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ABSTRACT

The role of Rad53 in response to a DNA lesion is cen-
tral for the accurate orchestration of the DNA damage
response. Rad53 activation relies on its phospho-
rylation by Mec1 and its own autophosphorylation
in a manner dependent on the adaptor Rad9. While
the mechanism behind Rad53 activation has been
well documented, less is known about the processes
that counteract its activity along the repair of a DNA
adduct. Here, we describe that PP4 phosphatase is
required to avoid Rad53 hyper-phosphorylation dur-
ing the repair of a double-strand break, a process
that impacts on the phosphorylation status of mul-
tiple factors involved in the DNA damage response.
PP4-dependent Rad53 dephosphorylation stimulates
DNA end resection by relieving the negative effect
that Rad9 exerts over the Sgs1/Dna2 exonuclease
complex. Consequently, elimination of PP4 activity
affects resection and repair by single-strand anneal-
ing, defects that are bypassed by reducing Rad53
hyperphosphorylation. These results confirm that
Rad53 phosphorylation is controlled by PP4 during
the repair of a DNA lesion and demonstrate that the
attenuation of its kinase activity during the initial
steps of the repair process is essential to efficiently
enhance recombinational DNA repair pathways that
depend on long-range resection for their success.

INTRODUCTION

Cells are constantly threatened by different sources of DNA
damage that can lead to the accumulation of genetic errors
that contribute to genome instability. In order to maintain
the integrity of the genetic material, cells have developed
highly conserved and sophisticated mechanisms that sur-
vey their genome, detect DNA lesions and repair them in
order to avoid the propagation of mutations. These path-
ways, collectively known as the DNA damage response
(DDR), activate the expression of genes required for DNA
repair and trigger checkpoints that inhibit replication and
segregation of damaged DNA (1). One of the most haz-
ardous types of DNA lesions is the double-strand break
(DSB), produced when the two complementary strands of
the double helix are severed simultaneously. DSBs are re-
paired either by direct ligation of the broken ends, as in non-
homologous end joining (NHEJ), or by mechanisms that
rely on the searching of homologous sequences to regen-
erate the original DNA molecule, as DSB repair (DSBR),
break-induced replication (BIR) or single-strand annealing
(SSA) (2). Homology-dependent DSB repair is always initi-
ated by the nucleolytic degradation of the 5′-ended strand to
generate single-stranded DNA (ssDNA), a process known
as resection (3). Resection is activated by two sequential
events, an initial processing carried out by the MRX com-
plex (Mre11-Rad50-Xrs2) that together with Sae2 produce
a short 3′ overhang ssDNA (4) followed by a long-range
resection triggered by two redundant pathways involving
the Sgs1/Dna2-Top3-Rmi1 complex and the Exo1 nuclease
(5,6). Long resection gives rise to extensive ssDNA tracks
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that are covered by RPA and the DNA damage check-
point machinery in order to couple the repair process with
cell cycle progression (7). In Saccharomyces cerevisiae, the
DNA damage checkpoint is mainly controlled by the phos-
phatidyl inositol kinase-like kinase (PIKK) Mec1, the or-
tholog of ATR in mammals (8). Upon activation, ssDNA-
bound Mec1 channels the checkpoint signal to other ki-
nases such as Rad53 or Chk1 (Chk2 and Chk1 in mam-
mals, respectively). These two kinases are responsible for the
phosphorylation of multiple downstream targets required
for the execution of different biological processes encom-
passed in the DDR, including a G2/M arrest which allows
cells to accomplish the repair of the lesion before re-entry
in the division cycle.

Rad53 is involved in multiple and diverse functions along
the DNA damage response as replisome stabilization, ex-
pression of repair genes, inhibition of late origin firing, sup-
pression of recombination at stalled forks, fork resumption
and repair (9). Activation of Rad53 in response to a DNA
lesion comprises a complex mechanism that relies on the
conserved checkpoint adaptor Rad9, a protein that shares
functional and structural properties with three human me-
diators BRCA1, MDC1 and 53BP1 (10). After generation
of a DNA break, Rad9 is associated to damaged chromatin
via its BRCT and TUDOR domains, which anchor the pro-
tein to Ser129-phosphorylated histone H2A (�H2A) (11).
DNA-bound Rad9 is phosphorylated at the DSB vicinity
by the cycling-dependent kinase (CDK) (12) and Mec1 (13)
to create a specific binding surface for the Rad53-FHA do-
main (14,15). Recruitment of Rad53 to Rad9 stimulates its
phosphorylation by Mec1 to become pre-activated. Besides,
Rad53 like other kinases, has the ability to phosphorylate
itself. In this regard, it has been proposed that the accumu-
lation of Rad53 at the break site enhances its autophospho-
rylation and consequently, its full activation (16). Once ac-
tivated, Rad53 is liberated from the Rad9 complex resulting
in the amplification of the checkpoint signal throughout the
cell (17).

Even though Rad53 phosphorylation and activation have
been extensively studied in the last years, less is known
about the mechanisms controlling Rad53 dephosphoryla-
tion and inhibition. Interestingly, appearance of unphos-
phorylated Rad53 after checkpoint inactivation does not
require new protein synthesis, suggesting that the activity
of the kinase is regulated by dephosphorylation (18). Up
to date, a few number of phosphatases have been involved
in Rad53 dephosphorylation. Both PP1 and PP2C were
described as protein phosphatases necessary to enhance
checkpoint inactivation and cell cycle re-entry by targeting
Rad53. However, while PP1 is needed during the recovery
from HU treatment (19), PP2C is required for cell cycle re-
entry upon induction of a DSB (20), suggesting that dif-
ferent phosphatases counteract Rad53 phosphorylation de-
pending on the type of lesion generated. Recently, new data
coming from different organisms have demonstrated that
protein phosphatase 4 (PP4) is also a key regulator of the
DDR. PP4 is an ubiquitous serine/threonine phosphatase
that regulates many cellular functions (21). It is composed
by the catalytic subunit Pph3 (Ppp4c in mammals) and sev-
eral regulatory subunits that control the specificity of the
holoenzyme. Similarly to PP1 and PP2C, PP4 has the abil-

ity to dephosphorylate Rad53, in this case after MMS treat-
ment (22). Interestingly, the role of PP4 in the DNA dam-
age response is not only limited to modulate Rad53 phos-
phorylation. Dephosphorylation of H2A by PP4 in both
yeast and human cells has been linked to an efficient recov-
ery from the DNA damage checkpoint arrest (23–25). Sup-
porting these observations, PP4 was found to regulate many
Mec1 targets in response to HU treatment, suggesting that
this phosphatase is important to balance the phosphoryla-
tion state of multiple substrates in response to replication
stress (26). In mammalian cells, PP4 has been implicated in
the binding of 53BP1 to chromatin during the formation
of a DNA lesion (27) and in promoting cell cycle recovery
from the G2/M arrest by dephosphorylating KAP1 (28).
Remarkably, the function of PP4 in the DDR is not only
restricted to enhance checkpoint inactivation and cell cycle
re-entry, but also to repair. In this regard, it has been shown
that in the budding yeast, PP4 collaborates with PP2C to
stimulate DSB repair by homologous recombination (29).
Moreover, experiments in human cells have demonstrated
that dephosphorylation of RPA by PP4 facilitates recom-
binational DNA repair (30). Overall, these results indicate
that PP4 has the ability to control multiple aspects of the
DNA damage response, including DNA repair, DNA dam-
age checkpoint and cell cycle recovery.

Here, we describe that PP4 is involved in the recombina-
tional repair of DSBs by modulating the steady-state phos-
phorylation of multiple factors involved in the DNA dam-
age response. This is attained by the ability of the phos-
phatase to counteract Rad53 phosphorylation during the
repair of a DNA lesion. Rad53 attenuation by PP4 en-
hances DNA end resection by alleviating the negative effect
that Rad9 exerts over the Sgs1/Dna2 pathway. Importantly,
PP4-dependent resection is crucial for the correct execution
of recombinational pathways that rely specifically on the ef-
ficiency of the resection process. Accordingly, lack of PP4
activity causes defects in DNA end resection and repair by
SSA. Interestingly, both defects are suppressed by reducing
the hyperphosphorylation levels of Rad53, demonstrating
that Rad53 is the major effector of the phosphatase dur-
ing the repair of a DNA break. Altogether, we propose that
Rad53 inhibition by PP4 is not only restricted to silence the
DDR once the DNA lesion has been fixed, but also during
the initial steps of the repair process in order to accurately
execute recombinational repair pathways that rely on long-
range resection for its accomplishment.

MATERIALS AND METHODS

Yeast strains, growing conditions and plasmids

All strains used in this study are listed in Supplementary Ta-
ble S1. Epitope tagging and gene depletion of endogenous
genes were performed by gene targeting using polymerase
chain reaction (PCR) products as described in (31) by us-
ing the oligonucleotides shown in Supplementary Table S3.
For the majority of the experiments cells were grown in
YEP containing 2% raffinose. HO expression was attained
by adding galactose to a final concentration of 2%. Sam-
ples were collected for FACS, DNA and protein analysis be-
fore adding galactose and at different time points after the
HO induction. The rad53K227A mutation was introduced
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using an EcoRI-linearized pCH3 plasmid (32). All strains
containing the hta1/hta2-S129* versions of H2A were con-
structed as previously described (33).

Southern blots

Cell lysis was achieved by treating the samples with 40 units
of lyticase in DNA preparation buffer (1% SDS, 100 mM
NaCl, 50 mM Tris–HCl, 10 mM EDTA) for 10 min. DNA
extraction was performed by mixing the samples with phe-
nol:chloroform:isoamylalcohol (25:24:1) for 10 min. After
centrifugation, the soluble fraction was precipitated with
ethanol and resuspended in TE buffer. Purified DNA was
digested with the appropriate restriction enzyme, separated
on 0.7–1% agarose gels and subjected to Southern blotting.
Probing was performed by labelling a PCR-amplified DNA
fragment with a mix of nucleotides containing Fluorescein-
12-dUTP (Fluorescein-High Prime, Roche). The oligonu-
cleotides used to synthesize the probes are included in Sup-
plementary Table S2. Detection was attained by using an
anti-Fluorescein antibody conjugated with alkaline phos-
phatase (Anti-Fluorescein-AP Fab fragments, Roche). A
FIJI software was used for the processing, analysis and
quantification of the images.

Western blots

Samples were prepared by using a trichloroacetic acid
(TCA) method. In brief, cells were collected by centrifuga-
tion and fixed with 20% TCA. Cells were broken by shaking
the pellet with glass beads in a FastPrep machine (MPBio)
(3 × 20 s cycles at power setting 5.5). Protein precipitation
was reached by centrifugation at 5000 rpm for 5 min at 4◦C.
Upon precipitation, the pellet was resuspended in 1 M Tris–
HCl pH 8 and SDS-PAGE loading buffer, and boiled for 10
min. Insoluble material was separated by centrifugation and
the supernatant was loaded in a 6% acrylamide gel. When
separating Rad9 phospho-bands, gels were supplemented
with 5 �M of Phos-Tag and 10 �M of MnCl2. Proteins were
transferred into PVDF membranes (Hybond-P, GE Health-
care) and blocked with 5% milk in PBS-Tween (0.1%). Anti-
Rad53 antibody was used at a 1:2000 dilution (Abcam) and
the secondary anti-rabbit antibody was used at a concen-
tration of 1:25 000 (GE Healthcare). Anti-HA antibody
was used at a 1:2500 dilution (Roche), and the secondary
anti-mouse antibody was used at a concentration of 1:25
000 (GE Healthcare). After several washes in PBS-Tween,
membranes were incubated with SuperSignal® West Femto
(Thermo Scientific), followed by exposure to ECL Hyper-
film (GE Healthcare).

Liquid chromatography-tandem mass spectrometry (LC-
MS/MS) analysis

For each sample, 150 ODs of cells were harvested at 4◦C,
washed once in cold water and frozen at –80◦C. Cell pel-
lets were thawed briefly on ice and resuspended in 150 �l of
8 M Urea, 20 mM HEPES pH 8 buffer supplemented with
PhosSTOP phosphatase inhibitor tablets (Roche). 300 �l of
425–600 �m glass beads (Sigma) were added and protein ex-
tracts were prepared by bead beating using a FastPrep ma-
chine (MPBio) at 3 × 30 s pulses and 5.5 power setting. Cell

lysates were resuspended in 300 �l of fresh buffer and the
soluble fraction was separated from the insoluble fraction
by centrifugation at 15 000 rpm for 15 min at 4◦C.

For sample processing, 550 �g of protein were reduced
and alkylated sequentially with 10 mM dithiothreitol and
50 mM 2-chloroacetamide respectively. Samples were then
diluted with 20 mM HEPES buffer (pH 8.0) to 4 M urea
and sufficient LysC protease (Wako, 125-05061) was added
for a protease to protein ratio of 1:250, followed by in-
cubation (37◦C, 5 h). Samples were then diluted to 1 M
urea and trypsin (Promega, V5280) was added to a 1:50 ra-
tio for overnight incubation at 37◦C. Samples were acidi-
fied with trifluoroacetic acid (TFA) to a final concentration
of 0.5% prior to solid phase extraction. For total protein
analysis, volumes equivalent to 50 �g of protein were de-
salted using C18 spin tips (Glygen Corp, TT2C18.96) and
peptides eluted with 60% ACN + 0.1% formic acid (FA).
Eluents were then dried using a centrifugal vacuum drier.
The remaining sample volumes were de-salted using solid
phase extraction with OASIS HLB 10 mg cartridges (Wa-
ters, 186000383) according to the manufacturer’s instruc-
tions.

Peptides were eluted from OASIS HLB cartridges with
1 M glycolic acid in 80% acetonitrile (ACN), 5% TFA and
phospho-enriched using a TiO2 based method (34). Briefly,
eluents were adjusted to 1 ml with 1 M glycolic acid so-
lution and were then incubated with 25 mg of TiO2 (50%
slurry in 1% TFA) for 5 min at room temperature. After 5
min of incubation with mixing, the TiO2/peptide mixture
was packed into empty spin tips by centrifugation. The TiO2
layer was then sequentially washed with 1 M glycolic acid
solution, 100 mM ammonium acetate in 25% ACN and 10%
ACN. Phosphopeptides were eluted with 4 sequential addi-
tions of a 5% NH4OH solution. Eluents were clarified with
centrifugation at 13 000 rpm for 2 min and clear supernatant
transferred to new tubes. Samples were snap frozen on dry
ice and then dried by vacuum centrifugation.

Phospho-enriched samples and desalted total protein di-
gests were redissolved in 0.1% TFA by shaking (1200 rpm)
for 30 min and sonication on an ultrasonic water bath for
10 min, followed by centrifugation (14 000 rpm, 5◦C) for
10 min. LC-MS/MS analysis was carried out in technical
duplicates (1 �g on column for total protein samples) and
separation was performed using an Ultimate 3000 RSLC
nano liquid chromatography system (Thermo Scientific)
coupled to an Orbitrap Velos mass spectrometer (Thermo
Scientific) via a Dionex nano-electrospray source. For LC-
MS/MS analysis, phosphopeptide solutions were injected
and loaded onto a trap column (Acclaim PepMap 100 C18,
100 �m × 2 cm) for desalting and concentration at 8 �l/min
in 2% acetonitrile, 0.1% TFA. Peptides were then eluted
on-line to an analytical column (Acclaim Pepmap RSLC
C18, 75 �m × 50 cm) at a flow rate of 250 nl/min. Pep-
tides were separated using a 120 min gradient, 4–25% of
buffer B for 90 min followed by 25–45% buffer B for an-
other 30 min (buffer A: 5% DMSO, 0.1% FA; buffer B: 75%
acetonitrile, 5% DMSO, 0.1%FA) and subsequent column
conditioning and equilibration. Eluted peptides were anal-
ysed by the mass spectrometer operating in positive polarity
using a data-dependent acquisition mode. Ions for fragmen-
tation were determined from an initial MS1 survey scan at
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30 000 resolution, followed by CID (Collision-Induced Dis-
sociation) of the top 10 most abundant ions. MS1 and MS2
scan AGC targets were set to 16 and 34 for maximum in-
jection times of 500 ms and 100 ms, respectively. A survey
scan m/z range of 350–1500 was used, with multistage ac-
tivation (MSA) enabled, normalized collision energy set to
35%, charge state screening enabled with +1 charge states
rejected and minimal fragmentation trigger signal thresh-
old of 500 counts.

The data was processed using the MaxQuant software
platform (v1.6.1.0), with database searches carried out by
the in-built Andromeda search engine against the Uniprot
Saccharomyces cerevisiae database (version 20180305, num-
ber of entries: 6729). A reverse decoy database approach
was used at a 1% false discovery rate (FDR) for peptide
spectrum matches. Search parameters included: maximum
missed cleavages set to 2, fixed modification of cysteine car-
bamidomethylation and variable modifications of methio-
nine oxidation, protein N-terminal acetylation and serine,
threonine, tyrosine phosphorylation. For total protein sam-
ples, search parameters as above with variable modifica-
tions of methionine oxidation, protein N-terminal acetyla-
tion, asparagine deamidation and cyclization of N-terminal
glutamine to pyroglutamate. Label-free quantification was
enabled with an LFQ minimum ratio count of 2. ‘Match
between runs’ function was used with match and alignment
time limits of 1 and 20 min respectively.

Chromatin immunoprecipitation assay

For ChIP analysis, 50 ml of culture (at OD600 nm ≈0.5)
were fixed with a final concentration of 1.42% of formalde-
hyde for 15 min at room temperature. Formaldehyde was
quenched with 125 mM glycine for 5 min at room tem-
perature and then harvested by centrifugation at 4000 rpm
for 2 min. The pellet was washed with PBS buffer, trans-
ferred to a new tube, frozen in liquid nitrogen and stored at
−80◦C. Cells were re-suspended in 100 �l of IP buffer (150
mM NaCl, 50 mM Tris–HCl, pH 7.5, 5 mM EDTA, NP-40
(0.5% v/v), Triton X-100 (1.0% v/v)) containing 1 mM of
phenylmethylsulphonyl fluoride (PMSF), a complete pro-
tease inhibitor cocktail (Roche) and 500 �l of glass beads.
Cells were lysed by 6 × 20 s cycles on power setting 5.5 in a
FastPrep FP120 (BIO 101) machine, with 5 min on ice be-
tween cycles. 300 �l of IP buffer containing PMSF and pro-
tease inhibitors were then added. Tubes were pierced with
a hot needle and placed on top of fresh 1.5 ml tubes and
spun at 1000 rpm for 2 min. Samples were centrifuged at 13
000 rpm for 10 min. The nuclear pellet was re-suspended
thoroughly and sonicated for 1 h (30 s on, 30 s off at high
power at 4◦C) (Diagenode Bioruptor). After clarification by
centrifuging at 13 000 rpm for 10 min, 100 �l were taken for
inputs and 300 �l for the IPs. Inputs were precipitated by
adding 0.3 M of potassium acetate and 2.5 volumes of cold
ethanol. The mixture was incubated at −20◦C for 2 h and
spun at 13 000 rpm for 5 min. 250 �l of 10% (w/v) Chelex
100 suspension were added to the dried pellet and boiled
for 20 min. The supernatant was cleaned by using a PCR
purification kit (GE Healthcare) according to the manufac-
turer’s instructions, and the DNA eluted in 250 �l of water.
For IP’s treatment, 2 �g of anti-HA antibody (Roche) were

added to 300 �l of chromatin and samples were incubated
in an ultrasonic water bath for 30 min at 4◦C. After clari-
fication by centrifugation at 13 000 rpm for 2 min, the su-
pernatant was added to 25 �l of IP buffer pre-equilibrated
Protein A Shepharose beads (GE Healthcare). Sample and
beads were incubated for 2 h on a rotating platform at 4◦C.
The beads were washed five times with IP buffer and added
250 �l of 10% (w/v) Chelex 100. After mixing, the tubes
were boiled for 20 min, centrifuged at 13 000 rpm for 1 min
and the supernatant was transferred into a fresh tube and
stored at −20◦C.

Real-time PCR

PCR reactions were performed using the SYBR® Premix
Ex Taq™ (Tli RNaseH Plus)(Takara). Reactions were car-
ried out according to the manufacturer’s instructions in a
total volume of 12 �l containing 3 �l of input or IP DNA
and the corresponding pairs of primers (final concentration,
1.5 �M). Amplification was performed in a Bio-Rad C1000
Thermal Cycler in conjunction with the Bio-Rad CFX96
Real-time-system and analysed using CFX manager (Bio-
Rad). The primers used for the analysis of an HO break at
the MAT locus are shown in Supplementary Table S4.

Statistical analysis

All quantifications shown in the article represent the mean
± SD from at least three independent experiments. The
data were statistically analysed using a t-test and the dif-
ferences between the strains tested were indicated in the
graphs unless otherwise stated (P < 0.05*, P < 0.005**, P
< 0.0005***). GraphPad Prism software was used for all
statistical analysis.

RESULTS

PP4 is involved in DNA repair by regulating the phosphory-
lation state of multiple factors of the DNA damage response

As a first approach to determine the role of PP4 in the DNA
damage response in S. cerevisiae, we verified the effect of dif-
ferent DNA-damaging agents on the growth of cells lack-
ing the catalytic subunit Pph3. Disruption of the PPH3
gene gave rise to a mild increase in sensitivity to several
genotoxic drugs, including the UV-mimic 4-nitroquinoline-
1-oxide (4-NQO), the alkylating agent methyl methane-
sulphonate (MMS) and the radiomimetic drug phleomycin
(Supplementary Figure S1A, S1B). The lethality observed
in pph3Δ cells exposed to all the DNA-damaging agents
tested advises for a general role of PP4 in controlling the
DNA damage checkpoint and/or DNA repair mechanisms.
Interestingly, pph3Δ cells were not sensitive to the ribonu-
cleotide reductase inhibitor hydroxyurea (HU), indicating
that PP4 activity is not required to maintain cell viability in
response to replicative stress (Supplementary Figure S1A,
S1B). Even though PP4 was originally described for its role
in DNA damage checkpoint deactivation and cell cycle re-
entry (22,23,25,35), there are emerging evidences involving
the phosphatase in the repair of DNA lesions (24,29,30).
To gain insights into a possible role of PP4 in the repair
of DSBs, we first monitored the kinetics of SSA/BIR in
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the presence or absence of its catalytic subunit Pph3 by us-
ing the YMV80 background. This strain contains a 117-
base-pair HO-endonuclease recognition sequence within
the LEU2 locus on chromosome III and a 3′ fragment of the
LEU2 gene with homology only to the right end of the break
(U2) placed 25 kb downstream the HO cut site (Figure 1A)
(36). It has been previously shown that this HO-induced
DSB is repaired by SSA (36) in a Rad51-independent man-
ner, although it can also be repaired by Rad51-dependent
intra-chromosomal BIR (Figure 1A). The HO endonucle-
ase, regulated by the control of a galactose inducible pro-
moter, was expressed in asynchronous cell cultures and sam-
ples were taken up to 24 h to determine the efficiency of the
repair by Southern blot. Elimination of PPH3 resulted in
a delay in the formation of the repair product compared to
wild-type cells (Figure 1B and Supplementary Figure S2A).
Correlating with their incapacity to timely repair the DNA
lesion, pph3Δ cells exhibited a delay in cell cycle re-entry
measured by FACS (Figure 1C). Supporting a role for PP4
in DNA repair, cells lacking PPH3 were slightly more sen-
sitive than the wild-type strain when plated on galactose-
containing media (Supplementary Figure S1C). These ex-
periments corroborate that PP4 is necessary for the correct
execution of SSA/BIR during the repair of a single induced
DSB.

To identify potential targets of PP4 in DNA repair, we
performed quantitative phosphoproteomic by mass spec-
trometry (MS) of samples taken from the experiment de-
scribed above. Precisely, we screened for variations in the
levels of peptide phosphorylation between a wild-type
strain and a pph3Δ mutant at time 0, 6 and 12 h after ex-
pressing the HO endonuclease. As previously shown in Fig-
ure 1B, both strains are still lacking a visible repaired prod-
uct band after 6 h expressing the HO endonuclease. Under
this condition, those proteins containing increased phos-
phorylation levels in the absence of Pph3 will reflect a pu-
tative target of the phosphatase directly involved in DNA
repair regulation. Twelve hours after the induction of the
DSB, both wild-type and pph3Δ cells have already repaired
the DNA lesion, rendering PP4-dependent phosphoryla-
tion changes to a function exclusively associated to cell cycle
re-entry. From the 11 974 phosphopeptides detected, we iso-
lated those whose phosphorylation was enriched in the ab-
sence of PP4 activity. We found 180 DDR-related proteins
with a distinct phosphorylation state between the wild-type
and pph3Δ mutant. A summary containing the most rele-
vant DNA damage proteins identified is depicted in Figure
1D. Within this group, quantitative comparison between
the wild-type and pph3Δ strain was applied to classify the
discovered targets depending on their averaged phosphory-
lation across the experimental conditions (Supplementary
Figure S3A). Among the potential PP4 substrates isolated
were proteins previously characterized as bona-fide targets
of the phosphatase, such as RPA (30), histone H2A (23,24)
or Rad53 (22,35). It is important to remark that lack of PP4
activity increased phosphorylation of most of these targets
by 6 h from the DSB induction, when there was not yet ac-
cumulation of the repair product (Figure 1B). This result
suggests that PP4 activity might be required to counterbal-

ance the effect of DDR kinases during the restoration of
a DNA lesion. Still, we also detected high levels of protein
phosphorylation of several DNA damage response proteins
in the absence of PP4 activity by 12 h after the induction
of the HO break, a time-point where cells have already ac-
complished the repair process (Figure 1B), likely reflecting
its role in checkpoint deactivation and cell cycle re-entry.

Among the targets found, we focused our attention on
the central checkpoint kinase Rad53. It has been proposed
that Rad53 dephosphorylation by PP4 is needed for efficient
cell cycle recovery from MMS treatment (22,35). However,
the fact that Rad53 was already hyperphosphorylated dur-
ing the repair stage prompted us to investigate whether PP4
could be also targeting Rad53 during the repair process. To
validate the phosphatase activity of PP4 over Rad53 dur-
ing the repair pathway, we used Western blotting to follow
PP4-dependent changes in Rad53 phosphorylation after in-
ducing a DSB in the YMV80 background used for the MS
analysis. Confirming our previous observations, elimination
of PP4 activity rendered Rad53 to an increased phosphory-
lation state when compared to the wild-type strain from 6 h
after the generation of the DSB (Figure 1E). Rad53 consists
of a central serine/threonine kinase domain, surrounded
by two forkhead-associated (FHA) domains (FHA1 and
FHA2) (37) and two SQ/TQ cluster regions (SCD1 and
SCD2) enriched in Mec1/Tel1-target phosphorylation sites
(38). Additionally, Rad53 includes a bipartite NLS domain
at the C-terminal region (39) required for its translocation
into the nucleus (Figure 1F). To gain insight into the spe-
cific PP4-dependent Rad53 dephosphorylation profile, we
examined the MS data looking for changes in the phospho-
rylation pattern of the kinase in both wild-type and pph3Δ
cells (Figure 1G). We detected 16 residues in the Rad53 se-
quence that were potentially phosphorylated in response to
DNA damage. A summary of the mass spectrometry data
for each of these phospho-sites, including their statistical
significances, is shown in Supplementary Table S6. A per-
fect match was found in the phosphorylation profile be-
tween a wild-type strain and a pph3Δ mutant at T0 (Fig-
ure 1G, left panel), with the majority of these sites un-
phosphorylated except for Ser774, a residue that has been
shown to be a target of the Cdk in an unperturbed cell cy-
cle (40). It has been reported that Ser774 phosphorylation
does not play any role in the DDR but in morphogenesis
(40). As expected, 6 h after the expression of the HO en-
donuclease, a general increase in the phosphorylation of all
phospho-residues was clearly visible in both wild-type and
pph3Δ strains. However, while a pph3Δ mutant presented a
maximum level of phosphorylation around the FHA2 do-
main, wild-type cells displayed a more modest phosphory-
lation state at this region of the protein (Figure 1G, mid-
dle panel). After 12 h from the DSB induction, all phos-
phorylation sites had been drastically reduced in the wild-
type strain whereas pph3Δ cells still accumulated high lev-
els of phosphorylation around the FHA2 domain and the
NLS (Figure 1G, right panel). Taking into account that
phosphorylation of the FHA2 domain has been directly
linked to a Rad53 active state (14) and that both FHA2
and NLS have been shown to be auto-Rad53 phosphoryla-
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Figure 1. Pph3 is required for DNA repair by homologous recombination by controlling multiple components of the DDR. (A) Schematic representation
depicting relevant genomic structures of the strain used to assess DNA repair by SSA/BIR. The location of an U2 probe and the restriction endonuclease
cleavage sites used for Southern blot analysis to detect the formation of the repair product are shown. Arrow indicates the localization of the DSB. (B)
Physical analysis of wild-type and pph3Δ mutant strains carrying the DNA repair system depicted in (A). Cells were grown overnight in YP-Raffinose
before adding galactose to induce HO expression. Samples were taken at different time points and genomic DNA was extracted, digested with KpnI
and analysed by Southern blot. Blots were hybridized with an U2 and ACT1 (as loading control) DNA probes. Graphs show the mean ± SD of the band
signals from three independent experiments. All data were normalized using actin as loading control. Replicates were averaged and statistical significance of
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tion clusters (39,41), these results suggest that PP4 reduces
Rad53 activity by counteracting its own autophosphoryla-
tion. Overall, these data demonstrate that PP4 is controlling
the steady-state phosphorylation of multiple DNA damage
factors during the repair of a DNA lesion, possibly by mod-
ulating the activity of Rad53 along the process. Importantly,
the fact that PP4 activity over Rad53 takes place through-
out the repair process indicates that this regulation might
be central in the restoration of a DNA lesion.

PP4 is required for DNA end resection

We have previously shown that PP4 activity is required for
maintaining a steady-state level of Rad53 phosphorylation
in the DDR, a function that is essential to promote an effi-
cient repair by SSA/BIR. It has been proposed that phos-
phorylation of Exo1 by Rad53 is involved in a negative feed-
back loop that limits ssDNA accumulation during the re-
section process (42). On the other hand, Rad9 recruitment
to the DSB vicinity depends on Rad53 activity (43). Impor-
tantly, Rad9 limits the resection activity of Sgs1/Dna2 by
inhibiting the binding of Sgs1 to the DNA lesion (44,45).
With all this information, we decided to check whether the
hyperphosphorylation levels of Rad53 detected in the ab-
sence of PP4 activity could affect SSA/BIR by restrain-
ing DNA end resection. To test for a role of PP4 in re-
section we used a JKM139 derivative strain containing a
non-reparable HO system due to the elimination of both
HMR/HML loci (46). As the 5′ strand is degraded, restric-
tion enzymes located at these areas are unable to cleave the
generated ssDNA and therefore, the intensity of the bands
corresponding to the DNA fragments become diminished
(Figure 2A). First, we asked if the activation of a single non-
reparable DSB in the absence of Pph3 also increased the lev-
els of Rad53 phosphorylation during the DNA damage re-
sponse. The fact that the induction of a non-reparable HO
cut also led to an hyperphosphorylated Rad53 state con-
firms that PP4 is acting over Rad53 from the initial steps
of the repair process (Figure 2B). To check for resection ef-
ficiency, we blocked cells in G1 with alpha factor and re-
leased them into new media without the pheromone. One
hour later, galactose was added to induce the HO-break
(T0), and samples were taken every hour. As expected, while
both strains entered the cell cycle and blocked in G2/M with
the same kinetics by FACS (Figure 2C), a pph3Δ mutant
displayed a mild but significant reduction in resection effi-
ciency measured by Southern blot when compared to the
wild-type (Figure 2D, E and Supplementary Figure S2B).
These experiments suggest that lack of PP4 activity restrains
SSA/BIR proficiency by interfering with resection at the
DNA lesion.

Reduction of Rad53 phosphorylation levels alleviates PP4-
dependent defects in DNA end resection and repair by
SSA/BIR

We have shown above that PP4 is specifically targeting the
FHA2 domain of Rad53 to restrain its autophosphory-
lation during the DDR (Figure 1G). Thus, we wondered
if the exclusive reduction of Rad53 autophosphorylation
might be sufficient to revert the resection defects observed
in pph3Δ cells. As expected, the substitution of the endoge-
nous RAD53 allele for a kinase dead rad53K227A variant
in a pph3Δ background drastically reduced the high levels
of Rad53 phosphorylation observed in a single pph3Δ mu-
tant (Figure 3A). This result confirms that the Rad53 hy-
perphosphorylation observed in the absence of PP4 comes
from its own autophosphorylation activity. Importantly, the
kinetics of resection in a double pph3Δ rad53K227A was
slightly increased when compared to a pph3Δ control strain
(Figure 3B, D and Supplementary Figure S2C), supporting
the idea that PP4 counteracts Rad53 autophosphorylation
to reduce its inhibitory effect over resection. It is important
to remark that a rad53K227A strain was fully competent to
block in G2/M in response to a single DSB in our experi-
mental conditions (Figure 3C), even though some cells es-
cape from the arrest at late time points, probably due to a
failure in the maintenance of the DNA damage checkpoint
(47). This rules out a cell cycle-dependent effect in resection
activity due to the potential lack of a proficient G2/M arrest
when working with the rad53K227A variant. We conclude
that the effect of PP4 in controlling Rad53 phosphorylation
during the initial steps of the repair pathway is directly re-
lated to its capacity to modulate resection.

We have previously seen that in the absence of Pph3 the
efficiency of DNA repair by SSA/BIR was affected when
compared to a wild-type strain. In order to confirm whether
this reduction was directly linked to the negative influence
that Rad53 hyperactivation exerts over resection, we anal-
ysed the effect of reducing Rad53 phospho-levels in pph3Δ
cells during the execution of SSA/BIR pathways (Figure
3E). Interestingly, Rad53 autoactivation is important for re-
pairing by SSA/BIR, since the substitution of the wild-type
version of RAD53 for the rad53K227A allele reduced the
repair efficiency (Supplementary Figure S4A). Even with
this counter-effect, the incorporation of rad53K227A into
the pph3Δ background slightly increased the capacity of
the cells to repair a DNA lesion by SSA/BIR when com-
pared to single pph3Δ mutants (Figure 3F and Supplemen-
tary Figure S2D), and stimulated cell cycle re-entry once the
DNA lesion had been restored (Figure 3G). Accordingly,
the incorporation of the rad53K227A kinase dead version
into a pph3Δ background slightly improved cell viability
on solid media containing MMS or phleomycin (Supple-

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
differences assessed by a two-tailed unpaired Student’s t-test. (C) FACS profiles of samples taken from (B). (D) Samples at 0, 6 and 12 h from the experiment
shown in (B) were taken, processed and subjected to mass spectrometry. DDR-related proteins containing at least one phospho-peptide enriched in the
absence of PP4 were classified depending on their averaged phosphorylation. Heat map scale represents a log2 fold change over maximum. Yellow, blue
and red indicate relative amount of protein phosphorylation (yellow, low; blue, medium; red, high). (E) Samples from the experiment shown in (B) were
collected at the indicated time points, proteins TCA extracted and subjected to Western blotting. Coomassie staining is shown as loading control. (F)
Schematic representation of S. cerevisiae Rad53 illustrating the SQ/TQ clusters (yellow), forkhead-associated domains (blue), kinase domain (red) and
nuclear localization signal (green). An amino acid residue number scale is shown. (G) Graphs representing normalized P-intensities of the Rad53 phospho-
peptides identified at 0, 6 and 12 h from the HO induction.
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Figure 2. PP4 activity is required to stimulate DNA end resection. (A) Schematic representation of the assay used to determine resection efficiency at the
MAT locus. The diagram includes the recognition sites for StyI and the localization of the probes used (red lines) for each distance. Table includes the StyI-
StyI DNA fragments length for each probe. (B) Exponentially wild-type and pph3Δ cells growing in YP-Raffinose were synchronized in G1 by using the
�-factor pheromone and released into fresh media for 1 h. Induction of HO expression was attained by adding galactose to the media and samples were taken
at the indicated time points. Proteins were TCA extracted and subjected to Western blotting. Coomassie staining is shown as loading control. (C) FACS
analysis of the experiment depicted in (B). (D) Physical analysis by Southern blot of wild-type and pph3Δ strains containing the resection assay described
in (A). Samples were taken under the same experimental conditions as in (B), DNA extracted, digested with StyI and blotted. (E) Band intensities from
the experiment shown in (D) were measured, normalized against actin and plotted. Graphs represent the mean ± SD from three independent experiments.
P-values were calculated using a two-tailed unpaired Student’s t-test.

mentary Figure S1B) supporting the idea of a toxic hyper-
phosphorylation state of Rad53 in the absence of PP4 activ-
ity. Additionally, both rad53K227A and pph3Δ rad53K227A
strains grew similarly on media containing most of the
DNA-damaging agents tested, suggesting that both Rad53
and PP4 act in parallel in the same pathway. Besides, there
were no apparent differences in the Rad53 phosphorylation
status and DNA repair efficiency between a double pph3Δ
rad53K227A and a single rad53K227A (Figure 3E, F and
Supplementary Figure S4A), further supporting that PP4
is specifically targeting Rad53 autophosphorylation sites to
enhance DNA repair. Thus, we conclude that PP4 partic-

ipates in DNA repair by counterbalancing Rad53 activity
during the initial steps of the DDR in order to trigger a ro-
bust resection process that facilitates the execution of the
SSA/BIR repair pathways.

PP4-dependent resection is essential for an efficient execution
of SSA

As mentioned before, the DSB flanked by direct repeats
present in the YMV80 background can be repaired by ei-
ther SSA or BIR. While SSA repair is strictly dependent on
resection for rendering the homologous sequences for an-
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Figure 3. Reduction of Rad53 phospho-levels alleviates PP4-dependent defects in DNA end resection and repair by SSA/BIR. (A) Exponentially growing
cells from pph3Δ and pph3Δ rad53K227A backgrounds were synchronized in G1 by using the pheromone �-factor and released into fresh media for 1 h.
After inducing the HO expression by adding galactose to the media, samples were collected at the indicated time points and processed for Western blotting.
Coomassie staining is shown as loading control. (B) Southern blot analysis of samples taken from the experiment shown in (A) to determine resection
efficiency. (C) FACS analysis of cells collected from (A). (D) Band signals from the Southern blot depicted in (B) were quantified, normalized against
actin and charted. (E) Cells from pph3Δ and pph3Δ rad53K227A strains were exponentially grown overnight in raffinose-containing media before adding
galactose. Samples were collected at the indicated time points and subjected to Western blotting. Coomassie staining is shown as loading control. (F)
Southern blots of pph3Δ and pph3Δ rad53K227A cells carrying the DNA repair assay illustrated in Figure 1A. Samples from the experiment shown in
(E) were taken at the indicated time points, DNA extracted, digested with KpnI and blotted. Blots were probed with an U2 DNA sequence and ACT1
as loading control. Graphs representing the quantification of the band signals from the Southern blot experiment relative to the actin control. (G) FACS
profile for DNA content of samples collected from the experiment assayed in (F). All graphs in the figure represent the mean ± SD from three independent
experiments. P-values were calculated using a two-tailed unpaired Student’s t-test.
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nealing with each other, BIR involves the formation of a
recombination-dependent replication fork to copy all distal
sequences. Thus, we wondered whether the defects observed
in DNA end resection in the absence of PP4 could affect all
types of recombinational DNA repair or, by contrast, might
be a process specifically required for repairing by SSA. To
check for the involvement of PP4 in inter-chromosomal re-
combination, we used a genetic background containing a
MATa sequence at chromosome V that can be recognized
by the HO endonuclease and repaired with an uncleavable
MATa-inc sequence located on chromosome III (48). In
this strain, the donor HM loci have been eliminated and
the MATa-inc mutation renders the repair product insen-
sitive to successive HO cleavages (Supplementary Figure
S5A). By using this approach, a unique reparable DSB by
gene conversion is generated which can occur either with
or without an associated crossover (49). As the restriction
fragments have an altered size when a crossover is formed,
these events can be detected during the repair process. First,
we confirmed that Rad53 was also hyperphosphorylated in
the absence of PP4 in an inter-chromosomal repair system
(Supplementary Figure S5B). Gene conversion with no as-
sociated crossover was the predominant form of repair in
both wild-type and pph3Δ cells. However we could not de-
tect significant differences in the kinetics of DNA repair be-
tween both strains (Supplementary Figure S5C, S5D) or in
the dynamics of cell cycle re-entry measured by FACS (Sup-
plementary Figure S5E). We neither detected differences in
the proportion of gene conversion associated with crossing-
over between the wild-type and the pph3Δ mutant among
cells that repaired the DNA lesion (Supplementary Figure
S5C, S5F). These data indicate that PP4 activity is not re-
quired to promote ectopic recombination with homologous
sequences and suggest that the resection defects observed in
the absence of Pph3 exclusively affect DNA repair by SSA.

To further demonstrate this hypothesis, we took advan-
tage of the role of Rad51 in promoting strand anneal-
ing. It has been demonstrated that Rad51 is not required
for SSA execution but its deletion drastically affects BIR
(50). Thus we disrupted RAD51 in the YMV80 background
strain and re-evaluated the effect of PP4 in DNA repair by
SSA. Elimination of BIR by depleting Rad51 prolonged
Rad53 phosphorylation when compared to a wild-type
strain in response to an HO break (Figures 1E and 4A).
As expected, a double mutant rad51Δ pph3Δ drastically in-
creased Rad53 phospho-levels during the induction of the
DSB compared with a single rad51Δ mutant (Figure 4A).
Correlating with the extended levels of phopho-Rad53 ob-
served in a rad51Δ mutant, we monitored a major delay
in product accumulation and cell cycle re-entry when com-
paring to the wild-type strain (Figures 1B, C and 4B, C),
probably due to the lack of BIR contribution to the over-
all kinetics of DSB repair. In agreement with the defect ob-
served in DNA repair efficiency, cell viability of rad51Δ sin-
gle mutants was affected in drop assays on the presence of
4-NQO, HU, MMS and phleomycin (Supplementary Fig-
ure S1A, S1B). A similar sensitivity was also observed when
the HO-break was induced by plating the cells on galactose-
containing media (Supplementary Figure S1C).

Remarkably, a double mutant rad51Δ pph3Δ was severely
affected in DNA repair by SSA (Figure 4B, C and Supple-

mentary Figure S2E). Interestingly, this defect in the ac-
cumulation of the repair product was accompanied by a
subtle stabilization of the donor signal. Since the fading
of the donor band in the absence of Rad51 depends ex-
clusively on the resection capacity to reach this sequence,
this result suggests that PP4 participates in SSA by en-
hancing DNA end resection. This effect was ratified by
using probes located at 10 and 17 kb from the DSB in
the same experimental approach. As expected, a double
mutant rad51Δ pph3Δ mutant resected slower when com-
pared to a rad51Δ control strain (Figure 4D), a defect that
was more noticeable as longer the distance from the HO
was (i.e. 17r). The contribution of PP4 in resection and
SSA was supported by a weak synthetic lethality when the
rad51Δ pph3Δ double mutant was grown on 4-NQO, MMS,
phleomycin and galactose (Supplementary Figure S1A–C)
and indicates that PP4 acts in a different pathway of Rad51
during the response to DNA damage. However, no effect
was observed when combining rad51Δ and pph3Δ in the
sensitivity to HU, again suggesting that PP4 is not involved
in the cellular response to replication stress. In all, these re-
sults demonstrate that PP4 is particularly necessary for the
execution of DNA repair pathways that highly rely on re-
section to efficiently restore the DNA molecule.

To directly connect the ability of PP4 to counteract
Rad53 autophosphorylation with SSA repair, we con-
structed a rad51Δ pph3Δ strain containing the catalytic-
dead allele rad53K227A. Again, the incorporation of the
kinase-dead version of Rad53 reduced the increase in
Rad53 phosphorylation levels seen in rad51Δ pph3Δ cells
(Figure 4E), confirming that PP4 activity counterbal-
ances Rad53 function during DNA repair by SSA. Re-
markably, the integration of the rad53K227A allele in
rad51Δ pph3Δ cells considerably improved their ability to
repair by SSA (Figure 4F and Supplementary Figure S2F)
and thus, their proficiency to re-enter in the cell cycle (Fig-
ure 4G). Importantly, these cells also enhanced the dis-
appearance of the donor signal, thus corroborating that
high levels of Rad53 phosphorylation restrain SSA execu-
tion by interfering with resection. Supporting these data,
the incorporation of the rad53K227A allele in a double
rad51Δ pph3Δ background strain partially recovered cell vi-
ability in the presence of most of the DNA-damaging agents
tested (Supplementary Figure S1B and C). However, only a
mild enrichment in SSA efficiency was detected when in-
troducing the rad53K227A allele in a rad51Δ control strain
(Supplementary Figure S4B). Overall, these results support
the view that PP4 targets Rad53 to counterbalance its own
autophosphorylation, enhance resection and elicit a profi-
cient execution of the SSA repair pathway.

PP4-dependent dephosphorylation of Rad53 enhances DNA
end resection mainly by the Sgs1/Dna2 pathway

The helicase activity of Sgs1 is essential for the nuclease
Dna2 to degrade the unwound ssDNA in an alternative
pathway to the one based on Exo1 (5). Thus we wondered
if PP4-dependent activation of resection relies on Dna2
and/or Exo1. To check for a possible function of PP4 in
regulating the Exo1 pathway, we generated a single exo1Δ
and a double exo1Δ pph3Δ mutant, and determined their
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Figure 4. PP4’s function in DNA repair becomes essential when repairing by SSA. (A) rad51Δ and rad51Δ pph3Δ cells were grown overnight in raffinose-
containing media and supplemented with galactose to induce the expression of the HO. Samples were collected at the indicated time points, proteins
TCA extracted and subjected to Western blotting. Coomassie staining is shown as loading control. (B) Southern blot analysis of rad51Δ and rad51Δ

pph3Δ strains carrying the DNA repair system depicted in Figure 1A. Samples from the experiment shown in (A) were taken at the indicated time points,
genomic DNA extracted, digested with KpnI and analysed by Southern blot. Blots were hybridized with an U2 and ACT1 (as loading control) DNA
probes. Graphs represent the quantification of the band signals detected in the Southern blot. (C) FACS analysis of cells collected from (B). (D) rad51Δ

and rad51Δ pph3Δ cells were grown overnight in YP-Raffinose and supplemented with galactose. Samples were taken at different intervals, genomic DNA
extracted, digested with StyI and analysed by Southern blot. Blots were hybridized with probes located at 10 kb and 17 kb upstream the HO cut site. Graphs
represent the quantification of the band signals detected in the Southern blot. (E) Cells from rad51Δ pph3Δ and rad51Δ pph3Δ rad53K227A background
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influence in resection. All strains synchronically exit the al-
pha factor arrest and block in G2/M with the same kinetic
measured by FACS (Figure 5A). The kinetics of DNA resec-
tion in an exo1Δ mutant was reduced when compared to
a pph3Δ background. Moreover, lack of Exo1 in a pph3Δ
mutant exacerbated the resection defect (Figure 5B, C [3r
and 6r] and Supplementary Figure S2G). A similar effect
was also observed when monitoring the resection interme-
diates (RI 1–4) generated during the induction of the un-
repairable HO-cut (Supplementary Figure S6A). A double
exo1Δ pph3Δ strain experienced a significant delayed kinet-
ics in the transient appearance of all resection intermediates
when compared to a single exo1Δ mutant. This effect was
more evident when looking at the higher resection interme-
diates (RI3 and RI4); that is, the longer distances from the
break (Supplementary Figure S6A, graphs). It is important
to note that elimination of Exo1 did not affect the phospho-
rylation state of Rad53 (Supplementary Figure S6B), ruling
out the possibility of Exo1 acting in the control of resection
by interfering with Rad53 phosphorylation. These results
demonstrate that the control of PP4 in DNA end resection
is mainly carried out independently of Exo1.

To investigate whether PP4 could be modulating the
Dna2 resection pathway, we generated single sgs1Δ and
double sgs1Δ pph3Δ mutants and determined their resec-
tion capacities. All strains showed a similar FACs profile
after being released from the alpha factor arrest (Figure
5D). While a single sgs1Δ mutant resected with slower ki-
netics when compared to a pph3Δ mutant, a double sgs1Δ
pph3Δ resected similarly than a single sgs1Δ (Figure 5E,
F and Supplementary Figure S2H). The epistasis between
pph3Δ and sgs1Δ pph3Δ in resection was recapitulated by
the analysis of the resection intermediates generated dur-
ing the HO induction (Supplementary Figure S6C). Only
a slight defect in RI3-RI4 accumulation was observed be-
tween a single sgs1Δ and a double sgs1Δ pph3Δ mutant,
a defect that might be attributed to a minor role of PP4
in controlling the Exo1 pathway. However, the kinetics in
the appearance/disappearance of these products was sim-
ilar between both strains (Supplementary Figure S6C, RI
1–4 graphs), suggesting that the dynamic of resection is not
severely exacerbated in PP4-deficent cells lacking Sgs1. As
previously reported (51,52), elimination of Sgs1 affects the
kinetics of Rad53 phosphorylation (Supplementary Figure
S6D), probably due to its defects in DNA end resection
and checkpoint activation (51,53). However, lack of Sgs1
did not influence the levels of Rad53 phosphorylation ob-
served in pph3Δ cells (Supplementary Figure S6D) indicat-
ing that Sgs1 is not acting in the control of resection by
interfering with Rad53 phosphorylation in the absence of
PP4. These results fit with the idea that PP4 attenuation of
Rad53 controls DNA end resection mainly by regulating the

activity of the Sgs1/Dna2 route, while a secondary and less
robust mechanism comprises the modulation of the Exo1
pathway.

PP4 controls the phosphorylation state of Rad9 by acting
over Rad53

We have shown above that Rad53 attenuation by PP4 en-
hances DNA end resection in a pathway mainly dependent
on Sgs1/Dna2. Since it has been established that chromatin-
bound Rad9 restrains resection by directly interfering with
the activity of the Sgs1/Dna2 pathway (43–45,54), it is
intuitive to think that the influence of PP4 over Rad53
could modulate resection by affecting Rad9 phosphoryla-
tion. Supporting this hypothesis Rad9 displayed differences
in the averaged phosphorylation between a wild-type and a
pph3Δ mutant in our MS experiment (Figure 1D and Sup-
plementary Figure S3A). Rad9 contains a Chk1 activation
domain at the N-terminus (12) close to a Mec1 serine clus-
ter domain. The C-terminus includes a TUDOR domain
involved in the binding of Rad9 to the DNA throughout
its interaction with H3K79me (55) and a protein-protein
recognition module BRCT domain (56) (Figure 6A). We de-
tected 40 residues in Rad9 with the potential to be phospho-
rylated along with the induction of a reparable HO break.
A summary of the mass spectrometry data for each of these
phospho-sites, including their statistical significances is in-
cluded in Supplementary Table S6. An even distribution of
Rad9 phospho-peptides alongside the protein was already
observed before the induction of the DNA lesion (Figure
6B, top panel). This phosphorylation profile was similar be-
tween the wild-type and the pph3Δ mutant (Figure 6B, top
panel). After 6 h from the induction of the HO endonucle-
ase, a global increase in phosphorylation was observed in
both wild-type and pph3Δ mutant. However, the absence of
PP4 activity specifically increased the phosphorylation lev-
els of several phospho-residues comprised between the ser-
ine cluster domain and the TUDOR domain (Figure 6B,
middle panel). After 12 h from the HO induction, Rad9
phosphorylation levels decreased in both strains (Figure 6B,
bottom panel), indicating that other phosphatases are col-
laborating with PP4 to reduce Rad9 phosphorylation once
the repair process has taken place.

In order to validate these results, we used Phos-Tag gels
to follow up PP4-dependent changes in the phosphorylation
state of Rad9 after inducing a non-reparable DSB. Ratify-
ing the data obtained by the MS assay, Rad9 was already
phosphorylated before the induction of the HO (Figure 6C).
However, after inducing the DNA break, we observed an
accumulation of higher molecular weight bands that de-
noted a general hyperphosphorylation state (Figure 6C, first
panel). These multiple Rad9 isoforms were predominantly

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
strains were grown overnight in media containing raffinose before adding galactose. Samples were collected at the indicated time points and subjected to
Western blotting. Coomassie staining is shown as loading control. (F) Southern blot of rad51Δ pph3Δ and rad51Δ pph3Δ rad53K227A cells carrying the
DNA repair system depicted in Figure 1A. Samples from the experiment shown in (E) were taken at the indicated time points, DNA extracted, digested
with KpnI and blotted. Blots were hybridized with an U2 and ACT1 (as loading control) DNA probes. Graphs represent the quantification of the band
signals detected in the Southern blot. (G) FACS profile for DNA content of samples collected in (F). All graphs in the figure represent the mean ± SD of
the band signals from three independent Southern blot experiments. All data were normalized to actin. Replicates were averaged and statistical significance
of differences assessed by a two-tailed unpaired Student’s t-test.
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Figure 5. PP4’s role in DNA end resection is mainly driven by the modulation of the Sgs1/Dna2 pathway. (A) Cultures of pph3Δ, exo1Δ and exo1Δ

pph3Δ cells were grown in YP-Raffinose, blocked in G1 and released into fresh media containing galactose. Cells were collected at the indicated time
points and processed for FACS. (B) Resection assay by Southern blot of samples taken from (A). Cells were DNA extracted, digested with StyI and
blotted. (C) The density of the bands depicted in (B) was measured, normalized to actin and plotted. Graphs represent the mean ± SD from three
independent experiments. P-values were calculated using a two-tailed unpaired Student’s t-test. Asterisk denotes statistical significance between pph3Δ

and exo1Δ strains. Hash denotes statistical significance between exo1Δ and exo1Δ pph3Δ strains. (D) Cultures of pph3Δ, sgs1Δ and sgs1Δ pph3Δ cells
were cultured in raffinose containing media, arrested in G1 and released into fresh media containing galactose. A FACS profile of cells collected at the
indicated time points is represented. (E) Resection analysis by Southern blot of samples taken from (D). Cells were DNA extracted, digested with StyI
and blotted. (F) The intensity of the bands depicted in (E) was measured, normalized to actin and charted. Graphs represent the mean ± SD from three
independent experiments. P-values were calculated using a two-tailed unpaired Student’s t-test. Asterisk denotes statistical significance between pph3Δ and
sgs1Δ strains. Hash denotes statistical significance between sgs1Δ and sgs1Δ pph3Δ strains.
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Figure 6. PP4 modulates Rad9 by acting over Rad53. (A) Schematic representation of S. cerevisiae Rad9 illustrating the Chk1 activating domain (orange),
Mec1 serine cluster domain (red), DNA interaction TUDOR domain (yellow) and protein-protein recognition module BRCT domain (blue). An amino
acid residue number scale is shown. (B) Graphs representing normalized P-intensities of the Rad9 phospho-peptides identified by mass spectrometry at 0,
6 and 12 h from the HO induction. (C) Wild-type, pph3Δ, rad53K227A and pph3Δ rad53K227A cells containing the endogenous Rad9 tagged with the HA
epitope were subjected to �-factor block and released in the presence of galactose. Samples were blotted using anti-HA antibodies. Coomassie blue staining
is depicted as loading control. (D) ChIP analysis of Rad9 binding around the HO-induced DSB at the MAT locus in wild-type, pph3Δ, pph3Δ rad53K227A
and rad53K227A cells. Galactose was added to asynchronous cell cultures and samples were taken at 1 h and 2 h. Each time point was normalized to the
input signal. Graphs represent fold enrichment relative to the non-antibody negative control. Binding at the ACT1 locus on chromosome VI is shown for
comparison. Graphs represent the mean ± SD from three independent experiments.

phospho-forms since the treatment with �-PPase resulted in
a drastic reduction in the molecular weight of these bands
(Supplementary Figure S3B) only in the absence of phos-
phatase inhibitors (Supplementary Figure S3C). Interest-
ingly, together with these hyper-phosphorylated bands, a
few low molecular weight forms were also detected (Fig-
ure 6C, first panel). These fast migrating bands were only
detected in the wild-type strain, but not in a pph3Δ strain

(Figure 6C, first panel), suggesting that lack of PP4 activity
affects the phosphorylation status of Rad9. Substitution of
the endogenous RAD53 for the rad53K227A allele reduced
Rad9 phosphorylation when compared to pph3Δ cells (Fig-
ure 6C, second panel). Moreover, the introduction of the
rad53K227A variant overcame the high levels of Rad9 phos-
phorylation observed in cells lacking PP4 activity (Figure
6C, third panel). These results confirm that Rad53 kinase
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activity is important to enhance a proficient Rad9 activation
in response to DNA damage. Interestingly, a similar pat-
tern of Rad9 phospho-forms distribution was observed be-
tween a rad53K227A and a pph3Δ rad53K227A strain (Fig-
ure 6C, fourth panel), suggesting that the Rad9 hyperphos-
phorylation state observed in the absence of PP4 activity
was Rad53-dependent.

Our data suggest that PP4 restrains Rad9 phosphoryla-
tion by acting over Rad53 in response to a DNA lesion (Fig-
ure 6C). In addition, we have shown that depletion of PPH3
increases Rad9 phosphorylation at the vicinity of its TU-
DOR domain (Figure 6B). Considering that this region is
responsible for Rad9 binding to chromatin (55) and that
Rad9 association to a DNA break depends on Rad53 activ-
ity (43), it seems that Rad53 hyperactivation in the absence
of PP4 activity might affect DNA resection by enhancing
Rad9 affinity for the DNA lesion. To check for this hypoth-
esis we performed chromatin immunoprecipitation experi-
ments of Rad9 in wild-type and pph3Δ cells. As expected, a
robust increase in the amount of Rad9 bound at 0.2, 0.5
and 1.5 kb from the HO break was observed in pph3Δ
when compared to wild-type (Figure 6D). Interestingly, the
high levels of Rad9 association to the HO site in the ab-
sence of PP4 activity were drastically reduced in pph3Δ cells
containing the rad53K227A variant (Figure 6D). As previ-
ously reported (43), a single rad53K227A strain displayed a
very mild effect in Rad9 binding to the DSB vicinity when
compared to the wild-type (Figure 6D). These results con-
firm that PP4-dependent Rad53 inhibition during the initial
steps of the repair process is required to reduce Rad9 asso-
ciation to the DNA lesion, thus diminishing the negative ef-
fect that this factor exerts over resection by the Sgs1/Dna2
pathway.

Disruption of Rad9 bypasses the lack of PP4 activity in DNA
end resection and repair

Our previous data indicate that PP4 counteracts Rad53 au-
tophosphorylation along the DDR to avoid excessive phos-
phorylation of the Sgs1/Dna2 inhibitor Rad9. If Rad9 hy-
peractivation in the absence of PP4 activity is the final event
that restrains resection, we speculated that elimination of
Rad9 should bypass pph3Δ deficiencies in DNA end resec-
tion and repair. To confirm this hypothesis, we analysed the
resection efficiency of a single pph3Δ mutant and in combi-
nation with a RAD9 deletion. As expected, the kinetics of
DNA resection in pph3Δ rad9Δ cells is markedly increased
when compared to pph3Δ cells, indicating that rad9Δ sup-
presses the resection defect caused by the lack of Pph3 (Fig-
ure 7A, D and Supplementary Figure S2I). Importantly,
both pph3Δ rad9Δ and rad9Δ cells behave similarly in re-
section (Supplementary Figure S7A) and survival assays to
genotoxic agents (Supplementary Figure S1A) suggesting
that both proteins act in the same pathway of the DNA
damage response. It is important to note that due to the
role of Rad9 in DNA damage checkpoint activation (57), a
double mutant pph3Δ rad9Δ is not able to completely block
in G2/M after the induction of the HO break (Figure 7B)
and cells notably reduce Rad53 phosphorylation when com-
pared to a single pph3Δ strain (Figure 7C).

To determine whether the improvement in resection ob-
served in the double mutant pph3Δ rad9Δ was enough
to recover the DNA repair defects observed in the single
pph3Δ mutant, we compared SSA/BIR proficiency in the
YMV80 background between both strains. Correlating with
the improvement in DNA end resection observed in a dou-
ble pph3Δ rad9Δ mutant, we detected a significant increase
in the efficiency of DSB repair (Figure 7E and Supplemen-
tary Figure S2J) and cells re-entered in the cell cycle faster
than a single pph3Δ mutant (Figure 7F). Accordingly, the
lethality observed in pph3Δ cells growing on solid media
containing 4-NQO, MMS, phleomycin and galactose was
partially relieved by ablating RAD9 (Supplementary Figure
S1A, S1C). Moreover, PPH3 deletion in rad9Δ cells nei-
ther exacerbated repair by BIR/SSA (Supplementary Fig-
ure S9A) nor sensitivity to genotoxic stress (Supplementary
Figure S1A, C) when compared to cells lacking RAD9, in-
dicating that Pph3 exclusively acts in the Rad9 pathway.
It is important to note that while a double mutant pph3Δ
rad9Δ retained some Rad53 phosphorylation (Figure 7G),
a single rad9Δ strain completely abolished its phosphory-
lation (Supplementary Figure S8A), suggesting that in the
absence of Rad9, Rad53 retains certain capacity to be phos-
phorylated, but this phosphorylation is eliminated by the
activity of PP4 during the DNA damage response. More-
over, a rad9Δ single mutant repaired more efficiently and
re-entered in the cell cycle with faster kinetics than the wild-
type strain (Supplementary Figure S8A) confirming that
Rad9 has a general effect in restraining SSA/BIR execution.

To confirm that the effect of PP4 over SSA was dependent
on its ability to trigger DNA end resection, we determined
the repair efficiency of the YMV80 background in a double
rad51Δ pph3Δ and triple rad51Δ pph3Δ rad9Δ mutants. As
expected, disruption of RAD9 in a rad51Δ pph3Δ mutant
completely restored SSA efficiency (Figure 7H and Supple-
mentary Figure S2K) and cells re-entered the cell cycle with
a faster kinetics than the control strain (Figure 7I). To avoid
any cell cycle interference in the repair proficiency due to
the lack of DNA damage checkpoint activity inherent in
the rad9Δ strain, we evaluated DNA repair in alpha fac-
tor pre-synchronized G1 cells released into YP-galactose
media containing nocodazole to avoid mitotic entry. Un-
der these conditions, a triple rad51Δ pph3Δ rad9Δ mutant
was still recovering the product signal more efficiently than
a double rad51Δ pph3Δ, ruling out a cell cycle-dependent
effect in the repair of the HO break due to the lack of
Rad9 activity (Supplementary Figure S9B). This improve-
ment in DNA repair was also corroborated by the increase
in cell viability observed in the triple rad51Δ pph3Δ rad9Δ
mutant compared to the double rad51Δ pph3Δ mutant
on solid media containing 4-NQO, MMS, phleomycin and
galactose (Supplementary Figure S1A, C). Likewise, elim-
ination of PPH3 in a rad51Δ rad9Δ strain neither exac-
erbated DNA repair by SSA (Supplementary Figure S9C)
nor cell sensitivity to DNA-damaging agents (Supplemen-
tary Figure S1A, C), demonstrating that Pph3 and Rad9
work in the same pathway. Importantly, deletion of RAD9
in a rad51Δ background also improved SSA efficiency and
cell cycle re-entry (Supplementary Figure S8B), suggest-
ing that the defects in SSA observed in the absence of
Rad51 are directly linked to the negative effect that Rad9
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Figure 7. Disruption of Rad9 bypasses the resection and SSA repair defects observed in the absence of PP4 activity. (A) Exponentially growing cells of
pph3Δ and pph3Δ rad9Δ strains were synchronized in G1 by using �-factor and released into fresh media for 1 h. After inducing the HO expression by
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exerts over resection. Importantly, depletion of Rad9 in a
rad51Δ pph3Δ strain drastically reduced Rad53 phospho-
rylation (Figure 7J) nearly to wild-type levels (Figure 1E).
However, while a rad51Δ pph3Δ rad9Δ triple mutant re-
tained certain capacity to phosphorylate Rad53 (Figure 7J),
a double rad51Δ rad9Δ completely abolished its phospho-
rylation (Supplementary Figure S8B), indicating that PP4 is
actively dephosphorylating Rad53 during the repair of the
DNA lesion to enhance SSA repair.

The defects in DNA end resection and repair observed in PP4-
deficient cells are bypassed by restraining Rad9 binding to the
DNA lesion

We have previously shown that Rad9 disruption bypassed
all defects observed in cells lacking PP4 activity suggesting
that Rad9 is the final effector of the PP4/Rad53 module.
However, since elimination of Rad9 reduces Rad53 phos-
phorylation (Figure 7C, G, J) (14) we cannot discard in-
direct effects due to the low levels of checkpoint activa-
tion reached in these strains. It has been postulated that
Rad9-dependent inhibition of Sgs1/Dna2 is attained by its
physical interaction at the DSB vicinity, a process that de-
pends on Rad53 (43) and phosphorylation of histone H2A
at Ser129 (11,58). Importantly, PP4 inactivation increased
Rad9 phosphorylation specifically at its TUDOR domain
(Figure 6B) and enhanced its binding to the vicinity of
the DSB (Figure 6D) indicating that PP4-dependent Rad53
regulation is vital to avoid excessive loading of Rad9 to
the DNA break. Thus, we decided to determine whether
elimination of Ser129 phosphorylation of H2A, and thus
Rad9 binding to the DSB, bypasses all phenotypes ob-
served in the absence of PP4 activity. We constructed a
strain in which Ser129 of H2A was substituted by a stop
codon in both HTA1 and HTA2 alleles (hta1/hta2-S129*)
(33) and determined its influence in rescuing both DNA
end resection and SSA/BIR repair defects observed in cells
lacking Pph3. First, we checked if the substitution of the
HTA1/HTA2 alleles with the hta1/hta2-S129* versions was
able to reduce the affinity of Rad9 to a DNA break. As
previously observed, lack of PP4 activity increases the lev-
els of Rad9 at the vicinity of the DSB (Figure 8A). These
high levels of Rad9 binding to the HO vicinity in the ab-
sence of PPH3 were drastically reduced when introduc-
ing the hta1/hta2-S129* constructs (Figure 8A) confirm-
ing that these histones variants are not fully competent to
tether Rad9 to chromatin. Still, this residual Rad9 binding

was capable to retain a modest capacity to restrain resection
and product accumulation since the elimination of RAD9 in
hta1/hta2-S129* cells slightly affects both resection and re-
pair by SSA/BIR (Supplementary Figure S10A). Interest-
ingly, elimination of Ser129 from H2A in a pph3Δ back-
ground did not affect Rad53 activation when compared
with a pph3Δ mutant in response to a DSB (Figure 8B).
However, these cells considerably increased the repair effi-
ciency by SSA/BIR (Figure 8C top panel, D and Supple-
mentary Figure S2L) and re-entered in the cell cycle with
faster kinetics (Figure 8E). Since Rad53 phosphorylation
was triggered with the same efficiently in both pph3Δ and
pph3Δ hta1/hta2-S129*, this result confirms that the high
levels of Rad53 phosphorylation observed in the absence of
PP4 are specifically modulating Rad9 capacity to interact
with H2A phosphorylated at Ser129. Strikingly, a double
mutant pph3Δ hta1/hta2-S129* resected faster than a single
pph3Δ, corroborating that the improvement in DNA repair
is directly linked to its ability to stimulate DNA resection
(Figure 8C bottom panel and F) due to elimination of the
negative effect that Rad9 exerts over the Sgs1/Dna2 path-
way.

DISCUSSION

Phosphorylation in response to DNA damage has been one
of the main subjects in the field of DNA repair, focusing
mainly in the regulation of the kinases operating in the
DDR. Even though there is a consensus agreement that
dephosphorylation is essential for restoring the effects im-
posed by the DDR-kinases, less is known about the role
of protein phosphatases during the execution of the DNA
damage response. To date, most of the functions attributed
to the DDR-phosphatases during the response to a DNA
lesion have been related to their capacity to inactivate the
DNA damage checkpoint and promote cell cycle re-entry.
However, taking into account the great complexity of the
different pathways encompassed in the DDR and the mul-
tiple events taking place during the repair of a DNA adduct,
it is tempting to speculate that the fine-tuning phosphory-
lation along the different steps of the repair process might
be essential to ensure the restoration of the DNA molecule.
In agreement with this hypothesis, we report here a model
whereby Rad53 dephosphorylation by PP4 during the ini-
tial stages of the repair pathway stimulates DNA end resec-
tion, a feature that enhances DSB repair. The maintenance
of a reduced Rad53 activity ensures a low steady-state phos-

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
adding galactose to the media samples were collected at the indicated time points and subjected to a resection analysis by Southern blotting. (B) FACS
profile of cells collected from (A). (C) Samples from (A) were taken at the indicated time points and subjected to Western blotting. Coomassie staining is
shown as loading control. (D) Bands from the Southern blot depicted in (A) were quantified, normalized against actin and plotted. (E) Physical analysis
of pph3Δ and pph3Δ rad9Δ cells harbouring the DNA repair assay portrayed in Figure 1A. Cells were grown in YP-Raffinose and transferred to media
supplemented with galactose. Samples were collected at different time points, genomic DNA extracted, digested with KpnI and analysed by Southern blot.
Blots were hybridized with an U2 and ACT1 (as loading control) DNA probes. Graphs show the quantification of the band signals relative to actin. (F)
FACS profile for DNA content of samples taken from (E). (G) Samples from the experiment shown in (E) were collected at the indicated time points,
TCA extracted and subjected to Western blotting. Coomassie staining is shown as loading control. (H) Physical analysis of rad51Δ pph3Δ and rad51Δ

pph3Δ rad9Δ backgrounds harbouring the DNA repair assay portrayed in Figure 1A. Cells were grown overnight in YP-Raffinose and supplemented with
galactose. Samples were taken at different time points, genomic DNA extracted, digested with KpnI and analysed by Southern blot. Blots were hybridized
with an U2 and ACT1 (as loading control) DNA probes. Graphs represent the quantification of the band signals relative to actin. (I) FACS profile for
DNA content of samples collected from (H). (J) Samples from the experiment shown in (H) were collected at the indicated time points, TCA extracted and
subjected to Western blotting. Coomassie staining is shown as loading control. All graphs in the figure represent the mean ± SD from three independent
experiments. Replicates were averaged and statistical significance of differences assessed by a two-tailed unpaired Student’s t-test.
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Figure 8. Elimination of H2A phosphorylation at Ser129 rescues both DNA end resection and repair defects of cells lacking PP4 activity. (A) ChIP analysis
of Rad9 binding around the HO-induced DSB at the LEU2 locus in wild-type, pph3Δ, and pph3Δ hta1/hta2-S129* cells. Each time point was normalized
to the input signal. Graphs represent fold enrichment relative to the non-antibody negative control. (B) YP-Raffinose cell cultures of YMV80 derivative
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phorylation of multiple targets during the response, includ-
ing Rad9. Reduction in Rad9 phosphorylation counteracts
its inhibitory function over the Sgs1/Dna2 complex by re-
ducing its affinity to chromatin, ensuring a robust and effi-
cient resection activation needed for repair mechanisms that
rely on long ssDNA trails to ensure the success of the re-
pair (Figure 8G, left panel). In cells lacking PP4 activity,
the high levels of Rad53 activity lead to a hyperphospho-
rylated state of Rad9, enhancing its binding to the DSB
vicinity and restraining resection by Sgs1/Dna2 (Figure 8G,
middle panel). Importantly, Sgs1/Dna2-dependent resec-
tion defects observed in the absence of PP4 activity are by-
passed by just reducing Rad9 binding to chromatin. This
indicates that Rad53 down-regulation by PP4 controls re-
section by preventing the recruitment of Rad9 to the DSB
vicinity (Figure 8G, right panel). Importantly, this model
implies that excessive checkpoint activation is not compat-
ible with DNA repair pathways that depend on long-range
resection for their accomplishment and envisions that DDR
kinases and phosphatases must cooperate along the dam-
age response to couple checkpoint activation with DNA re-
pair. This balance in checkpoint activation ensures a precise
DNA damage response, strong enough to activate an accu-
rate G2/M cell cycle arrest but not too robust to negatively
influence in the repair of the DNA lesion.

Interestingly, MS data of cells lacking PP4 activity re-
vealed an elevated number of DNA damage factors other
than Rad53 and Rad9 with atypical high levels of phos-
phorylation along the damage response. Taking into ac-
count that PP4 exhibited a preference for dephosphory-
lating Rad53 autophosphorylation sites suggests that the
modulation of its kinase activity could influence the steady-
state phosphorylation of multiple downstream DDR tar-
gets. Still, we cannot discard that PP4 might also collab-
orate in the direct dephosphorylation of Rad53’s targets
during the response to a DNA lesion. However, the fact
that some of the targets found to be hyperphosphorylated
in the absence of PP4 activity restored their phosphory-
lation levels when inhibiting Rad53 autophosphorylation
claims for a main role of the phosphatase in directly con-
trolling the phosphorylation status of the kinase. It is im-
portant to note that PP4 might also be controlling Rad53
activity by modulating the phosphorylation/activity of up-
stream kinases. In this regard, it has been recently shown
that the absence of Mec1-S1991 phosphorylation in mec1-
100 cells is restored upon PPH3 deletion, indicating that
PP4 indeed dephosphorylates Mec1 (26). However, phos-
phorylation of this residue requires also the activity of
Rad53 (26), suggesting that PP4 might be indirectly af-
fecting Mec1 phosphorylation throughout the modulation

of Rad53 activity. Moreover, we could not detect differ-
ences in Mec1 phosphorylation between wild-type and PP4-
deficienct cells in our MS data during the induction of an
HO-break, indicating that PP4 has not an important role
in controlling Mec1 phosphorylation in our experimental
conditions.

An important question that arises from these observa-
tions is how Rad53 hyperphosphorylation in the absence
of PPH3 influences the repair process. Our data show
that PP4 is required for an optimal DNA resection by re-
ducing Rad53 phosphorylation levels, a mechanism that
has been previously demonstrated to negative influence
the activity of the pathway. Importantly, a double mutant
pph3Δ exo1Δ was significantly more affected in resection
than single pph3Δ or exo1Δ mutants, suggesting that PP4
contribution over Exo1 is not the main mechanism control-
ling resection. In agreement with this observation, it has
been reported that changing Exo1 phospho-residues to ala-
nines or glutamic acids (to prevent or mimic phosphory-
lation, respectively), has a subtle effect on Exo1 processiv-
ity (42) indicating that the activity of this exonuclease is
not controlled by its steady-state phosphorylation levels.
Still, we cannot discard a possible function of PP4 in di-
rectly dephosphorylating Exo1 along the repair of a DNA
lesion. Interestingly, combination of pph3Δ with sgs1Δ only
slightly exacerbated the resection problems observed in the
single mutants, suggesting that PP4-dependent Rad53 de-
phosphorylation predominantly affects Sgs1/Dna2 activity.
It has been previously described that Rad9 provides a bar-
rier to resection through limiting the association of Sgs1
to the DSB ends (44,45). Curiously, Rad9 association to
the DSB vicinity depends on Rad53 kinase activity (43).
Taking into account that we observed an increased Rad53-
dependent phosphorylation of Rad9 in the absence of PP4
activity, it is tempting to speculate that Rad53 dephospho-
rylation by PP4 enhances Sgs1/Dna2-dependent resection
by reducing Rad9 phosphorylation. Nevertheless, we can-
not discard that PP4 might also be directly targeting Rad9
in order to reduce its negative effect on resection during the
DNA damage response.

How does the PP4/Rad53 module operate in the regu-
lation of Rad9 association to damaged DNA? It has been
previously reported that Rad9 binding to a DNA lesion de-
pends specifically on H2A phosphorylation at Ser129 (11).
Chromatin-bound Rad9 is phosphorylated by Mec1 (13)
to activate the recruitment of Rad53 to the DSB, an inter-
action that triggers its autophosphorylation activity (16).
It has been reported in both human and yeasts that Rad9
binds to a DNA damaged site throughout its TUDOR do-
main (55,59). Taking into account that Rad9 hyperphos-

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
pph3Δ and pph3Δ hta1/hta2-S129* cells were supplemented with galactose to induce the HO expression and samples were collected at the indicated time
points. Proteins were TCA extracted and subjected to Western blotting. Coomassie staining is shown as loading control. (C) Physical analysis of pph3Δ

and pph3Δ hta1/hta2-S129* cells harbouring the DNA repair assay portrayed in Figure 1A. Samples from the experiment shown in (B) were taken at
different time points, genomic DNA extracted, digested with KpnI (DNA repair) or StyI (resection) and analysed by Southern blot. Blots were hybridized
with an U2 probe to determine DNA repair efficiency (top panel) and with probes located at 10 kb and 17 kb upstream the HO cut site for the analysis of
resection (bottom panel). In both cases ACT1 was used as loading control. (D) Graphs represent the quantification of the donor and product band signals
obtained from the Southern blot experiment shown in (C, top panel) relative to the actin signal. (E) FACS profile for DNA content of samples collected
in (C). (F) Graphs represent the quantification of the 10r and 17r band signals obtained from the Southern blot experiment shown in (C, bottom panel)
relative to the actin signal. (G) Model to integrate the role of PP4 in DSB repair. All graphs in the figure represent the mean ± SD from three independent
experiments. Replicates were averaged and statistical significance of differences assessed by a two-tailed unpaired Student’s t-test.
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phorylation in the absence of PP4 was mainly accumulated
around its TUDOR domain, it is reasonable to propose that
hyperactive Rad53 enhances Rad9 binding to chromatin,
thus creating a positive feedback loop that ends up with
the hyperactivation of the DNA damage checkpoint. In line
with this hypothesis cells lacking PPH3 displayed a Rad53-
dependent increase in Rad9 loading into a HO-induced
DNA break. This suggests that PP4 activity over Rad53 is
required to relax the interaction of Rad9 to damaged DNA,
thus overcoming the negative effect that this factor exerts
over the Sgs1/Dna2 pathway. This model fits perfectly well
with the observation that elimination of Ser129 from H2A
is sufficient to rescue both the DNA resection and repair
phenotypes of cells lacking PP4 activity.

Even though Rad53-dependent Rad9 phosphorylation
could constitute a perfect mechanism to explain the link
between PP4 and resection, we cannot discard that other
targets of the phosphatase could be regulating the binding
of Rad9 to the DNA lesion. In fact, it has been reported
that the direct dephosphorylation of H2A by PP4 regulates
not only cell cycle recovery (23,25) but also DNA repair
(24,29). Curiously, we found that H2A phosphorylation was
indeed increased in the absence of PP4 activity in our MS
screening during the repair of a DNA lesion. This result cor-
roborates previous observations demonstrating that H2A
is hyperphosphorylated in cells lacking PP4 activity in re-
sponse to MMS treatment (29). Taking into account that
H2A phosphorylation is a prerequisite to recruit Rad9 to a
DSB, it is feasible to think that the direct dephosphoryla-
tion of H2A by PP4 could be part of an additional mech-
anism that regulates Rad9 interaction to the DNA lesion.
Besides, Sgs1 phosphorylation by Mec1 has been implicated
in the recruitment of Rad53 to damaged sites (51). There-
fore, we cannot discard that PP4 could also have a role in
Rad9 regulation by acting over Sgs1. Accordingly, we also
detected high levels of Sgs1 phosphorylation in the absence
of PP4 activity in our mass spectrometry analysis. Whether
the direct regulation of these targets by PP4 constitutes ad-
ditional mechanisms to modulate the steady-state activity
of the resection process is a fascinating question for the fu-
ture.

Another interesting subject to focus on is how does PP4-
dependent Rad53 dephosphorylation affect cell cycle re-
sumption upon repair. Interestingly, while PP4 has been
previously reported to have a role in DNA damage recov-
ery when cells are treated with MMS (22), we did not ob-
serve a clear defect in cell cycle re-entry upon repair of a
unique HO break. There are two non-mutually exclusive
interpretations to explain this apparent controversy. One
possibility is that PP4-dependent checkpoint deactivation
depends on the extent of the damage infringed and/or the
type of genotoxic stress. Accordingly, Pph3 is dispensable
for Rad53 recovery after replication stress (60). Moreover,
the activity of Rad53 during MMS recovery is quite similar
between wild-type and pph3Δ cells, indicating that Rad53
phosphorylation and kinase activity can be separated (60).
Another possibility to explain the lack of an evident cell cy-
cle re-entry defect in the absence of PP4 during the induc-
tion of a reparable DSB is that other phosphatases might
compensate the loss of PP4 during recovery. In this regard,
it has been proposed that only the combination of pph3Δ

with ptc2Δ and ptc3Δ restrains cells to deactivate Rad53
and resume the cell cycle (60).

In addition to the molecular details behind PP4 regula-
tion of the DDR, it is also important to focus our atten-
tion into the physiological significance of this phosphatase
in controlling DNA end resection and its implications in
DNA repair. Our data using an inter-chromosomal DSB
repair approach mediated by gene conversion demonstrate
that lack of PP4 activity does not influence DNA repair by
ectopic recombination. This result confirms previous ob-
servations indicating that only the simultaneous depletion
of PP4 and PP2C activities affects DNA repair through
DSBR (29). As HR by gene conversion has been demon-
strated to require limited amount of ssDNA (5,6,61) it is
possible that PP4-dependent resection might be crucial for
the repair of DSBs that rely on long-range resection. Ac-
cordingly, we have shown that PP4 activity becomes essen-
tial when cells are forced to use SSA as the unique pathway
to restore a DSB. What is the benefit to support SSA by
promoting long-range resection? Resection is activated in S
phase through the increasing activity of the CDK, a mecha-
nism that bias DNA repair towards HR even in the absence
of the replicated chromatid. Thus, a DSB that occurs in S
phase prior sister chromatid synthesis relies exclusively on
SSA for its repair (62). In this context, repair by SSA might
be critical for cell viability in response to DNA damage. It
is important to remark that SSA is especially important in
higher eukaryotes, whose genomes are enriched in DNA re-
peats. In this regard, it has been speculated that an ineffi-
cient resection in the absence of PP4 could lead to an exces-
sive initiation of homologous recombination pathways that
increase the accumulation of DNA intermediates and rear-
rangements between repeats, a feature that has been proven
to increase genome heterozygosis (63). Additionally, it has
been demonstrated that reliance on SSA could compensate
genetic deficiencies in HR pathways, as the BRCA2 muta-
tion associated with breast/ovarian cancer (64).
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The mass spectrometry proteomics data have been de-
posited to the ProteomeXchange Consortium via the
PRIDE partner repository database (http://www.ebi.ac.uk/
pride) with the data set identifier PXD013782. The data up-
loaded in the repository contain the results from two inde-
pendent biological experiments. Each biological duplicate
was subjected to two technical replicate (TR). Samples pro-
cessed to isolate phospho-peptides (PE) and total protein
(TP) are included. A table containing the nomenclature for
each file generated during the analysis is shown in the sup-
plementary material section (Supplementary Table S5).
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