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A phosphatase complex that dephosphorylates
vH2AX regulates DNA damage checkpoint recovery
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One of the earliest marks of a double-strand break (DSB) in
eukaryotes is serine phosphorylation of the histone variant
H2AX at the carboxy-terminal SQE motif to create YH2AX-
containing nucleosomes'. Budding-yeast histone H2A is phos-
phorylated in a similar manner by the checkpoint kinases Tell
and Mecl (ref. 2; orthologous to mammalian ATM and ATR,
respectively) over a 50-kilobase region surrounding the DSB’.
This modification is important for recruiting numerous
DSB-recognition and repair factors to the break site, including
DNA damage checkpoint proteins*®, chromatin remodellers® and
cohesins”®. Multiple mechanisms for eliminating yH2AX as DNA
repair completes are possible, including removal by histone
exchange followed potentially by degradation, or, alternatively,
dephosphorylation. Here we describe a three-protein complex
(HTP-C, for histone H2A phosphatase complex) containing the
phosphatase Pph3 that regulates the phosphorylation status of
yH2AX in vivo and efficiently dephosphorylates YH2AX in vitro.
yH2AX is lost from chromatin surrounding a DSB independently
of the HTP-C, indicating that the phosphatase targets yH2AX after
its displacement from DNA. The dephosphorylation of YH2AX by
the HTP-C is necessary for efficient recovery from the DNA
damage checkpoint.

If yH2AX is desphosphorylated by a phosphoserine-specific
phosphatase, it should accumulate when the relevant phosphatase
is eliminated. There are about 67 phosphatases in Saccharomyces
cerevisiae. Of the 62 not essential for cell viability, 22 are predicted to
be phosphoserine protein phosphatases, and, of these, nine seem to
be nuclear’. We tested the corresponding deletion strains by western
analysis with the use of antibody specific for the phosphorylated
form of histone H2A (Fig. 1a and Supplementary Fig. Sla). Only with
deletion of PPH3/YDRO75w did yH2AX increase significantly. This
phosphorylation event occurs primarily in S phase (Supplementary
Fig. S2a) and is dependent on MECI and TELI activity (Supplemen-
tary Fig. S2b), thus probably reflecting yH2AX accumulation around
DSBs that occur spontaneously during DNA replication.

To characterize this putative yH2AX phosphatase further, we used
a strain containing a C-terminal tandem affinity purification (TAP)
tag'® on Pph3. After affinity purification we identified components of
the highly purified protein complex by digestion with trypsin,
followed by mass spectrometry''. Pph3 purified together with
roughly stoichiometric amounts of two polypeptides, Ynl201c/Psy2
and YblO46w (Fig. 1b). Tagging and purification of these two

proteins, in turn, identified the same complex: the HTP-C. Deletion
of PSY2 or YBLO46W also increased the cellular levels of yH2AX with
or without DNA damage by methyl methane sulphonate (MMS)
(Fig. lc), indicating that all three proteins might work as one
functional unit in vivo. By 4h after removal of the MMS, yH2AX
levels had returned to background in wild-type cells but remained
high in pph3A cells (data not shown).

To show that the HTP-C could regulate yH2AX levels directly, we
phosphorylated H2A in vitro (Supplementary Fig. S1b) and per-
formed dephosphorylation assays with IgG-precipitated Pph3-TAP.
As controls, we used immunoprecipitates of two other related and
nuclear-localized, TAP-tagged phosphatases, Pph21 and Pph22
(Supplementary Fig. Slc), deletions of which have no effect on
~vH2AX levels (Fig. 1a). Small amounts of Pph3 efficiently dephos-
phorylated yH2AX in vitro (Fig. 1d), especially in the presence of
Mn*" rather than Mg (Supplementary Fig. S1d), whereas much
larger amounts of Pph21 or Pph22 had only marginal activity on this
substrate. Therefore, in vivo and in vitro data both indicate that the
HTP-C dephosphorylates YH2AX. The metazoan homologue of the
HTP-C is currently unclear: the PPP4c phosphatase exists in an
analogous complex'?, whereas the PP2A phosphatase regulates
vyH2AX levels in vivo".

To obtain further evidence that the HTP-C is related to DNA
repair, we used synthetic genetic array technology' to create double
mutants that were scored for growth and DNA damage sensitivity.
Tetrad dissection showed that deletion of PPH3 caused synthetic
(synergistic) growth defects in combination with deletions of genes
coding for homologous recombination (HR) proteins (RAD50,
MREII, RAD51, RAD52 and SAE2), the Flap endonuclease Rad27,
the chromatin assembly factor Asfl, the DNA helicase Rrm3 and
replication-fork-associated components (TOFI, CSM3, MRCI,
CTF8, CTF18 and DCCI) (Fig. 2a, and Supplementary Fig. S3).
The fact that pph3A displayed slow-growth phenotypes when com-
bined with deletions of DNA replication and repair genes argues
that HTP-C activity is important for one or more aspects of the
cellular DNA damage response. HTP-C deletions alone did not
cause sensitivity to the DNA-damaging agents camptothecin, bleo-
mycin, hydroxyurea or MMS, but double deletions such as pph3A
ctf18A exhibited hypersensitivity to these drugs (Fig. 2b, Supplemen-
tary Fig. S3, and data not shown). We note that deletions of PSY2 and
PPH3 were also found recently to confer sensitivity to the
DNA-damaging agent cisplatin'.
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Figure 1| The HTP-C regulates H2A in vivo and dephosphorylates YH2AX
in vitro. a, yH2AX antibody immunoreactivity of whole cell extracts from
phosphatase deletion cells (see also Supplementary Fig. S1). Lower panel,
loading control. WT, wild type. b, Identification of Pph3-associated factors.
Pph3 (A for the native protein; A* for the calmodulin binding peptide
(CBP)-tagged form) co-purified with Psy2 (B, B¥), Yblo46w (C, C*), and
substoichiometric amounts of a putative RNA exonuclease (Ssd1),
Spt4/Spt5 and histones H2A (Htal/2) and H2B (Htb1/2) (see also
Supplementary Fig. S4). f indicates smaller proteins run off the gel and

S. cerevisiae uses the homothallic (HO) endonuclease to switch
mating types by creating a DSB in MATand repairing the break by HR
with donor sequences at HML or HMR'. Expressing HO from a
galactose-inducible promoter and inserting its 24-base-pair recog-
nition sequence at different locations provides an opportunity to
monitor DSB recognition and repair. In the experiments shown in
Fig. 3a, b, HR occurred in trans through an uncuttable MATa-inc
donor on chromosome V in strains lacking HML and HMR (Sup-
plementary Table S1)'®". HO cleavage was essentially complete
within 0.5h, repair products were detectable within 2 h, and more
than 80% of cells successfully completed HR (Fig. 3a, and data not
shown). After HO cleavage, yH2AX appeared around the DSB and
covered about 50 kilobases (kb) in less than an hour (data not
shown). After about 2h, H2A phosphorylation around the DSB
began to decline (as detected by chromatin immunoprecipitation
(ChIP)), with the loss at 5kb from the DSB slightly earlier than at
10kb, and significantly earlier than at 20kb (Fig. 3b, and data not
shown). Levels of yH2AX 5 and 10 kb from the DSB declined before
the final repair product appeared (detected by Southern blotting;
Fig. 3a, b). Indeed, the kinetics of loss was correlated with the
appearance of an early gene conversion intermediate, the beginning
of new DNA synthesis from the invading 3' end of the recipient
strand on the donor strand template (strand invasion—primer exten-
sion (SI-PE); Fig. 3b)*. This indicates that the signal to trigger
~H2AX loss might not be the completion of DSB repair but rather
the completion of a step that will normally lead to repair. Note that a
HR-defective rad54A strain, which fails at this SI-PE step®', has a
normal yH2AX-ChIP profile (Supplementary Fig. S5), again indi-
cating that the loss of YH2AX occurs after synapse formation but
before the completion of repair.

DSB repair in pph3A cells was as efficient as in wild-type cells and
followed the same kinetics (Fig. 3a, b). Moreover, the loss of yYH2AX
from the DSB region in ChIP experiments occurred with rates similar
to those in wild-type cells (Fig. 3a, b). Note that a high ChIP
background reduced the fold increase in relative YH2AX levels at
the DSB in pph3A cells, possibly because the phosphorylated histone
was recycled into chromatin (see below, and Supplementary Figs S6
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detected by liquid chromatography/mass spectrometry. M, molecular mass
marker proteins. ¢, Deletions of PPH3, PSY2 or YBL046W increase YH2AX
levels in undamaged or damaged (0.05% MMS) cells. Lower panel, loading
control for total protein. d, HTP-C is an efficient yYH2AX phosphatase

in vitro. Reactions contained yYH2AX/H2B dimer substrate and
immunoprecipitates from an untagged wild type or the indicated epitope-
tagged phosphatase strains. yH2AX was detected by western blotting. Lower
panel, loading control for total H2A/H2B.
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Figure 2 | The HTP-C interacts genetically with DNA repair factors.

a, Lines connect genes with synthetic genetic interactions confirmed by
tetrad dissection (Supplementary Fig. S3, and data not shown). b, Fivefold
serial dilutions of various double-mutant strains on YPD plates with or
without bleomycin (Bleo). WT, wild type.
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Figure 3 | The HTP-C is not required for DSB
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and S9). We confirmed this result by staining with anti-yH2AX
antibody to follow the kinetics of DSB repair foci after -irradiation
(Fig. 3¢, d). YH2AX foci were efficiently disassembled by 6 h
after damage in pph3A cells (Fig. 3¢) even though H2A remained

~y-irradiation in wild-type or pph3A cells. Lower
panel, loading control.

phosphorylated (Fig. 3d). These results indicate that yH2AX
dephosphorylation might occur mainly after YH2AX/H2B dimers
are displaced (Supplementary Fig. S4), perhaps by a chromatin
remodeller analogous to the Drosophila Tip60 complex®. yH2AX
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Figure 4 | yYH2AX dephosphorylation by the HTP-C is required for DNA
damage checkpoint recovery. a, Diagram for repair by SSA of an
HO-induced DSB. Top: galactose-induced HO cuts leu2::cs. Second row:
processive 5' — 3’ resection (4kbh ') generates ssDNA and eventually
reaches leu2:NA. Third row: the two homologous regions anneal in a Rad52-
and Rad1/10-dependent fashion and the non-homologous sequences are
excised. Bottom: after successful SSA the damage checkpoint is relieved'®.
P1-P4 are primers used for PCR analyses. Reduced histone H2A dosage has
no effect on these analyses (compare YMV2 and DD1060 strains). b, SSA

HO induction (h)

occurs between 7 and 9 h in both wild-type and pph3A strains. This agrees
with the estimated repair timing based on resection rate (8-9 h). ¢, Persistent
checkpoint activation in pph3A cells monitored by Rad53 in situ
autophosphorylation (ISA) (top panels) or mobility in western blotting
(WB)*. Autophosphorylation of a non-DNA damage inducible kinase is
used as a loading control. d, Rad53 activation does not persist in pph3A
htal-S129A cells. e, Pph3 is required for removal of the cell cycle checkpoint
arrest maintained by YH2AX. The graph shows the percentage of cells in
G2/M arrest various times after HO induction.
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is likely to be actively removed: at both 10 and 20kb from the DSB,
most of the DNA remained double-stranded after DSB repair
(Supplementary Fig. S5), indicating that yH2AX loss is not mediated
by single-stranded DNA (ssDNA) resection.

To assess whether the DNA damage checkpoint was affected by
deleting PPH3, we examined checkpoint activation and termination
kinetics in isogenic PPH3 and pph3A strains with the use of the
YMV2 system (Fig. 4a, and Supplementary Table S1)". In this
background MAT, HML and HMR are deleted, and a galactose-
inducible HO cuts at an engineered site in the LEU2 gene. The
induced DSB is repaired by single-stranded annealing (SSA)* from a
partial duplication of LEU2 located 30 kb away. This repair takes
about 6-7 h, during which the ssDNA formed by 5’ to 3" resection
triggers DNA damage checkpoint-mediated G2/M arrest and phos-
phorylation of the yeast checkpoint adaptor Rad9 (refs 24, 25) and
Chk2 homologue checkpoint kinase, Rad53 (refs 26, 27).

PPH3 and pph3A cells were equally efficient in repairing the DSB
(Fig. 4b), and the early kinetics of Rad53 and Rad9 activation after
DSB induction was similar in both populations (Fig. 4b, top panels,
and Supplementary Fig. S8c), peaking 5h after DSB induction.
However, whereas Rad53 and Rad9 activation decreased in wild-
type cells 7-9 h after creation of the DSB, they remained active at least
8-9h longer in the absence of the HTP-C (Fig. 4c, and Supplemen-
tary Fig. S8c), although these latter cells eventually recovered by 24 h.
The sustained Rad53 and Rad9 activity was correlated with main-
tenance of the G2/M arrest (Fig. 4e). We therefore conclude that
checkpoint recovery is profoundly delayed in pph3A strains. When
DNA repair is prevented, cells can escape long checkpoint-mediated
G2/M arrest by adaptation®®. Whereas the known recovery mutants
srs24, ptc2A and pte3A are also defective in checkpoint adap-
tation'>**, pph3A cells show no deficiency in the timing of the latter
process (Supplementary Fig. S7).

To ascertain whether the checkpoint recovery defect of the pph3A
strain was a direct consequence of the increased YH2AX levels, we
mutated the H2A phosphorylation site, Ser129, to Ala to yield
htal-S129A and pph3A htal-SI29A mutant strains (Fig. 4a).
Mutation of H2A Ser 129 fully restored the ability of pph3A strains
to turn off checkpoint signalling in a timely manner (Fig. 4d, bottom
panels) and re-enter the cell cycle (Fig. 4e) after DNA repair. Indeed,
htal-S129A strains turn off checkpoint signalling (Fig. 4d) and
escape G2/M arrest (Fig. 4e) slightly earlier than their wild-type
counterparts. The checkpoint recovery defect imparted by the
deletion of PPH3 therefore results from the persistent phosphory-
lation of H2A, and it is necessary for YH2AX dephosphorylation to
link the DNA repair process with the termination of checkpoint
signalling. One intriguing possibility is that extensive formation of
~H2AX for more than 50 kb around a DSB keeps the DNA damage
checkpoint active until the break has been fully repaired and
the modified histone has been removed from the break site and
dephosphorylated by the HTP-C.

METHODS

Full experimental details and protocols are available in the Supplementary
Information. Descriptions of the yeast strains used to monitor DSB repair by
ectopic recombination or single-strand annealing are found in the Supplemen-
tary Information and Supplementary Table 1. These strains employed inducible
HO endonuclease to make a specific break. ChIP, Southern, SI-PE, single-strand
resection, western or G2/M arrest analyses were performed in parallel as
indicated.

Immunofluorescence microscopy and Western analyses were performed in
parallel after DSB induction by vy-irradiation (40 Gy).

Double-mutant haploid strains containing both HTP-C and DNA metabo-
lism deletions were created by synthetic genetic array technology. These double
mutants were analysed for synthetic genetic interactions and sensitivity to DNA
genotoxins (bleomycin, hydroxyurea or camptothecin).

In vitro phosphatase experiments used affinity-purified, TAP-tagged Pph3,
Pph21 or Pph22 complexes. The immunopurified phosphatase was incubated
with yH2AX previously created in vitro by phosphorylating recombinant yeast
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H2A/H2B dimers with RSK1. Phosphatase activity was measured by reactivity
with anti-yH2AX antibody.
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