomplished by treatment
with 5 �g ml�1 �-factor. Cells were released from �-factor arrest by filtration on
0.45-�m-pore-size nitrocellulose membranes, washed, and then suspended in a
half volume of prewarmed media without �-factor. For experiments involving
MMS or HU treatment of cells in liquid culture, MMS (Sigma) or HU (Sigma)
was added to achieve a 0.02% (vol/vol) or a 200 mM final concentration, respec-
tively. Cell synchrony was monitored by flow cytometry (48).

Coimmunoprecipitation (co-IP). Cells (in 200 ml of yeast extract-peptone-
dextrose [YPD]) were washed once each with water supplemented with 1 mM
phenylmethylsulfonyl fluoride (PMSF) and with buffer H 0.15 M KCl (25 mM
HEPES KOH [pH 7.6], 2 mM MgCl2, 0.5 mM EGTA, 0.1 mM EDTA, 10%
glycerol, 150 mM KCl, 0.02% NP-40) supplemented with 1� protease inhibitors
(1 mM PMSF, 2 �M pepstatin, 0.6 �M leupeptin, 2 mM benzamidine, 2 �g/ml
chymostatin A). To prepare cell lysates, pellet was resuspended in 1 ml of buffer
H 0.15 M KCl supplemented with 1� protease inhibitors and subjected to bead
beating, followed by high-speed centrifugation. FLAG immunoprecipitation (IP)
was done using 4 �g of monoclonal anti-FLAG M2 antibody (Sigma) cross-
linked to 6 �l of protein G Dynabeads (Invitrogen) per IP. Each IP consisted of
200 �l of cell lysate and anti-FLAG M2 beads, bound for 90 min at 4°C. IP
products were washed 3 times with 0.5 ml buffer H 0.15 M KCl supplemented
with 1� protease inhibitors. Western analysis was performed with monoclonal
anti-FLAG M2 antibody (Sigma), 9E10 monoclonal primary antibody (anti-c-
myc; Covance), and IRDye 800CW goat anti-mouse secondary antibody (LiCor
Biosciences), followed by scanning using an Odyssey scanner (LiCor Biosci-
ences).

Rad53 ISA and Western blot analyses. For in situ autophosphorylation (ISA),
cells were grown in YPD as described above, and 25 ml was harvested at each
time point. Protein samples from trichloroacetic acid (TCA)-treated cells were
prepared as described previously (33), except they were processed using an 8%
sodium dodecyl sulfate (SDS)-polyacrylamide gel. Anti-Rad53 (EL7E1) and
antitubulin were used in Western blot analyses.

Spot tests. Serial dilutions (5-fold) of saturated culture were spotted on YPD
agar plates with or without drugs. Plates containing drugs were used within 24 h
of preparation. For gradient plate assays, stationary-phase cells were spotted 24
times across a YPD agar plate using a Biomek 2000 workstation (Beckman
Coulter). Concentration gradients of MMS were set up as previously described
(50). The indicated drug concentrations signify the concentration of the bottom
agar.

Hydroxyurea survival assay. Cells were arrested in G1 phase with �-factor and
released into S phase in prewarmed YPD media containing 200 mM hy-
droxyurea. At the indicated time points, equal aliquots of diluted cells were
plated in duplicate on YPD plates. Plates were grown at 30°C for 2 days (for wild-
type [WT] and isw2 nhp10 cells) and 3 days (for ino80 cells) until surviving
colonies were large enough for counting. Survival, assessed by the average num-
ber of colonies, was calculated as a percentage of untreated colony numbers.

Fluorescence microscopy. Cells (1.5 ml) were harvested, pelleted, and resus-
pended in 100 �l of paraformaldehyde at room temperature for 15 min. Cells
were pelleted, washed once in 1 ml of 0.1 M potassium phosphate–1.2 M
sorbitol buffer, and resuspended in 100 �l of the same buffer. Cells were
sonicated prior to microscopy. A total of 200 cells were scored twice for each
biological replicate.

RESULTS

Genetic interactions with Rad53 phosphatases suggest that
Isw2 and Ino80 function in the S phase checkpoint. The first
clue that Isw2 and Ino80 may function in the S phase check-
point came from our observation that the isw2 nhp10 mutant
has a phenotype similar to that of the pph3 ptc2 mutant. Nhp10
is a subunit of the Ino80 complex. Pph3 and Ptc2 are Rad53
phosphatases that function to deactivate Rad53, the effector
kinase of the S phase checkpoint (44). Both isw2 nhp10 and
pph3 ptc2 mutants display slow growth on the replication in-
hibitor MMS and defects in replication fork progression rates
(44, 48). To determine functional relationships among Isw2,
Nhp10, Pph3, and Ptc2, we examined the growth phenotypes of
a quadruple isw2 nhp10 pph3 ptc2 mutant. We found that the
quadruple mutant was additively HU sensitive (Fig. 1). Addi-
tion of either an isw2 or nhp10 mutation to the pph3 and ptc2
phosphatase mutations also resulted in increased HU sensitiv-
ity. Interestingly, the quadruple mutant displayed slower
growth on normal YPD media. The striking growth defect of
the quadruple mutant on HU demonstrated that Isw2 and
Ino80 function in a pathway that is independent from and
parallel to that of the Rad53 phosphatases. In addition, this
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suggested that Isw2 and Ino80 might have functions similar to
those of the Rad53 phosphatases in the replication stress re-
sponse. Thus, we decided to explore whether Isw2 and Ino80
also function to deactivate the S phase checkpoint.

Isw2 and Ino80 attenuate S phase checkpoint activity and
facilitate checkpoint deactivation. To test whether Isw2 and
Nhp10 are involved in S phase checkpoint regulation, we first

analyzed checkpoint activity by a Rad53 in situ autophosphor-
ylation (ISA) assay. Only checkpoint-activated Rad53 exhibits
in situ autophosphorylation activity in vitro that is apparent
upon incubation with radiolabeled ATP (33). When WT and
isw2 nhp10 cells were released from G1 phase into S phase in
the constitutive presence of MMS, both cells displayed Rad53
ISA activity (Fig. 2a). However, isw2 nhp10 cells exhibited

FIG. 1. Isw2 and Ino80 function in parallel to the Rad53 phosphatases Pph3 and Ptc2. The results of a spot assay performed as a genetic-
interaction test are shown. Strains were grown to saturation, and then 5-fold serial dilutions were plated on YPD plates with or without 50 mM
HU. The relevant genotypes of the strains are shown on the left. Plates were grown for 2 days at 30°C.

FIG. 2. Isw2 and Ino80 attenuate S phase checkpoint activity and facilitate efficient checkpoint deactivation during and after MMS treatment.
(a) Rad53 ISA assay during MMS treatment. WT and isw2 nhp10 cells were arrested in G1 and released into YPD in the absence or presence of
0.02% (vol/vol) MMS. Cells were harvested during G1 arrest and every 30 min during release until 150 min postrelease. The arrow shows the Rad53
ISA band, and asterisks designate other kinases with ISA activity that served as a loading control. (b) Flow cytometry analysis after transient MMS
treatment. WT and isw2 nhp10 cells were arrested in G1 by �-factor treatment. �-Factor was readded for 75 min, and 0.02% (vol/vol) MMS was
added 15 min later for a total of 60 min of MMS treatment during G1. Cells were released into S phase in YPD and collected at the indicated time
points after release. DNA content was analyzed by flow cytometry (black lines). Gray profiles correspond to the results obtained with reference
asynchronous cells collected before G1 arrest. (c) Rad53 ISA assay during recovery from MMS treatment. Cells were harvested before MMS was
added, at two time points during MMS treatment in G1, and every 20 min during S phase recovery. The arrow shows the Rad53 ISA band, and
asterisks designate other kinases with ISA activity that served as a loading control.
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noticeably stronger and prolonged Rad53 ISA activity, showing
that Isw2 and Nhp10 negatively affect S phase checkpoint ac-
tivity.

We next tested whether Isw2 and Nhp10 affect S phase
checkpoint activity during recovery from MMS treatment. To
this end, cells were arrested in G1 phase and treated with MMS
during the last hour of arrest. Then, MMS was washed out, and
cells were allowed to recover and proceed through S phase.
Flow cytometry analysis revealed a 20- to 30-min delay in S
phase progression in isw2 nhp10 cells compared to wild-type
(WT) results (Fig. 2b). Considering that WT cells complete the
S phase in about 45 to 50 min (Fig. 2b), the 20- to 30-min delay
seen with isw2 nhp10 cells reveals that isw2 nhp10 cells exhibit
a marked delay in recovering from a transient MMS exposure.
Budding index analysis revealed that only 5 min of the delay
can be accounted for by slower kinetics of isw2 nhp10 cell
release from G1 arrest (data not shown).

When WT cells were transiently treated with MMS in G1

phase, no Rad53 ISA activity was detected in the subsequent S
phase, revealing that the checkpoint was deactivated by the
first S phase time point (see lane 4 on Fig. 2c, top). In contrast,
Rad53 ISA activity was detected within 20 min, 40 min, and 60
min during the recovery of isw2 nhp10 cells (see lanes 4, 5, and
6 on Fig. 2c, bottom). Thus, isw2 nhp10 cells display stronger
activation of the S phase checkpoint and slower deactivation of
the checkpoint that correlate with their delay in S phase pro-
gression. Since genetic evidence strongly suggests that DNA

damage repair is not impaired in the isw2 nhp10 mutant (see
reference 48 and below), these results imply that Isw2 and
Ino80 affect S phase checkpoint activity after DNA damage
repair.

The experiments using MMS described above were compli-
cated by the fact that replication forks stall in S phase while
DNA damage is being repaired, raising the possibility that
differences in the rate of DNA repair can affect how much
replication forks stall. To independently monitor S phase
checkpoint activity of isw2 nhp10 cells in a more synchronous
manner, we transiently treated cells with HU. Cells were ar-
rested in G1 phase and released into HU for 90 min. HU was
then washed out, and cells were allowed to recover and pro-
ceed through the S phase. Flow cytometry analysis revealed a
noticeable delay in S phase progression of isw2 nhp10 cells
compared to WT results (Fig. 3a). We performed the Rad53
ISA assay to monitor both Rad53 activation (in the presence of
HU) and deactivation (during recovery). Both WT and isw2
nhp10 cells displayed Rad53 activity during the 90 min of HU
treatment, with noticeably stronger Rad53 activity in isw2
nhp10 cells (compare lanes 2 to 4 in Fig. 3b). During the
recovery, only isw2 nhp10 cells showed persistent Rad53 activ-
ity within 20 min and 40 min (lanes 5 and 6 in Fig. 3b). Rad53
protein levels were equivalent for WT and isw2 nhp10 cells and
thus cannot explain the difference in Rad53 activity (Fig. 3c).
Figure 3c also shows that the slow-migrating phosphorylated
form of Rad53 shifts to the nonphosphorylated form more

FIG. 3. Isw2 and Ino80 attenuate S phase checkpoint activity and facilitate efficient checkpoint deactivation during and after HU treatment.
(a) Flow cytometry analysis during and after transient HU treatment. WT and isw2 nhp10 cells were arrested in G1 and released into YPD
containing 200 mM HU for 90 min. Then, cells were released into the S phase in YPD and collected at the indicated time points after release. Flow
cytometry was performed as described for Fig. 2b. (b) Rad53 ISA assay during and after HU treatment. Cells were harvested during G1 arrest, every
30 min during HU treatment, and every 20 min during S phase recovery. The arrows show the Rad53 ISA band, and asterisks designate other
kinases with ISA activity that served as a loading control. (c) Rad53 Western blot analysis during and after HU treatment. Western blot analysis
of cells grown under transient HU conditions was performed as described for panel b. The blot was probed with anti-Rad53 and antitubulin
antibodies.
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slowly in isw2 nhp10 cells, consistent with the Rad53 ISA re-
sults (Fig. 3b). These results collectively establish that Isw2 and
Nhp10 attenuate S phase checkpoint activation and facilitate
checkpoint deactivation.

Evidence against increased replication fork problems in
isw2 nhp10 cells. There are two possible causes for stronger
and prolonged checkpoint activation of isw2 nhp10 cells. First,
Isw2 and Nhp10 may function in replication fork protection or
in repair of MMS-induced DNA damage. If this were the case,
isw2 nhp10 cells should experience increased replication fork
problems, which cause stronger and prolonged checkpoint ac-
tivation. The second possibility is that Isw2 and Nhp10 may
attenuate S phase checkpoint activity and facilitate checkpoint
deactivation; thus, isw2 nhp10 cells would have stronger and
more constitutive checkpoint activity, leading to slower S phase
progression. We favor the latter possibility because of numer-
ous independent lines of evidence against fork protection and
DNA damage repair problems in isw2 nhp10 cells (full details
in Discussion).

To further rule out the possibility that Isw2 and Nhp10
function in replication fork protection, we largely abrogated
the S phase checkpoint through deletion of MEC1, the central
kinase of the checkpoint. MEC1 must be deleted in an sml1
deletion mutant background for the mutant to remain viable,
as mec1 mutation results in the depletion of intracellular nu-
cleotide levels that can be relieved by deletion of Sml1, an
inhibitor of ribonucleotide reductase (55). Abrogating the
checkpoint in a strain with replication fork problems is ex-

pected to strongly decrease viability; thus, the isw2 nhp10 mec1
sml1 quadruple mutant would be predicted to display an ad-
ditive MMS sensitivity if Isw2 and Nhp10 aided fork protec-
tion. On the other hand, if Isw2 and Nhp10 function in the S
phase checkpoint, the quadruple mutant would be expected to
show MMS sensitivity identical to that of either the isw2 nhp10
or mec1 sml1 mutant (whichever mutant has the higher MMS
sensitivity). Examination of growth on MMS gradient plates
revealed that the isw2 nhp10 mec1 sml1 quadruple mutant
showed MMS sensitivity identical to that of the mec1 sml1
mutant (Fig. 4a). To confirm that the MMS sensitivity of mec1
sml1 mutant cells could be exacerbated by adding mutations
that increase replication fork problems, we created ctf4 mec1
sml1 and tof1 mec1 sml1 triple mutants. Ctf4 is required for
coupling of DNA polymerase alpha and the MCM helicase
(16), and Tof1 is required for stabilization of replication forks
(3, 22). As shown in Fig. 4a, both ctf4 mec1 sml1 and tof1 mec1
sml1 mutants exhibited strongly additive MMS sensitivity,
demonstrating that the mec1 mutation has a devastating effect
on MMS sensitivity when mutant cells have increased replica-
tion fork problems. Therefore, the epistatic relationship of the
isw2 nhp10 and mec1 sml1 double mutations strongly argues
against the possibility that Isw2 and Nhp10 function in repli-
cation fork protection. In addition, the fact that the isw2 nhp10
mutation does not increase MMS sensitivity in the mec1 back-
ground supports our model that Isw2 and Nhp10 function in
the S phase checkpoint pathway.

We next examined the viability of cells after they have been

FIG. 4. Evidence against increased replication fork troubles in isw2 nhp10 cells. (a) Spot assay for genetic-interaction test. Strains were grown
to saturation and pinned on YPD plates with or without a gradient of 0.01% (vol/vol) or 0.015% (vol/vol) MMS. Plates were grown for 2 days at
30°C. (b) Viability assay following HU treatment. Percentages of surviving colonies at each time point determined relative to untreated cells are
shown. Average percent survival and standard deviation (error bars) values, representing the results of three experimental replicates for WT and
ino80 cells and 4 experimental replicates for isw2 nhp10 cells, are shown. (c) Quantitation of Rad52 foci after drug treatment. Cells were arrested
in G1 and released into either 0.02% MMS or 6 �g/ml phleomycin for 60 min. Cells were fixed with paraformaldehyde and viewed by fluorescence
microscopy. The averages and standard deviations (error bars) of the percentages of Rad52-YFP foci were determined by counting 200 cells twice
each from two independent experiments.
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subjected to prolonged exposure to HU. Cells with fork pro-
tection defects are expected to display significantly decreased
viability during prolonged HU exposure, because collapsed
forks cannot complete replication. We arrested cells in G1

phase and released them into media containing HU. The via-
bility of WT cells was similar to that of isw2 nhp10 cells after 2
and 4 h of HU exposure (Fig. 4b). isw2 nhp10 cells exhibited
slightly decreased viability (�90% survival) only after 6 h in
HU. After this extensive time in HU, the stronger checkpoint
activation and delayed checkpoint deactivation defects of isw2
nhp10 cells may have contributed to the slightly reduced via-
bility. In contrast, an ino80 null mutant (in a strain S288C
background, since the ino80 null mutation is lethal in the strain
W303 background used in this study) displayed a significant
loss of viability after all time points in HU (Fig. 4b), as previ-
ously reported (30, 40).

We further examined formation of Rad52-YFP foci in isw2
nhp10 cells. Rad52 functions in homologous recombination
and is targeted to the sites of DNA breaks, such as collapsed
replication forks or DNA double-strand breaks (23). Treat-
ment of cells with phleomycin, a double-strand break-inducing
agent, induced Rad52 foci similarly in WT and isw2 nhp10 cells
(Fig. 4c), which is consistent with our earlier conclusion that
Isw2 and Nhp10 do not have a detectable role in DNA double-
strand-break repair (48). Compared to untreated cell results,
MMS treatment induced only modest, similar increases in
numbers of Rad52 foci in both WT and isw2 nhp10 cells (Fig.
4c). This result strongly supports our conclusion that the isw2
nhp10 mutant does not have increased replication fork trou-
bles in the presence of replication stress. Collectively, our
results argue strongly against fork protection or DNA damage
repair problems in isw2 nhp10 cells and support the idea that
Isw2 and Nhp10 function to control the amplitude of activation
and the subsequent S phase checkpoint deactivation process.

Isw2 and Ino80 physically interact with RPA. Stalled repli-
cation forks generate excess ssDNA that is bound by RPA, and
accumulation of RPA signals recruitment of the S phase check-
point proteins to stalled forks (56). It has been previously
reported that both Isw2 and Ino80 are also enriched at stalled
replication forks (30, 40, 48). We predict that Isw2 and Ino80
may be also be enriched at stalled forks resulting from muta-
tions in the replicative helicase. We next asked how Isw2 and
Ino80 are targeted to stalled replication forks. A high-through-
put mass spectrometry analysis recently found that several Isw2
and Ino80 subunits physically associate with RPA in the pres-
ence of MMS-induced replication stress (6). To further analyze
these interactions using a more stringent approach, we immu-
noprecipitated Isw2 and Ino80 to examine whether RPA
coimmunoprecipitated in the presence of HU. Western blot
analysis revealed that both FLAG-tagged Isw2 and Ino80 co-
immunoprecipitated with Myc-tagged Rfa1, the largest subunit
of RPA (Fig. 5a). To test whether these interactions are de-
pendent on replication stress, we harvested cells grown during
G1 phase and log phase. Isw2 and Ino80 both coimmunopre-
cipitated with Rfa1 under these conditions, although slightly
more Rfa1 appeared to coimmunoprecipitate with Isw2 and
Ino80 during the S phase in the presence of HU (Fig. 5a). The
physical interaction of Isw2 and Ino80 with Rfa1 during G1

phase suggests that their interaction is independent of replica-
tion stress and also does not have to occur at stalled replication

forks. Given that stoichiometric amounts of Rfa2 and Rfa3
copurify with Rfa1 from yeast cells in the presence or absence
of HU (data not shown), we believe that both Isw2 and Ino80
interact with the RPA complex in both G1 phase and S phase
in the presence of HU.

To further confirm that Isw2 and Ino80 can physically inter-
act with Rfa1 independently of the presence of chromatin, we
tested whether Ddc2 coimmunoprecipitated. Ddc2 is the inter-
action partner of Mec1 and is targeted to stalled replication
forks in an RPA-dependent fashion (5). We found that Ddc2
did not coimmunoprecipitate with Isw2 or Ino80 during the S
phase in the presence of HU or in G1 phase or log phase (Fig.
5b). We therefore conclude that Isw2 and Ino80 specifically
interact with RPA in a DNA-independent fashion, although we
cannot completely exclude the possibility that the interactions
take place on DNA. The physical interaction of Isw2 and Ino80
with Rfa1 is consistent with the remodeling complexes having
roles in the S phase checkpoint and suggests the possibility that
Isw2 and Ino80 are targeted to stalled replication forks via
physical interactions with RPA.

The ATPase activity of Isw2 is required for its function in
the S phase checkpoint. We asked whether the ATPase activity
of Isw2 was required for its function(s) in the S phase check-
point. We could not address whether the ATPase activity of
Ino80 was required, because the catalytically inactive mutant is
lethal in the W303 strain background used in this study. We
found that a catalytically inactive Isw2 mutant, carrying isw2-
K215R in combination with nhp10, displayed MMS and HU
sensitivity identical to that of isw2 nhp10 cells (Fig. 6). The
isw2-K215R mutation does not affect the subunit composition
of the Isw2 complex. Therefore, this result demonstrates that
the ATPase activity of Isw2 is essential for its function in the S
phase checkpoint. The Isw2 complex exists in two forms, as
either a two (Itc1, Isw2)- or a four (Itc1, Isw2, Dls1, Dpb4)-
subunit complex (20, 25). Deletion of DLS1, together with
deletion of NHP10, resulted in elevated sensitivity to MMS and
HU, although the sensitivity was slightly weaker than that of
the isw2 nhp10 mutant (data not shown). This result demon-
strates that the four-subunit form of Isw2 plays the major, but
not an exclusive, role in regulating S phase checkpoint activity.

DISCUSSION

In this article, we describe a previously unknown role for
ATP-dependent chromatin remodeling complexes in the S
phase checkpoint. To our knowledge, this is the first report of
any chromatin remodeling factors functioning to attenuate the
amplitude of S phase checkpoint activation and facilitate
checkpoint deactivation. Our conclusion that stronger activa-
tion of S phase checkpoint leads to slower replication fork
progression is consistent with a previous report on Rad53
phosphatase mutants (44). Our genetic analysis suggested that
ISW2 and NHP10 function in parallel to the Rad53 phospha-
tases and in the same pathway as MEC1. The striking sensitiv-
ity to HU of the quadruple isw2 nhp10 pph3 ptc2 mutant
demonstrates that the Rad53 Pph3 and Ptc2 phosphatases and
Isw2 and Ino80 chromatin remodeling factors are major play-
ers in S phase checkpoint control. Although proper deactiva-
tion of the S phase checkpoint is vital for cells, the only known
regulators of this process are the Rad53 phosphatases (18).
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Our work identified a previously unknown mechanism regulat-
ing the amplitude of activation as well as facilitating deactiva-
tion of the S phase checkpoint. Cells in S phase are in a
vulnerable state, especially during replication stress and recov-
ery stages. During these times, we imagine that Isw2 and Ino80
ensure that cells can progress through S phase without exten-
sive delay. Isw2 and Ino80 may also help recycle or distribute
checkpoint proteins to the rest of the chromosomes to achieve
proper replication of the entire genome.

One alternative possibility to explain our findings is that
Isw2 and Nhp10 function in replication fork protection or
DNA damage repair. If this were the case, stronger checkpoint
activation and delayed checkpoint deactivation would be the
results of the increased replication fork problems in isw2 nhp10
cells. However, we have established numerous independent
lines of evidence arguing against that possibility. First, isw2
nhp10 in combination with mec1 sml1 shows epistatic MMS
sensitivity instead of increased MMS sensitivity. Second, WT
and isw2 nhp10 cells display similar survival rates after pro-

longed HU exposure, in contrast to the significantly decreased
survival of ino80 null cells. Furthermore, isw2 nhp10 and WT
cells exhibit similar numbers of Rad52 foci in the presence of
MMS. Additional evidence against increased fork problems in
isw2 nhp10 cells includes the following (48): (i) WT and isw2
nhp10 cells display identical levels of viability after treatment
with a wide range of MMS concentrations; (ii) transcript array
analysis reveals no indication of increased DNA damage in
isw2 nhp10 cells in the presence of MMS; and (iii) isw2 and
nhp10 mutations cause additive MMS sensitivity with all
known DNA repair pathways, thus demonstrating that they do
not function in these pathways. These results collectively and
strongly argue against fork protection defects in isw2 nhp10
cells. Furthermore, the fact that the isw2 nhp10 mutation does
not increase MMS sensitivity in the mec1 background demon-
strates that ISW2 and NHP10 function within the MEC1 path-
way. The two major functions of the central kinase Mec1 in the
S phase checkpoint, replication fork protection and activation
of Rad53, are separable (8, 9). Our results strongly suggest that

FIG. 5. Isw2 and Ino80 physically interact with RPA. (a) Co-IP experiment using Isw2 and Ino80 with Rfa1. Strains were harvested during S
phase (30 min after release in the presence of 200 mM HU), G1 arrest, or log phase. FLAG immunoprecipitations were performed using untagged
strains and Isw2-3xFLAG and Ino80-3xFLAG strains in which Rfa1 was 13� Myc tagged. Nonspecific, cross-reacting bands are marked by asterisks
on the Western blot. (b) Co-IP experiment using Isw2 and Ino80 with Ddc2. Cells were harvested under same conditions as those described for
panel a. FLAG immunoprecipitations were performed using untagged strains and Isw2-3xFLAG and Ino80-3xFLAG strains in which Ddc2 was
13� Myc tagged. A nonspecific cross-reacting band is marked by an asterisk on the Western blot.
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Isw2 and Nhp10 function in the Rad53 activation, but not the
replication fork protection, role of Mec1.

Recent studies suggested that Ino80 is required for the DNA
replication stress response. These studies were done using an
ino80 null mutant, which is extremely slow growing in the
S288C background. ino80 is hypersensitive to replication in-
hibitors, and one report showed that Ino80 stabilizes a stalled
replisome and thus is required for efficient fork progression
(30). Another report demonstrated that ino80 cells displayed
decreased DNA synthesis after transient HU treatment and
suggested that Ino80 functions to aid in fork restarting (40).
Recently, yet another report showed that, in the presence of
MMS, Ino80 functions in DNA damage tolerance pathways
and not fork progression or stability (12). Collectively, these
reports suggest the possibility that the Ino80 complex has mul-
tiple functions in DNA damage and the replication stress re-
sponse. Alternatively, it is possible that Ino80 has one major
function and that an ino80 null mutation causes severe trouble
in the replication stress response that can lead to pleotropic
phenotypes, depending on the assay systems.

Either way, the phenotypes of the isw2 nhp10 cells described
in this article are different from those of the ino80 null mutant.
We are confident that the phenotypes caused by the nhp10

mutation reflect Ino80 complex functions, as NHP10 and mul-
tiple other Ino80 subunit genes exhibit identical genetic inter-
actions with ISW2 (48). In addition, purification of Nhp10
yields only Ino80 complex and no other proteins, showing that
Nhp10 is present exclusively in the Ino80 complex in vivo (27).
It is therefore likely that the nhp10 mutation affects specific
subsets of Ino80 function, which enabled us to uncover its
functions that parallel those of Isw2.

It is likely that ISWI subfamily members and Ino80 play
similar roles in metazoan cells. Mammalian ISWI complexes
have been implicated in promoting DNA replication in het-
erochromatin regions (10) and are recruited to replication foci
through interaction with the DNA clamp PCNA (34). Human
Ino80 was also recently suggested to facilitate DNA replication
by binding to chromatin at PCNA foci (19). Depletion of either
mammalian ISWI or human Ino80 leads to a delay in S phase
progression similar to the phenotype of S. cerevisiae isw2 nhp10
cells. While mammalian ISWI and Ino80 complexes have not
been reported to have roles in the control of S phase check-
point activity, their roles in facilitating replication suggest pos-
sible evolutionary functional conservation.

A distantly related member of the SWI2/SNF2 ATPase su-
perfamily in mammalian cells, the ssDNA annealing helicase

FIG. 6. The ATPase activity of Isw2 is required for its function in response to replication stress. Strains were grown to saturation, and then
5-fold serial dilutions were plated on YPD plates with or without 50 mM HU, 0.01% (vol/vol) MMS, or 0.02% (vol/vol) MMS. Plates were grown
for 2 days at 30°C. The relevant genotypes are shown on the left. Two independent isolates each of isw2 nhp10 and isw2-K215R nhp10 strains are
shown.
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SMARCAL1/HARP, was found to directly bind RPA at sites
of replication stress (4, 7, 52, 54). One similarity between
SMARCAL1, Isw2, and Ino80 is that they all physically inter-
act with RPA in the presence and absence of DNA damage or
replication stress. However, SMARCAL1 has been suggested
to protect stalled replication forks, unlike Isw2 and Nhp10. In
addition, SMARCAL1 does not appear to exhibit chromatin
remodeling activity, while the annealing helicase activity of
ISWI and Ino80 complexes has not been detected (53). These
results show that RPA functions as a key player in the DNA
replication stress response by providing a platform to recruit a
large number of enzymes with different biochemical activities
that are required for DNA transactions at stalled replication
forks.

The enrichment of Isw2 and Ino80 at stalled forks and their
physical interactions with RPA suggest that these chromatin
remodeling factors function directly in the S phase checkpoint
(Fig. 7). How do Isw2 and Ino80 control the amplitude of S
phase checkpoint activation and facilitate deactivation? One

interesting possibility is that they function by physically remov-
ing checkpoint proteins from stalled replication forks. While
chromatin remodeling enzymes act on histones, some enzymes
in the same SWI2/SNF2 ATPase superfamily can function on
nonhistone proteins. For example, Mot1 modulates transcrip-
tion by removing TATA binding protein from DNA (2). Isw2
and/or Ino80 might act similarly to remove S phase checkpoint
proteins from DNA. Consistent with this possibility, the
ATPase activity of Isw2 is required for its function. One pos-
sible explanation is that Isw2 and/or Ino80 physically remove
RPA bound to ssDNA at stalled forks. We tested this possi-
bility by an RPA band shift in vitro as well as by kinetic analyses
of RPA levels at stalled forks in WT and isw2 nhp10 cells in
vivo, but we did not see any evidence that Isw2 or Ino80 affects
RPA binding to ssDNA (data not shown). Alternatively, Isw2
and/or Ino80 may function by changing the chromatin struc-
ture around stalled replication forks, which could affect the
levels of checkpoint proteins that accumulate. Although Ino80
has been shown to function by replacing histone variant Htz1
with canonical histone H2A (31), a htz1 mutation did not
rescue the sensitivity of isw2 nhp10 mutant to replication in-
hibitors, suggesting that Isw2 and Ino80 attenuate S phase
checkpoint activity independently of the presence of Htz1
(data not shown). Elucidating the molecular mechanisms by
which Isw2 and Ino80 control S phase checkpoint activity
would be a significant next step.
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