MOLECULAR AND CELLULAR BIOLOGY, Jan. 2010, p. 131-145
0270-7306/10/$12.00  doi:10.1128/MCB.01000-09

Vol. 30, No. 1

Copyright © 2010, American Society for Microbiology. All Rights Reserved.

Dephosphorylation of yYH2A by Glc7/Protein Phosphatase 1 Promotes
Recovery from Inhibition of DNA Replication”

Marco Bazzi, Davide Mantiero, % Camilla Trovesi, Giovanna Lucchini, and Maria Pia Longhese*

Dipartimento di Biotecnologie e Bioscienze, Universita degli Studi di Milano-Bicocca, 20126 Milan, Italy

Received 29 July 2009/Returned for modification 17 August 2009/Accepted 15 October 2009

Replication fork stalling caused by deoxynucleotide depletion triggers Rad53 phosphorylation and subse-
quent checkpoint activation, which in turn play a crucial role in maintaining functional DNA replication forks.
How cells regulate checkpoint deactivation after inhibition of DNA replication is poorly understood. Here, we
show that the budding yeast protein phosphatase Glc7/protein phosphatase 1 (PP1) promotes disappearance
of phosphorylated Rad53 and recovery from replication fork stalling caused by the deoxynucleoside triphos-
phate (ANTP) synthesis inhibitor hydroxyurea (HU). Glc7 is also required for recovery from a double-strand
break-induced checkpoint, while it is dispensable for checkpoint inactivation during methylmethane sulfonate
exposure, which instead requires the protein phosphatases Pph3, Ptc2, and Ptc3. Furthermore, Glc7 counter-
acts in vivo histone H2A phosphorylation on serine 129 (YH2A) and dephosphorylates yH2A in vitro. Finally,
the replication recovery defects of HU-treated glc7 mutants are partially rescued by Rad53 inactivation or lack
of YH2A formation, and the latter also counteracts hyperphosphorylated Rad53 accumulation. We therefore
propose that Glc7 activity promotes recovery from replication fork stalling caused by dNTP depletion and that

vH2A dephosphorylation is a critical Glc7 function in this process.

Eukaryotic cells require specialized surveillance mechanisms
called checkpoints to preserve genome integrity in the pres-
ence of genotoxic insults. An efficient checkpoint response is
also important during S phase, where it inhibits late origin
firing, prevents stalled replication fork breakdown, and pro-
motes the restart of replication (6, 22, 23, 33, 34). Checkpoint
activation requires protein phosphorylation cascades that in
Saccharomyces cerevisiae are initiated by the two protein ki-
nases Mecl (ATR in humans), which functions in a complex
with Ddc2 (27), and Tell (ATM in humans) (reviewed in
reference 20).

Mecl and Tell phosphorylate the central effector kinases
Rad53 and Chkl, which transfer the arrest signal to a myriad
of downstream proteins (reviewed in reference 20). Rad53 and
Chk1 activation is not governed by their simple interaction
with Mecl or Tell but rather requires a stepwise process. Once
recruited to the double-strand break (DSB) ends, Mecl phos-
phorylates Rad9, which promotes the recruitment of inactive
Rad53 in a forkhead-associated domain (FHA)-dependent
manner, thus allowing its activating phosphorylation by Mecl
(31), as well as Rad53 in trans autophosphorylation, by increas-
ing the local concentration of Rad53 molecules (14). Active
Rad53 kinase molecules are then released from the complex
and can phosphorylate downstream targets to arrest mitotic
cell cycle progression. Mecl activation is supported by inde-
pendent loading onto DNA of the Ddc1-Rad17-Mec3 complex
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by Rad24-RFC, which enhances Mecl1 ability to transmit and
amplify the DNA damage signals (24).

Mecl and Tell also phosphorylate histone H2A on serine
129 (yH2A) in response to DNA DSBs (12, 28, 30) and inhi-
bition of DNA replication (7, 41). Formation of yH2A is nec-
essary for recruitment of DNA repair and chromatin remod-
eling factors to DSB sites and for efficient DSB repair
(reviewed in references 1 and 37).

Rad53 hyperphosphorylation is a hallmark of checkpoint
activation by DNA damage or inhibition of DNA replication.
As DNA damage is repaired, checkpoint-arrested cells resume
cell cycle progression upon checkpoint deactivation. This pro-
cess is known as recovery and is characterized by the disap-
pearance of hyperphosphorylated Rad53 (reviewed in refer-
ence 16). Rad53 deactivation is also required for replication
restart following transient exposure to methylmethane sulfo-
nate (MMS) during early S phase (26, 32). To date, the S.
cerevisiae Ser/Thr phosphatases Ptc2 and Ptc3, as well as the
protein phosphatase 4 (PP4)-like protein phosphatase Pph3,
have been found to be important for checkpoint recovery after
a single DSB (17, 18). Furthermore, Pph3/PP4 is required for
YH2A dephosphorylation, which contributes to recovery from
a DSB-induced checkpoint (4, 17, 25). Finally, Pph3 and Ptc2
have been implicated in Rad53 dephosphorylation and hence
deactivation during recovery from MMS exposure (26, 32).

Notably, none of the above phosphatases is required for
Rad53 deactivation after inhibition of DNA replication by
deoxynucleoside triphosphate (dNTP) depletion with hy-
droxyurea (HU), as pph3A ptc2A ptc3A triple mutant cells are
not defective in recovering from HU-induced S phase arrest
and do not show hypersensitivity to HU treatment (32, 35).
Thus, a yet-unidentified phosphatase might be responsible for
checkpoint termination under these conditions.

The essential S. cerevisiae gene GLC7 encodes the catalytic
subunit of PP1, which is involved in a variety of cellular pro-
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TABLE 1. Saccharomyces cerevisiae strains used in this study

Strain Relevant genotype” Reference or source
W303 MATa ade2-1 trpl-1 leu2-3,112 his3-11,15 ura3 canl-100 rad5-535 21
YLL2144.1 W303 glc7-T152K This study
YLL2163.3 W303 glc7-129 This study
YLL2064.8 W303 glc7-132 This study
GLC7 W303 trpl::TRP1 GAL-dNK leu2::LEU2 GAL-hENT? 29
glc7-T152K W303 trpl::TRP1 GAL-dNK leu2::LEU2 GAL-hENT glc7-T152K" This study
YLL2409 W303 htalA:KanMX4 hta2-S129A4::URA3 This study
DMP5052/15C W303 htal A:KanMX4 hta2-S129A::URA3 glc7-T152K This study
YLL2228 W303 GLC7-3HA This study
YLL683.8 W303 DDC2-3HA::URA3 27
YLL2264.5 W303 glc7-129 DDC2-3HA::URA3 This study
YLL2266.1 W303 glc7-132 DDC2-3HA::URA3 This study
YLL2268.9 W303 glc7-T152K DDC2-3HA::URA3 This study
YLL1072.1 W303 MRE11-3HA::URA3 5
YLL2263.8 W303 glc7-129 MRE11-3HA::URA3 This study
YLL2265.1 W303 glc7-132 MRE11-3HA::URA3 This study
YLL2267.3 W303 glc7-T152K MRE11-3HA::URA3 This study
YLL2379 W303 pph3A::KanMX4 This study
YLL2584 W303 [URA3 CEN] This study
YLL2585 W303 [URA3 CEN GALI-GLC7] This study
YLL2586 W303 glc7-T152K [URA3 CEN] This study
YLL2587 W303 glc7-T152K [URA3 CEN GALI-RAD53] This study
YLL2588 W303 glc7-T152K [URA3 CEN GALI1-rad53-K227A] This study
DMP5095/1A W303 ptc2A::NAT ptc3A:HPH This study
DMP5097/15D W303 glc7-T152K ptc2A::NAT ptc3A::HPH This study
DMP5097/18C W303 glc7-T152K pph3A::KanMX4 This study
DMP5094/2C W303 ptc2A::NAT ptc3A::HPH pph3A:KanMX4 This study
DMP5097/37D W303 glc7-T152K ptc2A::NAT ptc3A::HPH pph3A::KanMX4 This study

“ Plasmids are indicated by brackets.
> BrdU labeling.

cesses including glucose and glycogen metabolism, establish-
ment of cell polarity, vesicle trafficking, chromatin remodeling,
chromosome segregation, transcription, spindle checkpoint in-
activation, and meiosis (reviewed in reference 40). Here we
show that Glc7 promotes disappearance of phosphorylated
Rad53 and recovery from replication fork stalling caused by
HU. We also provide evidence that Glc7 regulates yYH2A level
in vivo and dephosphorylates it in vitro. The lack of YH2A
partially suppresses the replication recovery defects and im-
pairs Rad53 phosphorylation in HU-treated glc7 mutants, in-
dicating that the signal keeping Rad53 active in glc7 mutant
cells involves YH2A molecules. As Rad53 inactivation sup-
presses the replication recovery defects of glc7 mutant cells,
these findings suggest that Glc7-mediated yYH2A dephosphor-
ylation allows replication fork restart by contributing to Rad53
inactivation.

MATERIALS AND METHODS

Yeast strains, plasmids, and media. Yeast strains generated during this study
were derivatives of W303. Strain genotypes are listed in Table 1. Strains express-
ing fully functional tagged versions of Mrell and Ddc2 were constructed as
previously described (5, 27). Strains expressing fully functional hemagglutinin
(HA)-tagged versions of Glc7 were constructed by inserting three tandem HA
epitopes into a Notl restriction site introduced by PCR at GLC7 codon 1. Strains
carrying the glc7-129 (D137A, E138A) or glc7-132 (D165A, E166A, K167A)
alleles at the GLC7 locus were constructed by transforming W303 cells with
Sall-digested plasmids pRS306-glc7-129 and pRS306-glc7-132, kindly provided
by K. Tatchell (North Carolina State University) (3). To generate the glc7-T152K
mutant, W303 cells were transformed with Sall-digested plasmid pML582, lack-
ing the first 124 bp of the GLC7 gene. Plasmid excisions were then selected on
5-fluoroorotic acid (FOA) plates, and clones containing the glc7-129, glc7-132,
and glc7-T152K alleles were identified by searching for those able to grow on

sucrose in the presence of 2-deoxyglucose, which prevents wild-type cells from
fermenting sucrose (3). Plasmid pML582 was generated by cloning a HindIII-
Sacl DNA fragment containing the entire GLC7 open reading frame (ORF)
encoding the T152K mutation from plasmid pJTL18T152K, kindly provided by
M. Carlson (Columbia University, NY), into the HindIII-Sacl sites of plasmid
Ylplac211. The HindIII-Bglll DNA fragment was then excised. To generate
strains carrying the GAL-GLC7 fusion, strain W303 was transformed with a
centromeric plasmid carrying the entire GLC7 coding region fused to the GALI
promoter. Strains carrying the Ata2-S129A allele at the HTA2 locus were con-
structed by transforming W303 htalA cells with Mfel-digested plasmid pRS406-
hta2-S129A, kindly provided by D. Durocher (University of Toronto, Canada).
The strain expressing both the nucleoside transporter hENT and the herpes
simplex virus thymidine kinase (HSV TK) was kindly provided by J. Diffley
(Clare Hall Laboratories, South Mimms, United Kingdom) (38).

Strains expressing the GAL-RADS53 and GAL-rad53K227A alleles were con-
structed by transforming wild-type and glc7-T152K strains with plasmids pNB187,
pNB187-RAD53, and pNB187-rad53K227A, kindly provided by D. F. Stern (Yale
University School of Medicine, New Haven, CT). Homothallic endonuclease
(HO)-expressing W303 strains were obtained by transformation with a centro-
meric plasmid carrying a GAL-HO fusion.

Cells were grown in synthetic complete medium lacking uracil supplemented
with 2% raffinose (SCraf-Ura) or 2% raffinose and 2% galactose (SCgal-Ura) or
in YP medium (1% yeast extract, 2% Bacto peptone, 50 mg/liter adenine)
supplemented with 2% glucose (YPD), 2% raffinose (YPraf), or 2% raffinose
and 2% galactose (YPgal). Unless otherwise stated, all the experiments were
carried out at the temperature of 25°C.

Histone purification. Yeast histones were purified by acid extraction of iso-
lated chromatin. Briefly, 500 ml of YPD medium containing 2 X 107 cells/ml in
exponential growth was incubated with 10 pg/ml phleomycin. After 2 h, cells
were harvested by centrifugation and resuspended in 50 ml of 20 mM HEPES
(pH 7.4) and 1.2 M sorbitol and, after addition of 2.75 mg (per g of cells) of
Zymolyase 20T, were incubated for 45 min at 30°C. All the subsequent steps were
performed at 4°C. Following the addition of 100 ml of wash buffer [20 mM
PIPES {piperazine-N,N’-bis(2-ethanesulfonic acid)}, 1.2 M sorbitol, 1 mM
MgCl,, pH 6.8], the spheroplasts were pelleted by centrifugation at 3,500 X
g for 5 min and lysed in 50 ml of NIB buffer (0.25 M sucrose, 60 mM KCI, 15
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mM NaCl, 5 mM MgCl,, 1 mM CaCl,, 15 mM MES [morpholineethanesul-
fonic acid; pH 6.6], 1 mM phenylmethylsulfonyl fluoride [PMSF], 0.8% Triton
X-100, protease inhibitor cocktail). After incubation for 20 min, the lysate
was centrifuged at 4,000 X g for 5 min and the pellet was resuspended in 50
ml of buffer A (10 mM Tris [pH 8.0], 0.5% NP-40, 75 ml NaCl, 1 mM PMSF).
After incubation for 15 min, the pellet was centrifuged at 4,000 X g for 5 min
and resuspended in 25 ml of buffer B (10 mM Tris [pH 8.0], 0.4 M NaCl, 1
mM PMSF). After incubation for 5 min, the pellet was centrifuged at 4,000 X
g for 5 min and resuspended in 3 volumes of cold water supplemented with 5
N HCI to a final concentration of 0.25 N. After incubation for 30 min, the
sample was centrifuged (30,000 X g, 10 min), and the supernatant, containing
extracted histones, was supplemented with 100% trichloroacetic acid (TCA)
to a final concentration of 20%. The sample was centrifuged at 30,000 X g for
30 min, and the pellet, washed with cold 0.5% HCl-acetone, was resuspended
in 150 pl of 10 mM Tris, pH 8.0.

Immunoprecipitation and phosphatase assay. Protein extracts for Glc7 im-
munoprecipitation were prepared from exponentially growing cells collected by
centrifugation and resuspended in an equal volume (wt/vol) of 50 mM HEPES
(pH 7.4), 200 mM NaCl, 0.1 mM EDTA, 0.1% sodium dodecyl sulfate (SDS),
0.3% Tween 20, 1 mM dithiothreitol (DTT), and protease inhibitor cocktail.
After addition of an equal volume of acid-washed glass beads, clarified protein
extracts were incubated for 1 h 40 min at 4°C with anti-HA affinity matrix
(Roche). Immunoprecipitates were then washed four times with 1 ml of 50 mM
HEPES (pH 7.4), 200 mM NaCl, 0.1 mM EDTA, 0.1% SDS, 0.3% Tween 20, 1
mM DTT, and protease inhibitor cocktail and resuspended in 50 mM HEPES
(pH 7.4), 2 mM MnCl,, and 2 mM DTT to a final volume of 60 wl. Immuno-
precipitates were preincubated with or without inhibitor 2 (1 mM) at 30°C for 15
min and then supplemented with 1.5 pg of purified histones. At the 0-, 40-, and
80-min time points after histone addition, 20 pl of the reaction mixtures was
supplemented with SDS-gel loading buffer and proteins were resolved by elec-
trophoresis on SDS-polyacrylamide gels and then subjected to Western blot
analysis.

Other techniques. Flow cytometric DNA analysis was determined on a Bec-
ton-Dickinson FACScan. Rad53 and Rad9 were detected using polyclonal anti-
bodies kindly provided by J. Diffley and N. Lowndes (University of Galway,
Ireland), respectively. YH2A was detected using anti-yH2A polyclonal antibodies
kindly provided by W. M. Bonner (NIH, Bethesda, MD). H2A was detected
using anti-H2A polyclonal antibodies (active motif). For Western blot analysis,
protein extracts were prepared by TCA precipitation. Secondary antibodies were
purchased from Amersham, and proteins were visualized by an enhanced chemi-
luminescence system according to the instructions of the manufacturer. Southern
blot analysis at the MAT locus was performed using a 506-bp probe containing
part of the MAT locus (201082 to 201588, coordinates of chromosome III). This
probe is complementary also to part of the HML locus (13826 to 13918, coor-
dinates of chromosome III). The pulse-chase bromodeoxyuridine (BrdU) exper-
iment and immunodetection of BrdU-labeled DNA were performed as described
in reference 38.

RESULTS

Glc7 promotes replication recovery after HU-induced fork
stalling. Depletion of dNTPs by HU treatment causes replica-
tion fork stalling and activation of the S phase checkpoint,
which preserve the integrity of DNA replication forks and
promote fork restart (reviewed in reference 42). To examine
whether the Glc7 phosphatase could be involved in the inac-
tivation of the checkpoint induced by exposure to HU, we first
analyzed the sensitivity to HU of the glc7-129 and glc7-132
mutants generated by alanine scanning (3) and of the glc7-
T152K mutant, which was shown to be defective in meiotic
prophase (2, 36). Although to different extents, all these glc7
mutants were hypersensitive to HU, indicating that Glc7
contributes to cell viability in conditions of replicative stress
(Fig. 1A).

Since decreased proliferation in the presence of HU might
be due to defects in supporting DNA replication, we moni-
tored progression through S phase of the glc7 mutants during
a constant exposure to a low HU dose (Fig. 1B and C). Cells
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were arrested in G, with a-factor and then released from the
pheromone block either in the absence or in the presence of
0.03 M HU. Although glc7-T152K mutant cells completed
DNA replication 15 min later than wild-type cells under un-
perturbed conditions, they showed a dramatic delay in com-
pleting DNA replication in the presence of HU compared to
similarly treated wild-type cells (Fig. 1B). A less severe, but still
significant delay was observed under the same conditions in
glc7-129 and glc7-132 cells, which completed DNA replication
about 60 and 90 min later, respectively, than wild-type cells
(Fig. 1B). The delay of glc7 mutants in completing DNA rep-
lication upon HU-induced stress correlated with increased lev-
els of hyperphosphorylated Rad53, which persisted longer in
HU-treated glc7 mutants than in similarly treated wild-type
cells, with the glc7-T152K mutant showing the strongest effect
(Fig. 1C). Similarly, HU-treated glc7 mutants exhibited a more
persistent Ddc2 phosphorylation than wild-type cells, where
phosphorylated Ddc2 was detectable concomitantly with S
phase progression in the presence of HU (Fig. 1D). Thus,
defective Glc7 hyperactivates the S phase checkpoint and de-
lays replication recovery after HU-induced fork stalling.

Next, we asked whether GIc7 is required for resumption of DNA
replication after transient HU-induced S phase arrest (Fig. 2A and
B). Cells were released from G, arrest in the presence of 0.2 M
HU for 210 min and then transferred to HU-free medium that
contained nocodazole to prevent passage through mitosis. As
shown in Fig. 2A, wild-type cells completed DNA replication
within 60 min after release from HU, whereas completion of
DNA replication occurred at about 120, 150, and 180 min after
release in similarly treated glc7-129, glc7-132, and glc7-T152K
cells, respectively. As in the experiment in Fig. 1B and C, these
delays correlated with hyperactivation of Rad53, whose phos-
phorylated forms persisted longer in glc7-T152K, glc7-129, and
glc7-132 cells than in similarly treated wild-type cells upon HU
removal (Fig. 2B).

The fate of stalled replication forks after HU removal was
followed more directly by labeling nascent strands with BrdU
(Fig. 2C). We used isogenic strains that can incorporate BrdU
into DNA when present at low concentration in the medium,
because they express both the nucleoside transporter hENT
and the herpes simplex virus thymidine kinase (HSV TK) (38).
Wild-type and glc7-T152K cells were synchronized in G, with
a-factor and released into medium containing 0.2 M HU and
BrdU. After the nascent DNA associated with the stalled forks
was labeled, the BrdU was chased by transferring cells to fresh
medium lacking both HU and BrdU and containing thymidine
at high concentration. Consistent with previous similar exper-
iments (29), labeled nascent DNA replication intermediates
appeared as a smear in both HU-treated cultures (Fig. 2C).
After release, the sizes of DNA fragments increased very
quickly in wild-type cells, where almost all the incorporated
BrdU was present in the high-molecular-weight fraction by 30
min, as expected for rapid restarting of stalled replication forks
(Fig. 2C). In contrast, formation of high-molecular-weight
molecules of nascent DNA was delayed in similarly treated
glc7-T152K cells (Fig. 2C), indicating defective replication re-
start after HU-induced fork stalling in cells crippled for Glc7
activity.

Rad53 inactivation suppresses the replication recovery de-
fects of glc7 mutants. The persistence of hyperphosphorylated
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Rad53 in HU-treated glc7 cells raises the possibility that Glc7
might promote resumption of DNA replication by inactivating
Rad53. We therefore asked whether impairing Rad53 activity
could suppress the replication recovery defects of HU-treated
glc7 cells. We could not use rad53A cells to address this point,
as they fail per se to resume DNA replication after HU treat-
ment (11). We therefore generated strains expressing from the
GALI promoter the dominant-negative, kinase-dead Rad53-
K227A variant (13), whose galactose-induced overproduction
antagonizes the previously HU-activated endogenous Rad53.
Cells were arrested in G, with a-factor in raffinose-containing
medium and then released from the pheromone block in the
presence of galactose with or without 0.05 M HU. Analysis of
bulk DNA synthesis showed that all cell cultures displayed
similar kinetics of DNA replication in the absence of HU (Fig.
2D, top), while HU-treated glc7-T152K cells carrying GAL-
rad53-K227A on a centromeric plasmid completed DNA rep-
lication faster than similarly treated glc7-T152K cells either
overexpressing wild-type RADS53 or carrying the empty vector
(Fig. 2D, bottom). Thus, Rad53 inactivation overcomes the
requirement of Glc7 for recovery from DNA replication inhi-
bition, indicating that Rad53 inactivation is the critical func-
tion of GlIc7 during this recovery.

If Glc7 promotes Rad53 dephosphorylation/inactivation, its
excess is predicted to counteract HU-induced Rad53 phosphor-
ylation. Indeed, when Gy-arrested cell cultures were released
from a G, arrest in the presence of 0.05 M HU, galactose-
induced cells expressing an additional GLC7 copy from the
GALI promoter (GAL-GLC7) on a centromeric plasmid
showed a decreased amount of phosphorylated Rad53 com-
pared to either uninduced GAL-GLC7 cells or galactose-in-
duced wild-type cells carrying the empty vector (Fig. 2E). Thus,
Glc7 appears to be involved, directly or indirectly, in Rad53
dephosphorylation/inactivation after HU exposure.

Glc7 is required for recovery from a DSB-induced check-
point, while it is dispensable for checkpoint inactivation dur-
ing MMS exposure. Like HU-induced nucleotide depletion,
DNA methylation by MMS interferes with replication fork
progression (reviewed in reference 42). Since the glc7-T152K,
glc7-129, and glc7-132 mutants were hypersensitive to MMS
(Fig. 1A), we asked whether Glc7 might regulate checkpoint
termination also during a constant exposure to a low MMS
dose (Fig. 3). Cells were arrested in G, with a-factor and then
released from the pheromone block either in the absence or in
the presence of 0.005% MMS. MMS-treated wild-type, glc7-
129, and glc7-132 cells progressed through S phase with similar
kinetics, whereas glc7-T152K cells completed DNA replication
about 15 min later than wild-type cells both in the absence and
in the presence of MMS (Fig. 3A). Furthermore, both the
kinetics and the amounts of Rad53 phosphorylation were sim-
ilar in MMS-treated wild-type and glc7 mutants (Fig. 3B).
Thus, in contrast to what was observed in recovery from HU-
induced S phase arrest, Glc7 appears to be dispensable for
checkpoint deactivation in the presence of MMS.

The glc7-T152K, glc7-129, and glc7-132 mutants were also
hypersensitive to the radiomimetic agent phleomycin (Fig.
1A). Thus, we investigated whether Glc7 might regulate check-
point termination not only after inhibition of DNA replication
but also after treatment with this DSB-inducing drug. We first
asked whether Glc7 overproduction could counteract Rad53
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phosphorylation under these conditions by treating G,-ar-
rested cells with phleomycin for 40 min before transferring
them to medium lacking phleomycin and containing either
raffinose or galactose. As shown in Fig. 4A, Rad53 phosphor-
ylation decreased to a greater extent in galactose-induced
GAL-GLC7 cells than in either uninduced GAL-GLC7 cells or
galactose-induced wild-type cells carrying the empty vector.
This finding suggests that Glc7 participates in checkpoint in-
activation after chemically induced DSBs.

If this were the case, defective Glc7 should cause a pro-
longed checkpoint response after phleomycin treatment. To
test this prediction, we exposed nocodazole-arrested cells to a
15-min phleomycin treatment, followed by release into the cell
cycle in the absence of both phleomycin and nocodazole. Un-
der these conditions, phleomycin-treated glc7-129, glc7-132,
and glc7-T152K cells underwent nuclear division about 15, 30,
and 60 min later, respectively, than wild-type cells (Fig. 4C),
while nuclear division kinetics after release were similar in all
untreated cell cultures (Fig. 4B). In order to assess whether
this behavior correlated with abnormal Rad53 activation,
nocodazole-arrested cells were treated for 15 min with phleo-
mycin and then transferred to medium lacking phleomycin but
containing nocodazole to exclude effects due to different cell
cycle phases. As shown in Fig. 4D, glc7-129, glc7-132, and
gle7-T152K cells displayed increased and more persistent
Rad53 phosphorylation than the wild type, with glc7-T152K
cells again showing the strongest effect. Thus, dysfunctional
Glc7 causes prolonged checkpoint activation also in response
to DSBs.

Rad53 phosphorylation and activation require Rad9, Ddc2,
and Mrell proteins, which are phosphorylated by Mecl and
Tell kinases independently of Rad53 (9, 27, 39). Rad9, Ddc2,
and Mrel1 phosphorylated forms persisted longer in all phleo-
mycin-treated glc7 mutants than in similarly treated wild-type
cells (Fig. 4E, F, and G). Thus, Glc7 regulates the phosphory-
lation state not only of Rad53, but also of upstream checkpoint
components.

Glc7 is not required for homologous recombination-medi-
ated DSB repair. As replication fork stalling after HU treat-
ment might lead to DSB formation, the inability of glc7 mu-
tants to resume DNA replication after HU exposure and/or
cell cycle progression after treatment with DSB-inducing
agents might be due to defects either in inactivating the check-
point or in repairing DSBs. To discriminate between these two
possibilities, we investigated the ability of glc7 mutants to re-
pair a DSB via homologous recombination (HR). S. cerevisiae
cells switch mating type by using the homothallic endonuclease
(HO) to create a DSB at the MAT locus, followed by repair of
the break by HR with the donor sequence HML or HMR
(reviewed in reference 15). Galactose was added to exponen-
tially growing MATa wild-type and glc7 cells expressing HO
from the GALI promoter. HO induction was allowed for 1 h,
and then cells were transferred to glucose-containing medium
to allow repair of the HO-induced break. As shown in Fig. 5,
efficient HO cleavage at the MATa locus was detectable in 95%
of wild-type, glc7-129, glc7-132, and glc7-T152K cells 1 h after
galactose addition. Then, MATa and MATo repair products
appeared with very similar kinetics in all cell cultures. Similar
results were obtained also when the same experiment was
performed on GLC7 and glc7 cells lacking the nonhomologous
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FIG. 3. Glc7 is not involved in the recovery from MMS-induced D

NA damage. Exponentially growing wild-type (wt), glc7-129, glc7-132, and

glc7-T152K cells were arrested in G, with a-factor (af) and released from the pheromone block in YPD or YPD containing 0.005% MMS. Aliquots
of each culture were harvested at the indicated times after a-factor release to determine DNA content by FACS analysis (A) and to detect Rad53

by Western blot analysis with anti-Rad53 antibodies (B).

end joining factor Lig4, where only HR repair of the HO-
induced break can occur (data not shown). Thus, defective
Glc7 does not affect HR DSB repair, suggesting that the pro-
longed checkpoint activation in glc7 cells after HU exposure or
treatment with DSB-inducing agents is likely due to defects in
checkpoint inactivation rather than in DNA damage repair.
Glc7 controls histone H2A phosphorylation in vivo and de-
phosphorylates yH2A in vitro. One of the earliest events in the
response to DNA damage is the phosphorylation of histone
H2A on serine 129 (YH2A) by either Tell or Mecl (12, 28, 30).
This event takes place also after inhibition of DNA replication
by HU in both mammalian and yeast cells (7, 41). As Glc7
regulates phosphorylation of proteins acting upstream of

Rad53, we monitored yYH2A formation in glc7-132 and glc7-
T152K cells by using phospho-specific antibodies recognizing
phosphorylated S129 on histone H2A. When G, -arrested cell
cultures were released in the presence of 0.03 M HU (Fig. 6A),
vYH2A was more abundant in both glc7-132 and glc7-T152K
mutant cells than in the wild type (Fig. 6B). Similarly, the
appearance of yH2A after phleomycin treatment was en-
hanced in both glc7-132 and glc7-T152K mutants compared to
the wild type (Fig. 6C). Thus, Glc7 appears to regulate yH2A
levels in response to both DNA synthesis inhibition and DSB
formation. In contrast, and consistent with the finding that
Glc7 did not seem to promote Rad53 dephosphorylation dur-
ing MMS exposure (Fig. 3), both the kinetics and the extent of
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hyperphosphorylated Rad9.



VoL. 30, 2010 Gle7 AND CHECKPOINT INACTIVATION 139
wt glc7-T162K glc7-129 glc7-132

Kb €
5023888 %5.,233885.,23888s,03388 ¢

4.0

3.5

3.0

2.5

20 il MATa,

..--,;:..-mmM
'_..*  eweel® ‘*‘_Mm

oooecs Ooocs. SEESe.

HML

.— HO-cut

FIG. 5. DSB formation and repair in glc7 mutant cells. Exponentially growing wild-type (wt), glc7-129, glc7-132, and glc7-T152K SCraf-Ura cell
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vH2A phosphorylation in wild-type cells were similar to those
in glc7 mutant cells upon release of the cells from G, arrest in
the presence of a sublethal MMS dose (Fig. 6D).

If Glc7 were directly involved in yYH2A dephosphorylation,
then purified Glc7 should be able to dephosphorylate yYH2A in
vitro. To test this prediction, we immunoprecipitated HA-
tagged Glc7 from yeast cell extracts and assayed its ability to
dephosphorylate YH2A among histones purified from phleo-
mycin-treated cells. A clear reduction in YH2A amount was
detected in the phosphatase reaction mixture containing
Glc7-HA immunoprecipitates compared to that containing
HA immunoprecipitates from cells expressing untagged Glc7
(Fig. 6E and F). This effect was due to dephosphorylation and
not degradation, as similar levels of total H2A were detected in
all the phosphatase reaction mixtures. Moreover, this phos-
phatase activity was further confirmed to be Glc7 dependent,
as it was blocked by inhibitor 2 (I-2) (Fig. 6E and F), which
specifically inhibits type 1 protein phosphatases (8). Thus, a
Glc7-associated phosphatase activity dephosphorylates YH2A
in vitro. This finding, together with our previous data, strongly
supports the hypothesis that Glc7 directly regulates yYH2A lev-
els in vivo.

The lack of YH2A partially rescues the replication recovery
defects of glc7 mutants. Dephosphorylation of yH2A is neces-
sary for efficient recovery from a DSB-induced checkpoint
(17). To elucidate whether the checkpoint recovery defect of
glc7 mutants after nucleotide depletion was a direct conse-
quence of the increased yH2A levels, we generated hta2-
S§129A and glc7-T152K hta2-S129A4 mutant strains, where the
H2A Ser129 was replaced with a nonphosphorylatable alanine

residue. Since two genes (HTAI and HTA2) encode H2A his-
tone, hta2-S129A and glc7-T152K hta2-S129A strains also car-
ried the deletion of HTAI. We found that glc7-T152K hta2-
$129A4 double mutant cells formed colonies on HU-containing
plates more efficiently than glc7-T152K single mutant cells (Fig.
7A), indicating that the HU hypersensitivity of glc7-T152K is
linked to H2A hyperphosphorylation. In contrast, the same
hta2-S129A allele did not significantly increase glc7-T152K cell
survival following phleomycin treatment (Fig. 7A), suggesting
that hypersensitivity to this drug may be due to defective func-
tions of Glc7 in the DNA damage response other than yH2A
dephosphorylation.

The reduced HU sensitivity of glc7-T152K hta2-S1294 com-
pared to glc7-T152K cells prompted us to analyze whether the
unphosphorylatable H2A-S129A variant also partially restored
the ability of glc7-T152K cells to complete DNA replication in
the presence of a sublethal concentration of HU. In accor-
dance with the previous finding that the lack of yYH2A does not
affect S phase checkpoint activation by MMS (12), wild-type
and hta2-§129A cells replicated DNA with similar kinetics and
contained similar amounts of phosphorylated Rad53 when re-
leased from a G, arrest into fresh medium containing 0.03 M
HU (Fig. 7B and C). Interestingly, HU-treated glc7-T152K
hta2-S1294 cells completed DNA replication faster than sim-
ilarly treated glc7-T152K cells (Fig. 7B). The increased DNA
replication efficiency of HU-treated glc7-T152K hta2-S129A4
cells correlated with a less active checkpoint, as these cells
contained smaller amounts of phosphorylated Rad53 that dis-
appeared faster than similarly treated glc7-T152K cells (Fig.
7C). Thus, the defective recovery from HU of glc7 cells results
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FIG. 6. Glc7 regulates YH2A formation. (A and B) a-Factor-arrested (af) wild-type (wt), glc7-T152K, and glc7-132 cells were released in YPD
with 0.03 M HU. Aliquots of each culture were harvested at the indicated times after a-factor release to determine the DNA content by FACS
(A) and to detect YH2A and H2A by Western blot analysis with anti-yH2A and anti-H2A antibodies, respectively (B). Specificity of the latter was
checked with protein extracts from htalA cells expressing the H2A-S129A variant (hta2-S129A), which were treated with 0.03 M HU for 120 min.
(C) Cell cultures arrested in G, with nocodazole (noc) were incubated with 5 wg/ml phleomycin. After 15 min (phleo), cells were transferred to
medium lacking phleomycin but still containing nocodazole. (D) a-Factor-arrested (af) cell cultures were released in YPD with 0.005% MMS. In
panels C and D, aliquots of each culture were harvested at the indicated times after a-factor release to detect yH2A and H2A by Western blot
analysis with anti-yH2A and anti-H2A antibodies, respectively. (E) Protein extracts from cells carrying either untagged GLC7 (Glc7) or fully
functional HA-tagged GLC7 (Glc7-HA) at the GLC7 chromosomal locus were immunoprecipitated with anti-HA antibody. Immunoprecipitates
were assayed for phosphatase activity toward purified histones at 30°C (lanes 1 to 6). The Glc7-HA immunoprecipitate was also preincubated for
15 min with inhibitor 2 (I-2) prior to phosphatase assay (lanes 7 to 9). At the indicated time points after histone addition, samples of each reaction
mixture were subjected to Western blot analysis with anti-yH2A, anti-H2A, and anti-HA antibodies. (F) Densitometric analysis. Plotted values are
the mean values * standard deviations (SD) from three independent experiments as in panel E. The amount of yH2A was determined as the ratio
between yH2A and total H2A band intensities.
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at least partially from persistent yH2A phosphorylation, indi-
cating that yH2A dephosphorylation is a critical function of
Glc7 in the recovery from a HU-induced checkpoint.
Relationships between Glc7, Pph3, Ptc2, and Ptc3 in DNA
replication recovery after HU-induced fork stalling. The pro-
tein phosphatases Pph3, Ptc2, and Ptc3 appear to be dispens-
able for Rad53 deactivation following HU-induced S phase

arrest, while they allow Rad53 deactivation and replication
fork restart after MMS exposure (26, 32, 35). Although Rad53
dephosphorylation is delayed in HU-treated glc7 mutants, it
still takes place, raising the possibility that Pph3, Ptc2, and/or
Ptc3 might be engaged in cells crippled for Glc7 activity. Thus,
we investigated their epistatic relationships in supporting cell
survival of HU treatment and in promoting replication recov-
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ery after HU-induced fork stalling. According to previous stud-
ies (35), we found that pph3A and ptc2A ptc3A cells, which
displayed a slight sensitivity to MMS that was enhanced in the
triple mutant pph3A ptc2A ptc3A, were not more sensitive to
HU than wild-type cells (Fig. 8A). Furthermore, pph3A and
ptc2A ptc3A cells did not delay completion of DNA replication
compared to wild-type cells when released from a G, arrest in
the presence of low HU doses (Fig. 8B), although pph3A cells
showed increased amounts of phosphorylated Rad53 (Fig. 8C).
On the other hand, pph3A ptc2A ptc3A triple mutant cells
formed colonies on HU-containing plates less efficiently than
wild-type cells (Fig. 8A). As pph3A ptc2A ptc3A cells were
defective in progressing through S phase in the absence of
genotoxic agents (Fig. 8B) and showed hyperphosphorylated
Rad53 even when exponentially growing (Fig. 8C), their loss of
viability in the presence of HU can be likely ascribed to their
intrinsic S phase defects.

Importantly, the absence of Pph3 or both Ptc2 and Ptc3
did not enhance either the sensitivity to HU of glc7-T152K
cells (Fig. 8A) or their S phase progression defects during a
constant exposure to a low HU dose (Fig. 8B). Altogether,
these findings indicate that Pph3, Ptc2, and Ptc3 do not
contribute to replication restart after HU exposure in cells
where Glc7 activity is compromised. Given that Glc7 is
dispensable for DNA replication in the presence of MMS
(Fig. 3), these findings suggest that different phosphatases
might be specifically engaged in the presence of particular
types of DNA perturbations. Interestingly, the glc7-T152K
allele greatly enhanced the growth defects of pph3A ptc2A
ptc3A cells in the absence of genotoxic agents (Fig. 8A),
indicating that Glc7, Pph3, Ptc2, and Ptc3 act redundantly in
supporting cell viability.

DISCUSSION

Inactivation of Rad53 allows budding yeast cells to recover
from checkpoint-mediated cell cycle arrest. To date, less is
known about the mechanisms that silence the checkpoint after
inhibition of DNA replication by nucleotide depletion. Here,
our results indicate that Glc7/PP1 promotes recovery from
inhibition of DNA replication, and this control is linked to
YH2A downregulation and Rad53 inactivation. In fact, defec-
tive Glc7 impairs resumption of DNA replication after HU-
induced fork stalling, and this defect correlates with persistent
Rad53 hyperphosphorylation. The latter does not seem to be
due to defects in repairing DSBs that may arise as a conse-
quence of replication fork stalling, as glc7 mutants are profi-
cient in DSB repair by HR. Moreover, the artificial inactivation
of Rad53 suppresses the replication recovery defects of glc7-
T152K mutant cells, indicating that the critical function of Glc7
in replication resumption is likely Rad53 dephosphorylation.
This finding also implies that the restart of DNA synthesis at
stalled replication forks is coupled to Rad53 deactivation.
Thus, although Rad53 activation plays a crucial role in the
stabilization of stalled replication forks, possibly by phosphor-
ylating DNA replication proteins (reviewed in reference 42),
its subsequent Glc7-mediated inactivation is important for rep-
lication fork restart after HU treatment. Similarly, Rad53 de-
activation was shown to allow replication fork restart in pph3A
cells recovering from MMS-induced DNA damage (32).
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Interestingly, although MMS treatment interferes with S
phase progression similarly to nucleotide depletion, Glc7 does
not seem to promote Rad53 dephosphorylation after MMS
exposure. On the contrary, the phosphatases Ptc2, Ptc3, and
Pph3, which are required to turn off the checkpoint induced by
MMS, are dispensable for replication recovery during HU-
induced S phase arrest (26, 32, 35). Furthermore, the lack of
Pph3 or of both Ptc2 and Ptc3 did not enhance either the
sensitivity to HU of glc7-T152K cells or their defects in com-
pleting DNA replication when exposed to low HU dose. These
findings suggest that different phosphatases might be specifi-
cally engaged in response to particular types of signals. Inter-
estingly, cells concomitantly lacking Pph3, Ptc2, and Ptc3 show
S phase progression defects and hyperphosphorylated Rad53
accumulation even in the absence of genotoxic treatment, and
their growth defects are greatly enhanced by the presence of
the glc7-T152K allele. Thus, Glc7, Pph3, Ptc2, and Ptc3 appear
to act redundantly in supporting cell viability under unper-
turbed conditions.

Glc7 function in checkpoint termination is not limited to the
checkpoint triggered by nucleotide depletion. In fact, Glc7
overproduction causes premature disappearance of phosphor-
ylated RadS3 after phleomycin-induced DSB formation. Fur-
thermore, the lack of Glc7 impairs resumption of cell cycle
progression and Rad53 dephosphorylation under the same
conditions, indicating that it is involved also in recovery from a
DSB-induced checkpoint. Interestingly, Glc7 seems to act re-
dundantly with Pph3 in checkpoint deactivation in the re-
sponse to DSBs, as the glc7-T152K allele enhances the sensi-
tivity to phleomycin of pph3A cells, but not their sensitivity to
HU (Fig. 8A).

How does Glc7 promote termination of the checkpoint re-
sponse? A checkpoint signal is triggered by the recruitment to
stalled replication forks or DSB sites of the Mecl and Tell
checkpoint kinases, which phosphorylate H2A, Ddc2, Rad9,
and Mrell proteins, thus propagating the checkpoint signal to
the downstream kinase Rad53. Rad53 phosphorylation and
activation require Ddc2, Rad9, and Mrel1, while yH2A, Rad9,
Ddc2, and Mrell phosphorylation occurs independently of
Rad53 (9, 27, 39). We find that Glc7 counteracts phosphory-
lation not only of Rad53 but also of yH2A, Ddc2, Rad9, and
Mrell after HU exposure or chemically induced DSBs, sug-
gesting that Glc7 can reverse phosphorylation of Rad53 and/or
of proteins upstream. However, since there is no evidence that
Rad53 regulates yYH2A, Ddc2, Mrel1, and Rad9 phosphoryla-
tion in a positive feedback loop, it seems unlikely that Glc7
promotes checkpoint termination by acting exclusively on
Rad53 phosphosites. On the other hand, Glc7 dephosphory-
lates yH2A in vitro, and the lack of yH2A formation not only
counteracts Rad53 phosphorylation in HU-treated glc7-T152K
cells but also partially suppresses their defects in replication
recovery. Therefore, we favor the hypothesis that Glc7 may
promote resumption of DNA replication by reversing yH2A
formation. However, we cannot exclude the possibility that
Glc7 is involved in checkpoint termination indirectly, by regu-
lating multiple targets in the DNA damage response. Indeed,
Glc7 is known to target a wide range of substrates through
interactions with specific factors, and the analyzed glc7-132 and
glc7-T152K mutations, which map on the protein surface (3,
36), might affect protein-protein interactions. Identification of
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FIG. 8. Epistatic relationships between GLC7, PPH3, PTC2, and PTC3. (A) Serial dilutions (1:10) of exponentially growing cells with the
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the factor(s) possibly targeting Glc7 to yH2A will shed light on
the mechanistic connections between histone modifications,
DNA replication, and checkpoint signaling.

How can yH2A dephosphorylation promote resumption of
DNA replication? Formation of yH2A is dispensable for
checkpoint activation when the dNTP pool is limiting. How-
ever, the lack of yH2A in HU-treated glc7-T152K cells results
in reduced Rad53 phosphorylation, indicating that the signal
keeping Rad53 active in glc7 cells consists in yYH2A molecules.
Thus, yH2A formation supports the maintenance of Rad53
activation, possibly by promoting congregation of DNA dam-
age response proteins at stalled replication forks. As artificial
Rad53 inactivation suppresses the defects of glc7-T152K cells
in replication recovery, removal of yH2A may reduce the
checkpoint signal to a level below which it is unable to activate
Rad53, thus permitting replication fork restart.

As the lack of yH2A has been shown to contribute to re-
covery from a DSB-induced checkpoint (17), yH2A persis-
tence in phleomycin-treated glc7 mutants might account also
for their defects in recovering from DSBs. However, the lack of
YH2A formation does not suppress the hypersensitivity to
phleomycin of the glc7-T152K mutant, suggesting that their
increased sensitivity may be due to Glc7 functions in the DNA
damage response other than yH2A dephosphorylation. Con-
sistent with this hypothesis, it has been shown that Schizosac-
charomyces pombe PP1/Dis2 dephosphorylates the checkpoint
kinase Chkl (10) and mammalian PPla has been shown to
dephosphorylate a fragment of BRCALI in vitro (19).

In summary, we have found that the yeast PP1 phosphatase
Glc7 is involved in checkpoint termination after both HU-
induced replication block and DSBs and that the critical func-
tion of Glc7 in this process is dephosphorylation of yH2A. The
emerging view is that different sets of phosphatases participate
in checkpoint inactivation after specific types of replication
stress. Unraveling how these phosphatases are engaged in re-
sponse to different stimuli will be a challenging goal for further
studies.
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