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ATP-dependent chromatin remodeling complexes alter chromatin structure through interactions with chromatin
substrates such as DNA, histones, and nucleosomes. However, whether chromatin remodeling complexes have the
ability to regulate nonchromatin substrates remains unclear. Saccharomyces cerevisiae checkpoint kinase Mec1
(ATR inmammals) is an essentialmaster regulator of genomic integrity. Herewe found that the SWI/SNF chromatin
remodeling complex is capable of regulating Mec1 kinase activity. In vivo, Mec1 activity is reduced by the deletion
of Snf2, the core ATPase subunit of the SWI/SNF complex. SWI/SNF interacts with Mec1, and cross-linking studies
revealed that the Snf2 ATPase is the main interaction partner for Mec1. In vitro, SWI/SNF can activateMec1 kinase
activity in the absence of chromatin or known activators such as Dpb11. The subunit requirement of SWI/SNF-
mediated Mec1 regulation differs from that of SWI/SNF-mediated chromatin remodeling. Functionally, SWI/SNF-
mediated Mec1 regulation specifically occurs in S phase of the cell cycle. Together, these findings identify a novel
regulator of Mec1 kinase activity and suggest that ATP-dependent chromatin remodeling complexes can regulate
nonchromatin substrates such as a checkpoint kinase.
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DNA damage occurs frequently in the cell due to endoge-
nous and exogenous DNA-damaging agents. To deal with
DNA damage, eukaryotic cells have evolved complex and
specialized mechanisms, including cell cycle checkpoint
activation, transcriptional responses to DNA damage,
DNA repair, and apoptosis. In yeast, phosphoinositide 3-
kinase (PI3K)-related protein kinases (PIKK) Mec1/Tel1
(ATR/ATM in mammals) are the master regulators in re-
sponse to DNA damage (Gobbini et al. 2013). Although
ATM/Tel1 is primarily activated in response toDNAdou-
ble-strand breaks (DSBs), ATR/Mec1 responds to a broader
range of DNA damages as well as replication stress (Sirbu
and Cortez 2013). Upon DSB formation, the Mre11–
Rad50–Xrs2 (MRX) complex, which contains exonuclease
activity, collaborates with other factors to promote the
production of ssDNA through resection (Mimitou and Sy-
mington 2008). Processive resection coincides with the
dissociation of MRX from the DSB and concomitant bind-
ing of RPA to ssDNA tails (Lisby et al. 2004). The appear-
ance of RPA-coated ssDNA with extensive resection of
theDSB provides increased binding sites forMec1 through

Ddc2 (Cortez et al. 2001), which likely promotes the tran-
sition from Tel1/ATM-dependent to robust Mec1/ATR-
dependent checkpoint signaling (Shiotani and Zou 2009).
ATM/ATR promotes the activation of downstream ef-

fector kinases such as Saccharomyces cerevisiae Chk1
and Rad53 (CHK1 and CHK2 in mammals), which func-
tion to target downstream components of the DNA dam-
age response pathways as well as amplify the initial DNA
damage response signal (Stracker et al. 2009). The activa-
tion of Mec1–Ddc2 (ATR–ATRIP in mammals) is regu-
lated by a number of factors: First, Mec1 signaling is
dependent on colocalization of the Mec1–Ddc2 with the
PCNA-like 9-1-1 Ddc1–Rad17–Mec3 complex (RAD9–
RAD1–HUS1, in mammals) (Parrilla-Castellar et al. 2004;
Bonilla et al. 2008). Second, it has been reported that the
yeast 9-1-1 complex can activate Mec1 directly in vitro
(Majka et al. 2006). Moreover, topoisomerase-binding pro-
tein 1 (TopBP1; Dpb11 in budding yeast), which is recruit-
ed by the 9-1-1 complex, can activate ATR directly
through protein–protein interactions (Kumagai et al.
2006;Mordes et al. 2008). Finally, a recent study suggested
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that yeastDna2 is used specifically during S phase to stim-
ulate Mec1 kinase (Kumar and Burgers 2013).

One of the earliest events at a DSB is the phosphoryla-
tion of S129 of H2A (γ-H2AX) by Mec1/Tel1 (Rogakou
et al. 1998; Dubrana et al. 2007). Recruitment of ATP-de-
pendent chromatin remodeling complexes to DSBs (Ray
et al. 2009; Lee et al. 2010; Qi et al. 2015) and the remod-
eling of the surrounding chromatin occur on a timescale
similar to that of H2A phosphorylation. Moreover, it has
been shown that the phosphorylation of Ies4 (a subunit
of the INO80 chromatin remodeling complex) by Mec1/
Tel1 in response to DNA damage directs INO80 function
toward checkpoint regulation (Morrison et al. 2007). The
timing and close proximity of chromatin remodeling com-
plexes with key checkpoint kinases at damaged sites raise
the possibility that ATP-dependent chromatin remodel-
ing complexes may participate in the regulation of check-
point kinases.

In this study, using genetic and biochemical approach-
es, we identified SWI/SNF (a chromatin remodeling com-
plex known to be involved in transcriptional regulation
andDNA repair) as a novel regulator ofMec1 kinase activ-
ity, particularly in the S phase of the cell cycle in response
to DNA damage. We found that the optimal Mec1 activa-
tion requires Snf2, the core ATPase subunit of the SWI/
SNF complex. In vitro, SWI/SNF can activate Mec1 in-
dependently of chromatin or other known activators.
Mechanistically, the Snf2 ATPase is the main subunit re-
sponsible for Mec1 activation, and the Snf2 subunit has
multiple direct interactions with Mec1, as shown by
cross-linking studies. Given that ATP-dependent chroma-
tin remodeling complexes have been known to regulate
chromatin substrates, our findings suggest that nonchro-
matin substrates such as Mec1 checkpoint kinase are

also targeted by ATP-dependent chromatin remodeling
complexes.

Results

Snf2 is required for Mec1 kinase activity in vivo

To assess whether ATP-dependent chromatin remodeling
complexes are involved in regulating Mec1 or Tel1 activ-
ity, we first dissected the pathways of Mec1 and Tel1
activation genetically to determine whether additional
pathways might exist. Since Mre11 is a key factor in
Tel1 activation and is involved in the initial generation
of ssDNA (Nakada et al. 2004), we analyzed the contribu-
tions of Mre11 to Tel1 and Mec1 activation. Our results
confirmed that although Tel1 activation relies on a single
pathway mediated by Mre11, there may be additional
pathways of Mec1 activation independent of Mre11 (Sup-
plemental Fig. 1). Experimentally, the Δmre11 mutant
provides a background to screen for novel factors required
for Mec1 activity, since both Tel1- and Mre11-dependent
Mec1 activities are eliminated in this mutant (Fig. 1A).

To analyze the contribution of chromatin remodeling
complexes to Mec1 activity, we deleted the core ATPase
subunits of different chromatin remodeling complexes
in the Δmre11 background and examined the level of γ-
H2AX as an indicator of Mec1 activity. Interestingly,
among the remodeling complexes such as INO80, SWR1,
and SWI/SNF, deletion of Ino80 or Swr1 core ATPases led
to a slight increase in γ-H2AX levels. In contrast, deletion
of the core ATPase Snf2 of SWI/SNF (Δsnf2Δmre11) result-
ed in a detectable reduction of γ-H2AX levels in response
to DNA damage (Fig. 1B,C). These results were consistent
with the earlier findings that mammalian SWI/SNF

Figure 1. Snf2 is required forMec1 kinase activity in vivo. (A) The absolute requirement ofMre11 for Tel1 activation in a single pathway
contrasts the role ofMre11 inMec1 activation pathways. Thus, the Δmre11mutant provides a clean background to screen for novel factors
required forMec1 activity. (B, top panel) Western blot analysis of γ-H2AX induction after MMS treatment for 60min in differentmutants
usingwhole-cell extracts. (Bottom panel) Actinwas used as a loading control. (C ) Graph showing quantitative analysis of the relative ratio
of γ-H2AX in different strains as indicated. The results presented are the mean of five independent experiments ± S.D. (D) Serial dilutions
(fivefold) ofwild-type (WT) cells. The indicatedmutantswere tested for sensitivity to 50mMHU. Plateswere incubated for 2 d at 30°C and
photographed. (E) Δtel1, Δtel1Δsnf2, Δmre11, and Δmre11Δsnf2 cells were treated with 200 mM HU, and the same amount of cells was
collected at 30, 60, and 90 min. (Top panel) The Western blot analysis of Rad53 phosphorylation was carried out as described in the Ma-
terials and Methods. (Bottom panel) Actin was used as a loading control.
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promotes γ-H2AX induction (Park et al. 2006). Important-
ly, compared with the Δsnf2 or Δmre11 single mutants,
the viability of Δsnf2Δmre11 double deletion mutant
strains was further reduced in the presence of HU (Fig.
1D), suggesting that SWI/SNFmay contribute toMec1 ac-
tivity in addition to Mre11.
Given that one of themajor functions of activatedMec1

is to activate Rad53 (mammalian Chk2) (Pellicioli and
Foiani 2005), which is the effector kinase that initiates
the cell cycle checkpoint, we also used the level of Rad53
activity indicated by Rad53 phosphorylation as a measure
of Mec1 activation in vivo. Although robust Rad53 phos-
phorylation was observed in Δtel1 cells in which Mec1
remains active, the Δtel1Δsnf2 double deletion mutant
was notably defective in activating Rad53 (Fig. 1E). These
results further confirmed the requirement of SWI/SNF
for optimal Mec1 activity during DNA damage response
in vivo.

SWI/SNF interacts with Mec1 in a DNA
damage-dependent manner

To investigate the mechanism of SWI/SNF in Mec1 acti-
vation upon DNA damage, we examined the physical
interaction between the two complexes. We immunopre-
cipitated Snf2 from yeast whole-cell extracts (Fig. 2A) and
consistently observed a detectable amount of Mec1 in the
pull-down complex (Fig. 2A, lane 4). In contrast, there was
no detectable Tel1 in Snf2 coimmunoprecipitates under
similar conditions (Fig. 2A, lane 3), although Mec1 and
Tel1 protein levels were similar. Moreover, the interac-
tion between Snf2 and Mec1 was not dependent on the

presence of DNA, since the interaction remained either
after DNase treatment or in the presence of ethidium bro-
mide that disrupted DNA–protein interactions (data not
shown). Given that Snf2 has not been found as a single en-
tity and is always associated with the SWI/SNF complex,
these results suggest a physical interaction between the
SWI/SNF complex and the Mec1 complexes (the Mec1
complex consists of Mec1 and Ddc2). The SWI/SNF com-
plex has multiple functions in the genome, including reg-
ulation of numerous genes; it is likely that only a fraction
of SWI/SNF is associated with Mec1 outside of transcrip-
tional regulation. Similarly, since Mec1 interacts with
multiple factors such as Dpb11 during replication and
DNA damage response, it is likely that only a fraction of
SWI/SNF andMec1 interaction is detected by coimmuno-
precipitations (co-IPs).
Next, to determine whether Mec1 also coimmunopre-

cipitates with Snf2 and whether the interaction between
SWI/SNF and Mec1 is stimulated by DNA damage, we
performed reciprocal co-IP of Mec1 in the presence of
DNA-damaging agent MMS. While the level of Mec1 re-
mained stable before and after DNA damage, we observed
that the interaction between Snf2 andMec1was increased
30min afterMMS treatment (Fig. 2B,C). Furthermore, the
level of γ-H2AX was also increased in the MMS-treated
cells within 30min (Fig. 2B,C). The basal level ofMec1 in-
teraction with SWI/SNF is likely due to replication stress
encountered during normal DNA replication. These
results suggest that the SWI/SNF and Mec1 interaction
increases after DNA damage. Moreover, the increased
SWI/SNF andMec1 interaction is also consistent with in-
creased Mec1 activity in response to DNA damage.

Figure 2. SWI/SNF interacts with Mec1 in
vivo. (A) HA-tagged Snf2 was transformed
into cells containing either Flag-tagged
Mec1 or Flag-tagged Tel1. Co-IP was carried
out with anti-HA magnetic beads. Western
blot using anti-Flag antibody shows Snf2-
HA specifically coimmunoprecipitated
with Mec1-Flag. (Bottom panel) Western
blot using anti-HA antibody was used as a
loading control. (B) Cells containing Snf2-
HA and Mec1-Flag were grown to log phase
and then treated with 0.05% MMS. Thirty
minutes later, the same amount of treated
and untreated cells was collected for co-IP
assay carried out with anti-Flag magnetic
beads. (Top panel) Western blot using anti-
HA antibody shows coimmunoprecipitated
Snf2-HA. (Middle panel) Western blot using
anti-Flag antibody shows immunoprecipi-
tated Mec1-Flag. (Bottom panel) Western
blot analysis of γ-H2AX induction. (C )
Graph showing the quantitative analysis of
the Western blot analysis in B. The results
presented are the mean of five independent
experiments ± S.D. (D) Cross-linking map

for Mec1, Ddc2 (Lcd1), Snf2, and Snf5. Structural domains were predicted by RaptorX. Red dots represent lysines that were identified
in a cross-linked peptide pair. Green dots represent lysine residues that were not identified in a cross-linked peptide pair. Interprotein
and intraprotein cross-links are shown as red and blue lines, respectively.
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Mec1 copurifies with SWI/SNF and directly interacts
with the Snf2 ATPase subunit at multiple sites

To further understand howMec1 interacts with the SWI/
SNF complex, we used a cross-linking andmass spectrom-
etry approach to identify protein interactions.We purified
SWI/SNF from a Flag-tagged SNF2 strain followed by
cross-linking using Bis[sulfosuccinimidyl] suberate (BS3).
The cross-linked product was digested with trypsin, and
the resulting peptides were analyzed by mass spectrome-
try. All of the SWI/SNF subunits were identified with
high protein coverage (37%–80% coverage). Mec1 and
Ddc2 (also called Lcd1), a known Mec1 interacting pro-
tein, were also identified with 32% and 37% protein cov-
erage, respectively (Supplemental Table 2). These results
further confirm that Mec1 together with Ddc2 interacts
with the SWI/SNF complex. Moreover, besides detecting
a large number of Mec1 and Lcd1 spectra associated
with SWI/SNF (Supplemental Table 2), we did not detect
any spectra for known Mec1 regulators such as Dpb11,
Dna2, or the 9-1-1 complex in the mass spectrometry
analysis, suggesting that the SWI/SNF complex is unique-
ly associated with the Mec1 complex independent of oth-
er Mec1 regulators.

Importantly, we identified 12 interprotein cross-links
between Mec1, Ddc2 (Lcd1), and SWI/SNF subunits and
40 intraprotein cross-links for Mec1 and Lcd1 (Fig. 2D;
Supplemental Table 3). The BS3 cross-linker has a linker
arm of 11.4 Å when fully extended and can cross-link
two lysine residues whose Cα atoms are up to 30 Å apart
(Merkley et al. 2014). BS3 cross-links has been success-
fully used in many studies to map domain–domain inter-
actions in protein complexes (Han et al. 2014; Knutson
et al. 2014).

Our data allowed us to pinpoint the protein interaction
sites at single amino acid levels. The interactions were
mapped onto predicted structural domains within these
proteins (Fig. 2D). Mec1 has a HEAT repeat and an ARM
repeat domain at itsN terminus and anmTOR-like kinase
domain at its C terminus. Ddc2 (Lcd1) has a HEAT repeat
domain. Interestingly, the identified cross-links between
the Lcd1 and Mec1 HEAT repeats suggest that these two
proteins interact through the HEAT repeats, revealing
an importantmechanism for howDdc2 (ATRIP) can inter-
act with Mec1 (ATR).

Importantly, several cross-links were identified be-
tween Mec1 and the Snf2 ATPase. Interestingly, Mec1
and Snf2 interactions appear to occur between several
functional domains of these proteins. For example, we dis-
covered interactions between the kinase domain of Mec1
and the SnAC domain of Snf2 that regulates the ATPase
domain of Snf2 and interacts with histones (Sen et al.
2011, 2013). In fact, the cross-link between K1306 of
Snf2 (SnAC domain) and K2318 of Mec1 is close to the ac-
tive center of theMec1 kinase domain, suggesting that the
Snf2 SnAC domain physically interacts with theMec1 ki-
nase active center and could potentially regulate its activ-
ity. Moreover, several other direct interactions between
the HSA, helicase (HELIC), and AT-hook domains of
Snf2 and other nonkinase domains of Mec1 were identi-

fied (Fig. 2D). Curiously, most interactions were found be-
tween Snf2 andMec1, and the only additional interactions
are between Snf5 and Mec1/Lcd1. These results, together
with our other biochemical results (Fig. 2A–C), support
the Snf2 subunit of the SWI/SNF complex directly inter-
acting with Mec1. The multiple interactions between
Snf2 and Mec1 at key functional domains suggest that
the SWI/SNF complex may be capable of regulating Mec1
kinase activity.

SWI/SNF stimulates Mec1 kinase activity
in a cell-free extract

Given the involvement of SNF2 in Mec1 activation in
vivo and the interactions detected by protein–protein
cross-linking, we investigated whether SWI/SNF plays a
direct role in Mec1 activation. Since SWI/SNF is known
to be an important transcriptional regulator (Clapier and
Cairns 2009), it is possible that the effect of SWI/SNF on
Mec1 activation is indirect through down-regulation of
the protein level of Mec1. However, in the absence of
SWI/SNF, the level of Mec1 remained unaffected (Supple-
mental Fig. 2). To further test the contribution of SWI/
SNF to Mec1 regulation, we developed a cell-free extract
in yeast that allows Mec1/Tel1 activation. The levels of
Mec1/Tel1 activities, as indicated by p53 phosphorylation
in mutant cell extracts, reflect the Mec1/Tel1 activation
defects in specificmutants such as theΔtel1Δmec1 double
mutant (R561) (Supplemental Fig. 3A). In this cell-free sys-
tem, defects in Mec1/Tel1 activities in the mutant ex-
tracts can be rescued by adding back the missing factors.
This cell-free extract system allows us to address the con-
tribution of specific factors inMec1/Tel1 activation in the
absence of transcription.

To determine the role of SWI/SNF in the cell-free ex-
tract system, we first analyzed the level of Mec1/Tel1 ac-
tivity in the Δsnf2 mutant. Consistent with the in vivo
results, the Δsnf2 mutant extract showed a reduced level
of Mec1/Tel1 activity (Supplemental Fig. 3A). Given the
association of SWI/SNF with Mec1, SWI/SNF purified
fromwild-type cells may contain contaminatingMec1 ac-
tivity. The purification of the SWI/SNF complex from
the Δtel1Δmec1 cells circumvents this problem, and the
purified SWI/SNF is devoid of Mec1/Tel1 kinase activ-
ities (Supplemental Fig. 3B, lane 2). We incubated the
Δsnf2 cell-free extract with increasing amounts of purified
SWI/SNF in the presence of an exogenous substrate, GST-
hChk22–107 (Supplemental Fig. 4A). Human Chk2 is the
homolog of yeast Rad53 and has been used as a substrate
forATMactivity (Lee and Paull 2005). The use of nonyeast
substrates of Mec1/ATR kinases, such as human Chk2
and p53, helps to reveal the role of SWI/SNF in the regu-
lation of Mec1 intrinsic kinase activity independent of
specific substrates. Phosphorylation of GST-hChk22–107
was monitored by Western blot analysis using a phos-
pho-specific antibody. Addition of purified SWI/SNF re-
covered the Mec1/Tel1 kinase activity in the Δsnf2 cell
extracts. Given the relatively minor contribution of Tel1
to the kinase activities in the extract (data not shown),
Mec1 appears to be the main target of SWI/SNF-mediated
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recovery. Moreover, the SWI/SNF-mediated recovery was
dosage-dependent, which is consistent with the correla-
tion between increased SWI/SNF and Mec1 interactions
and increased Mec1 activity (Fig. 2B,C). Although the in-
direct transcriptional effects of SWI/SNF cannot be ruled
out, the “add-back” experiments using cell extracts fur-
ther suggest that SWI/SNF could directly contribute to
Mec1 activation.

SWI/SNF activates Mec1 kinase activity in the absence
of chromatin and known activators in vitro

To delineate the mechanisms of SWI/SNF-dependent
Mec1 activation, we sought to develop in vitro Mec1 acti-
vation assays using defined components (Fig. 3A; Supple-
mental Fig. 4A). We used DNase I and RNase A to remove
contaminating DNA or RNA from the purified Mec1
(Supplemental Fig. 4B,C) and other protein complexes
used in the assays. The SWI/SNF complex was purified
from the Δtel1Δmec1 double deletion mutant, which is
devoid of potentially contaminating Mec1. In the purified
Mec1 complex, we observed Mec1 and Ddc2 bands as ex-
pected but not other Mec1 activators such as Dpb11 (Sup-
plemental Fig. 4C,D). The in vitro kinase assay system
was first validated with purified Dpb11, which is a known
activator of Mec1 (Fig. 3B; Navadgi-Patil and Burgers
2008). We then incubated purified Mec1 with increasing
amounts of purified SWI/SNF or mock purification in
the presence of GST-hChk22–107. The phosphorylation
of GST-hChk22–107 by Mec1 was detected using a phos-
pho-specific antibody. Compared with the mock purifica-
tion, addition of purified SWI/SNF induced an increase in
the kinase activity of Mec1 (Fig. 3C). Moreover, we used
another substrate, a p53 fragment containing ATM/ATR
phosphorylation sites in the kinase assay, and the results
were comparable with the Chk2 substrate (Supplemental
Fig. 3A). Moreover, similar to Dpb11, SWI/SNF has no ef-

fect on the kinase-deadMec1mutant protein (Fig. 3B; data
not shown).
In order to determine the specificity of SWI/SNF-depen-

dent Mec1 activation, another chromatin remodeling
complex, INO80, and an unrelated nuclear kinase, Ipk2,
were purified and used in Mec1 activation experiments.
We observed stronger Mec1 kinase activity in the pres-
ence of SWI/SNF than with INO80 and Ipk2 (Fig. 3D,E).
Furthermore, to test whether contaminating Dpb11
would potentially affect the results, we purified SWI/SNF
from a dpb11-1mutant, which also showed the activation
of Mec1 in the absence of functional Dpb11 (Supplemen-
tal Fig. 5). Taken together, these in vitro assays using de-
fined components suggest that SWI/SNF can directly
stimulate Mec1 kinase activity independently of either
chromatin or Mec1 activators such as Dpb11.

SWI/SNF synergize with known Mec1 activation
pathways

The activation of Mec1 is regulated by several factors,
including ssDNA coated with RPA, the 9-1-1 complex
(Ddc1–Rad17–Mec3), Dpb11, and Dna2 (Zou 2013). Fur-
thermore, a number of DNA nucleases or helicases
(Mre11, Exo1, and Sgs1) have been implicated in Mec1 ac-
tivation because of their functions in generating ssDNA
during DNA damage response (Nakada et al. 2004; Mim-
itou and Symington 2008; Zhu et al. 2008). We first tested
whether Snf2 functions in the same pathways with these
enzymes to facilitate ssDNA formation. Interestingly, we
observed synergistic defects of Δsnf2 and Δexo1mutations
in γ-H2AX induction in response to DNA damage (Fig.
4A). Moreover, in the Δmre11 mutant, the Tel1 pathway
that compensates for the Mec1 activation defect is elimi-
nated, and the ssDNA-based Mec1 activation is also re-
duced due to the reduction of Mre11-mediated DNA
resection. In the Δmre11Δsnf2 double deletion mutant, a

Figure 3. SWI/SNF stimulates Mec1 ki-
nase activity in vitro. (A) SDS PAGE analy-
sis of purified SWI/SNF and the Mec1–
Ddc2 complex as indicated at the top of
the gel. Gel was silver-stained and photo-
graphed. (B) Western blot analysis of the fi-
nal product of kinase assay as described in
the Materials and Methods; 100 nM GST-
hChk22–107 was used as a substrate. The ki-
nase assay contained 5 nM Mec1 purified
from strains containing chromosomally
taggedMec1 (lanes 1,3), 5 nMMec1kd puri-
fied from strains containing taggedMec1kd
plasmid (lanes 4,5), or 5 nM Mec1 purified
from strains containing tagged Mec1 plas-
mid (lanes 6,7). Dpb11 (5 nM) was added
in lanes 2, 3, 5, and 7. (C ) The kinase assay
contained 5 nM Mec1, 100 nM GST-
hChk22–107, SWI/SNF complex, mock puri-
fication of SWI/SNF, and buffer containing
Flag peptides as indicated. Concentrations

of SWI/SNF were 5 and 10 nM in lanes 3 and 4, respectively. (D) Kinase assay as in B except with 5 nM SWI/SNF, INO80, and Dpb11
in lanes 3, 5, and 7, respectively. (E) Kinase assay as in C except with 5, 10, 15, 20 nM Ipk2 in lanes 5–8, respectively.
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synergistic reduction in γ-H2AX levels was also observed.
These results are consistent with the additional roles of
SWI/SNF outside Exo1 and Mre11 pathways.

We further dissected the genetic interactions using a
phenotypic test, and the Δsgs1Δsnf2 double deletion mu-
tant wasmore hypersensitive to the DNA damage reagent
than the single mutants (Fig. 4B). Although these results
do not rule out participation of SWI/SNF in ssDNA gener-
ation, they are consistent with SWI/SNF having addition-
al functions in Mec1 activation outside the pathways of
Exo1 or Sgs1. Next, we assessed whether SWI/SNF func-
tions in the 9-1-1 (Ddc1–Rad17–Mec3) pathway, which
is critical to Mec1 activation after ssDNA generation.
Both theΔrad17Δsnf2 and theΔddc1Δsnf2 double deletion
mutants were more hypersensitive to the DNA damage
reagent than the single mutants (Fig. 4B), suggesting that
SWI/SNF has functions distinct from the 9-1-1 complex
in response to DNA damage. Finally, we tested whether
SWI/SNF is involved in the Mec1 activation pathway
mediated by the conserved Mec1/ATR activator Dpb11
(TopBP1 in human), which activatesMec1 kinase activity
through protein–protein interactions. Since DPB11 is an
essential gene, a temperature-sensitive mutant dpb11-1

in W303 background (Wang and Elledge 2002) was used
in our assay. Although the deletion of SNF2 reduced the
viability significantly in the presence of HU, the dpb11-
1Δsnf2 double mutant showed even lower viability than
that of the single mutants (Fig. 4C). This result is consis-
tentwith SWI/SNF regulatingMec1 activity independent-
ly of Dpb11. Although genetic evidence is indirect, the
results are consistent with an additional role of SWI/
SNF in Mec1 activation (Fig. 4).

The Snf2 ATPase is required in the SWI/SNF complex
for Mec1 activation

SWI/SNF is a large protein complex with 12 subunits, and
many of the subunits are required for SWI/SNF chromatin
remodeling activities (Cairns et al. 1998; Yang et al. 2007).
To determine whether the mechanism of SWI/SNF-medi-
ated Mec1 activation might be similar to or distinct from
the SWI/SNF-mediated chromatin remodeling mecha-
nism, we examined the subunit requirement in SWI/SNF
for Mec1 activation during DNA damage response. We
treated several deletion mutants of SWI/SNF subunits
with MMS and detected the level of γ-H2AX induction
as a measure of Mec1 activation. Deletion of Snf5, Snf6,
Snf11, or Swi3 did not affect γ-H2AX induction in response
toDNAdamage, suggesting normalMec1 activities in the
absence of these SWI/SNF subunits. In contrast, as shown
previously, deletion of the Snf2ATPase led to a defect in γ-
H2AX formation after MMS treatment (Fig. 5A,B; Supple-
mental Fig. 6). Therefore, except for the essential subunits
(Swi1, Arp7, and Arp9) that were not tested in this exper-
iment, Snf2 appeared to be the main subunit in SWI/SNF
that was required for Mec1 activation. In contrast, the
role of SWI/SNF in chromatin remodeling and transcrip-
tional regulation depends onmany of its subunits, includ-
ing Snf5 and Snf6 (Peterson and Herskowitz 1992).

Interestingly, although subunits such as Swi3 have been
shown to organize the distinct modules of SWI/SNF, sub-
complexes containing Snf2ATPase still form in these sub-
unit mutants (Yang et al. 2007), which may contribute to
Mec1activation.The requirement of Snf2ATPase inMec1
activation is consistent with the extensive direct inter-
actions between Snf2 and Mec1 (Fig. 2D), suggesting that
the Snf2 ATPase itself is the main subunit that regulates
Mec1 activity. It is possible that other subunits such as
Snf5 may also help in regulating the interactions of Mec1
with Snf2. The unique subunit requirements suggest a dis-
tinctmechanismof SWI/SNF inMec1activation, different
from its conventional mechanism in chromatin remodel-
ing and transcriptional regulation, which requires coordi-
nation of multiple subunits (Hirschhorn et al. 1992).

Moreover, it isworth noting that the deletion of SNF2 in
wild-type cells also results in the reduction of γ-H2AX
(Fig. 5A), suggesting that the Mec1 activation defects of
the Δsnf2 mutants are not due to the sensitized mre11 or
tel1 deletion backgrounds (Fig. 1). In addition, it is possible
that the Mec1 activation defect in Δsnf2 cells is caused by
additional mutations accumulated in the SNF2 deletion
strains.We tested this possibility through a complementa-
tion assay. Introduction of the wild-type SNF2 gene into

Figure 4. SWI/SNF genetically interact with Mec1 activation
pathways. (A, top panel) Western blot analysis of γ-H2AX induc-
tion after MMS treatment in different mutants using whole-cell
extracts. (Bottom panel) Actin was used as a loading control. (B)
Serial dilutions (fivefold) of the indicated single and double mu-
tants were tested for sensitivity to 50 mM HU. Plates were incu-
bated for 2 d at 30°C and photographed. (C ) Serial dilutions
(fivefold) of the indicated single and double mutants were tested
for sensitivity to 10 mM HU. Note that the strain background
W303 in C is different from BY4741 in B, and the mutants
show higher sensitivity to HU. Plates were incubated for 3 d at
23°C and photographed.
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the Δsnf2mutant fully restoredMec1 activation (Fig. 5C),
indicating that theMec1 activation defect in Δsnf2 cells is
linked to the loss of Snf2. Together, these data support a
role of Snf2 in the optimal activation of Mec1.

SWI/SNF-mediated Mec1 activation depends on Snf2
ATPase activity

As a member of the ATP-dependent chromatin remodel-
ing complexes, the SWI/SNF ATPase activity is required
for chromatin remodeling. We next examined the require-
ment of the ATPase activity of SWI/SNF for Mec1 activa-
tion. To this end, we generated a plasmid with a point
mutation in Snf2 (Snf2K798A) that abolishes SWI/SNF
ATPase activity (Richmond and Peterson 1996). We ex-
pressed this ATPase-dead mutant of Snf2 in a Δsnf2 back-
ground and detected the level of γ-H2AX after DNA
damage. The ATPase-dead mutant of Snf2 showed no re-
covery of γ-H2AX levels after DNA damage in the Δsnf2
mutant. In contrast, the introduction of wild-type Snf2
in a Δsnf2 background rescued the reduction of γ-H2AX
levels under similar conditions (Fig. 5C). The detectable
level of γ-H2AX in the undamaged cells may be due to a
slight overexpression of wild-type Snf2 (Fig. 5C). These re-
sults suggest that the ATPase activity of Snf2 is required
in vivo for Mec1 activation.
To determine the effect of mutant Snf2K798A in the acti-

vation of Mec1 under in vitro conditions, we purified
the ATPase-dead SNF2K798A SWI/SNF complex. The
SNF2K798A SWI/SNF complex retains all subunits as
wild type (data not shown). In the in vitroMec1 activation
assay, we observed a reduction in the phosphorylation of
Chk2 by Mec1 in the presence of the mutant Snf2K798A
SWI/SNF complex compared with the wild-type SWI/
SNF complex (Fig. 5D). This result suggests that the
ATPase activity of Snf2 is required for Mec1 activation
in vitro. Given that Snf2 has multiple direct interactions
withMec1, especially through the SnAC domain that reg-
ulates Snf2 ATPase activity, these results suggest that the
activation ofMec1 by SWI/SNFmay be driven by ATP-de-
pendent conformational changes in Snf2 and/or Mec1. As
such, SWI/SNF appears to use a novel mechanism to reg-
ulate nonchromatin substrates such as the Mec1 kinase.

SWI/SNF specifically functions in S phase to promote
Mec1 activity

To understand the biological role of SWI/SNF-dependent
Mec1 activation, we examined the role of SWI/SNF in

cell cycle checkpoints. Under nondamaging conditions,
Δsnf2 cells have a normal cell cycle profile, as indicated
by the budding index. We then examined the role of
Snf2 in Mec1-mediated checkpoint activation in different
stages of the cell cycle. Cells were arrested in G1 phase
with α factor or arrested in G2/M phase with nocodazole
and then treated with 4NQO (4-nitroquinoline 1-oxide),
which is a UV-mimetic drug known to induce checkpoint
response in G1. Phosphorylation of Rad53 was monitored
as a measure of checkpoint activation by Western blot
analysis. Similar to wild-type, the Δsnf2 cells showed in-
tact checkpoint activation in both G1 and G2/M phases
(Fig. 6A,B; Supplemental Fig. 7), suggesting that SWI/
SNF is not required to contribute to Mec1 activation in
these two phases of the cell cycle.
To analyze the role of SWI/SNF in checkpoint activa-

tion during S phase, we synchronized the cells inG1 phase
with α factor and released cells into medium with HU,
which allows cells to progress into early S phase and in-
duces replication stress. Compared with the wild type,
the Δsnf2 cells showed a slightly decreased level of Rad53
protein; however, there is amarked reduction in Rad53 ac-
tivation in S phase, as indicated byRad53 phosphorylation
in the Δsnf2mutant, even with extended time points (Fig.
6C). These results suggest that SWI/SNF-dependentMec1
activation specifically functions in the S phase of the
cell cycle to promote optimal Mec1-dependent check-
point activity in response to replication stress. Taken to-
gether, our results suggest that SWI/SNF is part of a
novel mechanism of Mec1 activation specifically in S
phase of the cell cycle.
Given that Mec1 is still activated during S phase in a

strain lacking both Ddc1 and a functional Dpb11 (Nav-
adgi-Patil and Burgers 2009), it is likely that the other
pathways for Mec1 activation exist in S phase. A recent
study identified Dna2 and Tel1 as additional factors con-
tributing to Mec1 activation in S phase. When these
known pathways are eliminated, there is still residual S-
phase Rad53 activation (Kumar and Burgers 2013), sug-
gesting that additional factors such as SWI/SNF can con-
tribute to Mec1 activation in S phase. The multiple
pathways that regulate S-phase Mec1 activation suggest
that the cell requires robust and redundant checkpoint re-
sponse in S phase, andmultiplemechanismsmust exist to
ensure optimal Mec1 activation (Zou 2013). The SWI/
SNF-mediated Mec1 activation may serve to further am-
plify existing Mec1 activation or function as a backup
mechanism for other Mec1 activation pathways. Taken
together, our study provides new insights into the

Figure 5. Snf2 is the essential subunit in the SWI/
SNF complex for Mec1 activation. (A–C, top panels)
Western blot analysis of γ-H2AX induction after
MMS treatment in different mutants using whole-
cell extracts. (Bottom panels) Actin was used as a
loading control. (D) The kinase assay was as in Figure
2F except with 5, 10, and 20 nM SWI/SNF complex
(lanes 3–5), or 5, 10, and 20 nM SNF2K798A complex
(lanes 7–9).
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mechanisms of checkpoint regulation and reveals that
ATP-dependent chromatin remodeling complexes can in-
teract with nonchromatin substrates such as the Mec1
kinase.

Discussion

A novel mechanism of checkpoint regulation through
ATP-dependent chromatin remodeling complexes

The functions of chromatin remodeling complexes in
transcription have been well established, and recent stud-
ies have also begun to reveal links between chromatin re-
modeling complexes and other nuclear events such as
DNA repair and checkpoint regulation (Bao and Shen
2007; Morrison and Shen 2009; van Attikum and Gasser
2009). ATP-dependent chromatin remodeling complexes
such as SWI/SNF have been shown to be involved in
DNA repair and are also implicated in human cancer
(Chai et al. 2005; Wilson and Roberts 2011). The INO80
complex has also been shown to be involved in regulation
of cell cycle checkpoints (Morrison et al. 2007). Despite
these emerging links, how chromatin remodeling com-

plexes regulate the checkpoint response mechanistically
remains unknown.

Given that chromatin remodeling complexes regulate
transcription, it is plausible that checkpoint regulation
by chromatin remodeling complexes is indirect. However,
our study provides evidence for a surprisingly direct role of
the SWI/SNF chromatin remodeling complexes in the reg-
ulation of the key checkpoint kinase Mec1. Together, our
results suggest a novel S-phase checkpoint activation
mechanism in which the SWI/SNF complex interacts
with the sensor kinase Mec1 in response to DNA damage
or replication stress and helps stimulate Mec1 kinase
activity together with other Mec1 activators such as
Dpb11, 9-1-1, Tel1, and Dna2 (Fig. 7). These emerging
studies reveal a new network of regulations in which
not only do the checkpoint kinases such asMec1 regulate
ATP-dependent chromatin remodeling complexes such as
INO80 (Morrison et al. 2007), but the chromatin remodel-
ing complexes such as SWI/SNF also regulate the check-
point kinases (Fig. 7).

Regulating Mec1 kinase activity through the SWI/SNF
chromatin remodeling complex

The SWI/SNF complex is a highly conserved multisubu-
nit transcriptional regulator that also plays a role in DSB
repair (Chai et al. 2005). In our genetic screens, only
SWI/SNF was observed to be required for the optimal ac-
tivity ofMec1 (Fig. 1), suggesting a role inMec1 activation
distinct from other chromatin remodeling complexes. Al-
though our genetic interaction studies do not rule out the
participation of SWI/SNF in established Mec1 activation
pathways such as ssDNA generation or Dna2, they are
consistent with SWI/SNF having a unique contribution
toMec1 activity. More direct evidence came from cell ex-
tract-based and in vitro kinase assays. Using a co-IP assay,
we detected that a fraction of Snf2 interacts with Mec1,
and the interaction is stimulated by DNA damage (Fig.
2A–C). This interaction was further supported by the
cross-linking experiments (Fig. 2D). Furthermore, the
cell extract “add-back” experiment suggests a direct stim-
ulation of Mec1 activity by SWI/SNF (Supplemental Fig.
3). Importantly, our in vitro biochemical studies showed
that SWI/SNF stimulates Mec1 kinase activity in the ab-
sence of chromatin and other Mec1 activators. These bio-
chemical studies suggest a novel mode ofMec1 activation
in which SWI/SNF directly interacts with Mec1/Ddc2 to
regulate its kinase activity rather than indirectly regulat-
ing Mec1 activity through transcription. We noticed a re-
duction in the protein level of Rad53 in the Δsnf2mutant
cells; it is unclear whether this reduction is due to tran-
scriptional changes or protein stability (Fig. 6). Even
with reduced levels of Rad53 protein, the defects of its ac-
tivation, as indicated by Rad53 phosphorylation, are evi-
dent in the Δsnf2 cells.

It has been shown that the Mec1 kinase activity can be
activated through direct protein–protein interaction with
a bipartite Mec1 activation motif in the unstructured C-
terminal tails of Dpb11 and Ddc1 (Navadgi-Patil and Bur-
gers 2008, 2009) and also through the unstructured N-

Figure 6. SWI/SNF specifically functions in S phase to promote
Mec1 activity. (A) Western blot analysis of Rad53 phosphoryla-
tion in G1 cells. Wild-type (WT) and Δsnf2 cells were arrested
in G1 phase with α factor and treated with 4NQO. (B) Western
analysis of Rad53 phosphorylation in G2 cells. Wild-type and
Δsnf2 cells were arrested inG2 phasewith nocodazole and treated
with 4NQO. (C ) Western analysis of Rad53 phosphorylation in S
phase. Wild-type and Δsnf2 cells were arrested in G1 and then re-
leased into medium containing 200 mM HU.
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terminal region of Dna2 (Kumar and Burgers 2013). Al-
though our results show that SWI/SNF can directly acti-
vate Mec1 independently of the known Mec1 activators
such as Dpb11 (Supplemental Fig. 5), we do not yet under-
stand how SWI/SNF can activate Mec1 at the molecular
level. Our co-IP and cross-linking results suggest that
SWI/SNF can directly bind to Mec1/Ddc2. It is possible
that SWI/SNF can induce protein conformational changes
in Mec1/Ddc2 in an ATP-dependent manner to facilitate
its activation. Further studies will be needed to address
the molecular mechanisms of Mec1 activation by SWI/
SNF.
Functionally, SWI/SNF regulation of Mec1 activation

appears to operate specifically in the S phase during
checkpoint activation. Under replication stress, Mec1 is
recruited to stalled replication forks. Interestingly, consis-
tent with our model, SWI/SNF has been implicated in
both replication and DNA repair (Flanagan and Peterson
1999; Chai et al. 2005). Moreover, the BRG1 catalytic sub-
unit of mammalian SWI/SNF has been shown to colocal-
ize with replication factors, and the loss of human SWI/
SNF results in reduction of γ-H2AX levels (Cohen et al.
2010). Thus, the role of SWI/SNF in Mec1 activation
may be evolutionarily conserved. Indeed, there is evi-
dence that the human SWI/SNF complex can also interact
with ATR and facilitate its activation (G Peng, pers.
comm.). Although our in vivo and in vitro results are con-
sistent with a novel mode of action by SWI/SNF, they do
not exclude the potential roles of SWI/SNF in chromatin
remodeling during checkpoint activation through affect-
ing local chromatin structure. It is likely that both the
chromatin-dependent and chromatin-independent func-
tion of SWI/SNF work in concert to promote optimal
Mec1 activity during checkpoint activation.

Nonchromatin substrates for ATP-dependent chromatin
remodeling complexes

Eukaryotic cells use two major mechanisms to regulate
chromatin structure: histone post-translational modifi-

cation and ATP-dependent chromatin remodeling. Al-
though histones are major substrates for histone-
modifying enzymes such as HATs and HMTs, it is widely
known that histone-modifying enzymes have nonhistone
substrates, such as p53 (Shi et al. 2007). In contrast, ATP-
dependent chromatin remodeling complexes have only
been shown to remodel nucleosomes through their ability
to disrupt DNA–histone interactions. To date, there is no
clear evidence that nonchromatin substrates existed for
ATP-dependent chromatin remodeling complexes. Our
studies of SWI/SNF-mediated Mec1 activation provide
initial evidence of nonchromatin substrates for ATP-
dependent chromatin remodeling complexes. Given the
potential of ATP-dependent chromatin remodeling com-
plexes to alter protein–protein interactions, it is possible
that other nonchromatin substrates such as enzymes
may use chromatin remodeling complexes as cofactors
or chaperones. Taken together, our study opens up the
possibility of additional roles of chromatin remodeling
complexes outside of chromatin modification.
Our genetic and biochemical studies provide initial an-

swers to how chromatin remodeling complexes regulate
checkpoint response, and the mechanism is surprisingly
direct through physical interactions of the two pathways.
SWI/SNF-mediated Mec1 regulation may serve to further
amplify existing Mec1 activation or function as backup
mechanisms for other known checkpoint activation
mechanisms. Our studies highlight the new theme that
ATP-dependent chromatin remodeling complexes are
emerging players in the complex network of DNAdamage
response (Fig. 7), forming novel interactions with the es-
tablished factors. Importantly, research to date on chro-
matin remodeling complexes has been focused on how
these complexes remodel chromatin using nucleosome
as substrates; our studies provide a new platform to inves-
tigate how ATP-dependent chromatin remodeling com-
plexes might interact with and regulate nonchromatin
substrates such as checkpoint kinases.

Materials and methods

Strains and plasmids

All strains were in the S288C genetic background, except for the
dpb11-1 mutant (Supplemental Table 1). Standard yeast genetic
techniques were used to create gene deletions and epitope-tagged
strains. Double Flag tag was inserted into the chromosome of the
BY4741 strain at the C terminus of MEC1 or TEL1 as described
previously (Morrison et al. 2007). The R561 (Δtel1Δmec1) strain
was obtained from Elizabeth Blackburn. Constructions of the
R561 strain encoding INO80 with a chromosomal double Flag
tag was previously described (Morrison et al. 2007). Y300 (wild-
type) and Y1185 (dpb11-1) strains were obtained from Stephen
Elledge (Wang and Elledge 2002). Plasmid expressing GST-
Chk22–207 was a kind gift from Tanya Paull (Lee and Paull
2005). Plasmid expressing Mec1 (DD513) and plasmid expressing
Mec1kd (DD514) were kind gifts fromDaniel Durocher (Sweeney
et al. 2005). SNF2 was cloned under the control of its native pro-
moter into pRS415 (LEU2) and pRS416 (URA3) vectors contain-
ing a double Flag or triple HA sequence, as previously described
(Shen et al. 2003). Point mutation (K798A) was generated by
site-directed mutagenesis (Stratagene).

Figure 7. Proposedmodel for the regulation ofMec1 by the SWI/
SNF chromatin remodeling complex in S phase. (Left) The known
Mec1 activators such as the 9-1-1 complex, Dpb11, Dna2, and
Tel1 are shown in S phase. (Right) SWI/SNF can regulateMec1 ki-
nase activity through direct interaction between Snf2ATPase and
Mec1. Together, robust S-phase activation of Mec1 is achieved.
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Protein purification and analysis

Standard protein techniques such as SDS-PAGE, Western blot-
ting, and silver staining were followed. Phospho-H2AX antibody
(Abcam), Rad53 antibody (Santa Cruz Biotechnology), and Actin
antibody (Milipore) were used in immunoblotting. INO80, SWI/
SNF, and SWI/SNFK798A complexes were purified using the
Δmec1Δtel1 strain in the BY4705 background transformed with
a Flag-tagged Ino80, Snf2, or Snf2K798A plasmid. Preparation of
whole-cell extracts and Flag immunoaffinity purification were
described in detail previously (Shen 2004), except for the eluted
complexes that were further dialyzed against H-0.1 buffer (25
mM HEPES-KOH at pH 7.6, 1 mM EDTA, 10% glycerol, 0.1
mMKCl, 2.5 mMDTT, 2 mMMgCl2, protease inhibitors). Final-
ly, small aliquots (11 μL) of complexwere flash-frozen in liquid ni-
trogen and stored at −80°C.

Purification of Mec1

Chromosomal MEC1 gene was tagged with Flag using the two-
step gene replacement method as described previously (Morrison
et al. 2007). Whole-cell extracts were prepared as 100,000g super-
natants according to the online protocol from the Steve Hahn
laboratory (http://labs.fhcrc.org/hahn/Methods/biochem_meth/
polIII_WCE_pavel.html). Dynabeads Protein G and Sigma anti-
Flag M2 were used in Flag immunoaffinity purification of the
Mec1 complex. For 50 μL of Dynabeads Protein G, 2.2 μg of Sigma
anti-Flag M2 and 500 μL of whole-cell extract (∼20 mg total pro-
tein) were used. The Dynabeads–M2–Flag-Mec1 complex was
washed twice using 500 μL of H-0.5 (0.5 M KCl instead of 0.1 M
KCl) for eachwash, treatedwith500μLofH-0.5 containingDNase
I and RNase A for 30min at room temperature, washed five times
using 500 μL H-0.5 for each wash, and washed three times using
500 μL of H-0.1 for each wash. Next, the Dynabeads–M2–Flag-
Mec1 complex was washed once using 500 μL of kinase buffer
(25 mM HEPES at pH 7.3, 400 mM NaCl, 20 mM MnCl2, 1 mM
DTT, 5 μg/mL EB). Finally, the Mec1 beads was resuspended in
100 μL of kinase buffer and transferred to a tube.

Viability measurements

Cells were grown tomid-log phase in YEPD, and fivefold serial di-
lutions of cultures were plated onto YEPD or HU plates. Plates
were incubated for 2–4 d.

Co-IP assay

Plasmid containing HA-tagged Snf2 was transformed into cells
containing either Flag-tagged Mec1 or Flag-tagged Tel1. Cells
were grown to log phase and then treated with or without
0.05%MMS for 30min. The same amount of treated and untreat-
ed cells was collected and lysed by glass beads. Standard co-IP pro-
tocol was followed using Dynabeads Protein G bound with anti-
HA or anti-Flag antibodies. Coimmunoprecipitated Snf2-HA or
Mec1-Flag was detected by Western blot using anti-HA or anti-
Flag antibodies.

Cross-linking, mass spectrometry analysis, and cross-linked
peptide identification

SWI/SNF was purified from a 15-L harvest of the BY4741 Flag-
tagged SNF2 strain. The protein complex was first subjected to
immunoaffinity purification chromatography using anti-Flag
M2 affinity gel (Sigma-Aldrich) and eluted in a buffer containing
1mg/mL Flag peptide (United Biochemical Research), 20mMpo-

tassium HEPES, 200 mM potassium chloride, 20% glycerol,
0.01% NP40, and 1 mM PMSF. The eluted protein complex was
diluted by half and loaded onto a 1-mL SP Sepharose cation ex-
change column (Sigma-Aldrich) and eluted with a linear gradient
from 100 mM to 1 M potassium chloride. Final protein storage
conditions were 300 mM potassium chloride, 20 mM potassium
HEPES (pH 7.8), 10% glycerol, 0.01% NP40, and 1 mM PMSF.
Protein concentrationwas 0.2mg/mL. Each series of experiments
used 1.5 mL of this purified complex. BS3 (Thermo Scientific)
cross-linking was done with 500 μL of purified SWI/SNF (174
fmol/μL) to a final concentration of 2 mM or 5 mM as described
earlier (Han et al. 2014; Knutson et al. 2014). The reactions
were quenched by addition of 20 μL of 1 M ammonium bicarbon-
ate, and the sampleswere processed for trypsin digestion followed
by mass spectrometry analyses. Peptides were analyzed on a
Thermo Scientific Orbitrap Elite with HCD fragmentation and
serial mass spectrometry events that included one FTMS1 event
at 30,000 resolution followed by 10 FTMS2 events at 15,000 res-
olution. The RAW files were converted to mzXML files. We used
the Comet search engine (Eng et al. 2013) and the Trans-Proteo-
mic Pipline (TPP; http://tools.proteomecenter.org/wiki/index.
php?title=Software:TPP) for the identification of unmodified
and BS3-monomodified (monolinks) peptides. For cross-linked
peptide searches, we used two different cross-link database search
algorithms: pLink (Yang et al. 2012) and in-house-designedNexus
with default settings (Knutson et al. 2014).
After performing the pLink and Nexus searches, the results

were combined, and each spectrum was manually evaluated for
the quality of the match to each peptide using the COMET/Lor-
ikeet spectrum viewer (TPP). Cross-linked peptides were consid-
ered confidently identified if at least four consecutive b or y ions
for each peptide were observed and the majority of the observed
ions were accounted for. The structural domains of Lcd1 and
Mec1were predicted by RatorX (Kallberg et al. 2012).

Kinase assay

Standard Mec1 kinase assays (15 μL) contained 25 mM HEPES
(pH 7.8), 125 mM NaCl, 8 mM MgCl2, 100 µg/mL BSA, 5 µg/
mL ethidium bromide, 1 mM DTT, 100 μM ATP, 100 nM GST-
hChk22–107 (used as substrate), and 1 μL of Mec1 beads (∼5 nM
Mec1) or whole-cell extracts as indicated. Different amounts (5,
10, or 20 nM) of SWI/SNF or INO80 complex were added, and
the assay was incubated for 1 h at 30°C. The reaction was termi-
nated by addition of 5 μL of 4× SDS-PAGE loading buffer. The
phosphorylated GST-Chk22–107 was detected byWestern blot us-
ing phospho-Chk2 (Thr68) antibody (Cell Signaling).

Cell cycle and Western analysis of Rad53 phosphorylation

CellswithHA-taggedRad53were grown toOD660 = 0.25 and then
arrested in G1 phase by adding 10 µg/mL α factor to the medium
twice for 1 h per treatment or in G2 phase with 20 μg/mL nocoda-
zole for 3 h and treated with 2 μg/mL 4NQO for 60–90 min at 30°
C. For S-phase analysis, cells were arrested in G1 phase, washed
with medium without α factor, and released into medium con-
taining 200mMHU for 2 h at 30°C. After exposure to the indicat-
edDNA-damaging agents, protein extractswere prepared, and the
HA.11 antibody (Covance) was used in the Western blot.
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