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The G2 DNA damage checkpoint delays mitotic entry via

the upregulation of Wee1 kinase and the downregulation

of Cdc25 phosphatase by Chk1 kinase, and resultant

inhibitory phosphorylation of Cdc2. While checkpoint

activation is well understood, little is known about how

the checkpoint is switched off to allow cell cycle re-entry.

To identify proteins required for checkpoint release, we

screened for genes in Schizosaccharomyces pombe that,

when overexpressed, result in precocious mitotic entry

in the presence of DNA damage. We show that overexpres-

sion of the type I protein phosphatase Dis2 sensitises

S. pombe cells to DNA damage, causing aberrant mitoses.

Dis2 abrogates Chk1 phosphorylation and activation in

vivo, and dephosphorylates Chk1 and a phospho-S345

Chk1 peptide in vitro. dis2D cells have a prolonged chk1-

dependent arrest and a compromised ability to downregu-

late Chk1 activity for checkpoint release. These effects are

specific for the DNA damage checkpoint, because Dis2 has

no effect on the chk1-independent response to stalled

replication forks. We propose that inactivation of Chk1

by Dis2 allows mitotic entry following repair of DNA

damage in the G2-phase.
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Introduction

Signalling pathways known as checkpoints monitor the cell

cycle and prevent the initiation of downstream events when de-

fects are detected. Checkpoints therefore underlie the fidelity

by which cells replicate with stable genetic inheritance.

The G2/M transition of the cell cycle is controlled by the

cyclin-dependent kinase Cdc2 in complex with cyclin B. Cdc2

is maintained in an inactive state by phosphorylation on Tyr-

15 (Y15) by Wee1-family kinases. When conditions are

appropriate for mitotic entry, Y15 is dephosphorylated by

Cdc25 phosphatases, leading to Cdc2 activation, phosphory-

lation of key substrates and initiation of mitosis (Dunphy,

1994).

The G2 DNA damage checkpoint consists of a phosphory-

lation cascade of well-conserved serine/threonine (S/T) pro-

tein kinases, which prevents entry into mitosis by delaying

Cdc2 Y15 dephosphorylation until completion of DNA repair

(O’Connell et al, 2000). In Schizosaccharomyces pombe, the

ATR kinase homologue Rad3 phosphorylates the checkpoint

effector kinase Chk1 on S345, and this is essential for induc-

tion of Chk1 kinase activity (Lopez-Girona et al, 2001;

Capasso et al, 2002). Activated Chk1 functions to maintain

Cdc2 Y15 phosphorylation by both upregulating Wee1 and

downregulating Cdc25 via phosphorylation, with either event

being sufficient to elicit an arrest in S. pombe (Raleigh and

O’Connell, 2000).

Much information has been gained regarding the signalling

pathways involved in establishing a G2 DNA damage check-

point arrest, but the means by which checkpoint signalling is

overcome to allow cell cycle re-entry are poorly understood.

In Saccharomyces cerevisiae, the type IIC S/T phosphatases

Ptc2 and Ptc3 are required for recovery from a checkpoint

induced by DNA double-strand breaks, by dephosphorylating

and inactivating the checkpoint effector kinase Rad53 (Leroy

et al, 2003). However, the DNA damage checkpoint in

S. cerevisiae differs markedly from those of S. pombe and

mammalian cells, arresting mitosis by inhibition of the

anaphase inhibitor Pds1, rather than by Cdc2 inhibition

(Cohen-Fix and Koshland, 1997). Moreover, S. pombe-type

IIC phosphatases have been implicated in stress signalling

and osmoregulation (Shiozaki and Russell, 1995), but not

DNA damage checkpoint control. Type 1 S/T phosphatase

(PP1) is implicated in the M-phase entry in Xenopus oocytes,

and was recently shown to dephosphorylate Cdc25 at the

S287 phosphorylation site essential for DNA damage check-

point arrest, suggesting a possible role for PP1 in antagonis-

ing the DNA damage checkpoint (Margolis et al, 2003).

However, in S. pombe, deletion of either of the two PP1

homologues dis2 or sds21 has no discernible effect on cell

cycle dynamics, and overexpression of Sds21 causes a cell

cycle delay, whereas Dis2 overexpression has no obvious

cell cycle effect (Ohkura et al, 1989; Yamano et al, 1994).

Deletion of both genes is lethal, but a role for dis2 and sds21

in mitosis was indicated by aberrant chromosome segrega-

tion in dis2-11, a cold-sensitive phosphatase-dead mutant that

also behaves as a semi-dominant inhibitor of Sds21 (Ohkura

et al, 1988, 1989).

We hypothesised that overexpression of proteins involved

in release from the G2 DNA damage checkpoint may over-

ride the checkpoint, leading to precocious entry into mitosis

in the presence of DNA damage. To this end, we screened

for cDNAs that, when overexpressed in the presence of the

DNA-damaging agent methyl methanesulphonate (MMS),

caused mitotic catastrophe. We obtained three isolates of

the S. pombe PP1 homologue dis2 together with an isolate

of cdc25. We show here that Dis2 is required for the
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dephosphorylation of Chk1 kinase and normal recovery from

G2 DNA damage checkpoint arrest. This is the first identified

checkpoint release pathway in S. pombe, and given the high

degree of conservation between the G2 checkpoint in

S. pombe and higher eukaryotes, we propose that this will

be a universal mechanism by which this checkpoint acting

through Chk1-mediated inhibition of Cdc2 is terminated.

Results

Dis2 overexpression causes precocious entry

into mitosis in the presence of DNA damage

In the presence of DNA damage, the G2-phase S. pombe cells

arrest the nuclear cell cycle to allow repair, but continue to

grow, resulting in cellular elongation. If the G2 checkpoint is

abrogated due to loss-of-function mutations in checkpoint

genes, cells enter mitosis in the presence of un- or partially

repaired DNA damage. This results in mitotic catastrophe or a

‘cut’ phenotype, characterised by unequal division of DNA

between daughter cells, and a frequent bisection of the

nucleus by the division septum (O’Connell et al, 2000). A

loss-of-function mutation in a gene required for checkpoint

release, on the other hand, would be predicted to result in the

opposing phenotype, that is, a prolonged cell cycle arrest.

Gain-of-function defects in checkpoint release genes should

mimic classical checkpoint mutants, due to an ability to over-

ride checkpoint arrest.

To isolate genes involved in release of the G2 DNA damage

checkpoint, wild-type S. pombe cells were transformed

with an nmt1 promoter-driven S. pombe cDNA library.

Approximately 1.5�105 transformant colonies were replica-

plated to minimal medium lacking thiamine, to induce cDNA

overexpression, with or without the DNA-damaging drug

MMS. MMS is lethal to checkpoint mutants, but has little

effect on wild-type cells at the concentrations used. After 2

days at 301C, those colonies selectively dying on MMS plates

by mitotic catastrophe were retained, and plasmids were

recovered in Escherichia coli. Using this strategy, one isolate

of cdc25 and three isolates of dis2, one of two PP1s in

S. pombe, were obtained.

To examine the role of dis2 in the DNA damage checkpoint,

we analysed the effect of Dis2 overexpression on sensitivity

to ionising radiation (IR)-mimetic and ultraviolet (UV) radia-

tion-mimetic DNA-damaging drugs, MMS and 4-nitroquino-

line-N-oxide (4-NQO), respectively. Wild-type cells

overexpressing Dis2, together with vector only, rad3-136

and chk1D controls, were serially diluted and spotted onto

plates lacking thiamine7MMS or 4-NQO. Cells overexpres-

sing Dis2 were found to be hypersensitive to both MMS and

4-NQO compared with vector control cells (Figure 1A). As

expected, rad3-136 and chk1D strains were hypersensitive to

both DNA-damaging drugs. As previously reported, Dis2-

overexpressing cells appeared essentially wild type in the

absence of DNA damage (Figure 1B) (Yamano et al, 1994).

However, while vector control cells elongated in the presence

of MMS, due to a DNA damage checkpoint, a significant

proportion of Dis2-overexpressing cells underwent mitotic

catastrophe, although they were slightly elongated, indicating

a transient interphase delay prior to mitotic entry. The

sensitivity of Dis2-overexpressing cells to a rapidly delivered

dose of UV-C or IR was also compared with that of control

cells and checkpoint mutants by a survival assay. Dis2 over-

expression did not significantly affect colony formation after

UV-C radiation, and only mildly sensitised cells to IR

(Figure 1C). These results suggest that Dis2 overexpression

produces a semidominant checkpoint defect, causing cells to

undergo catastrophic mitosis. This effect was readily ob-

served when cells were chronically exposed to DNA damage

and hence many cell cycles targeted, but was only observed

to a limited extent when given an acute dose of DNA damage

targeting a single cell cycle.

To corroborate these findings, we used a temperature-

sensitive (t.s.) wee1-50 strain, which inactivates Wee1 at

361C, resulting in synthetic lethality in all checkpoint mutants

due to mitotic catastrophe (Al-Khodairy and Carr, 1992;

Walworth et al, 1993). wee1-50 cells overexpressing Dis2,

together with vector and chk1D controls, were shifted to

361C, and the percentage of cells passing normal or aberrant

mitoses was assayed over time. The percentage of cells

passing mitosis was similar for each strain throughout the

time course, with an initial increase at 1 h characteristic of the

first ‘wee’ cell cycle in which Wee1 is inactivated (Figure 1D).

However, while the per cent of aberrant mitoses was negli-

gible in vector control cells, B50% of wee1-50 Dis2-over-

expressing cells underwent aberrant mitosis within 8 h of

Wee1 inactivation. This was not seen in a wee1þ back-

ground. As expected, aberrant mitoses were also detected

in chk1Dwee1-50 cells at 361C.

Checkpoint mutants also undergo mitotic catastrophe in

the absence of functional DNA ligase, entering mitosis with a

large number of replication-induced DNA strand breaks (Al-

Khodairy and Carr, 1992). Therefore, the effect of Dis2 over-

expression in the t.s. cdc17-K42 DNA ligase mutant was also

examined in a similar experiment. There was an initial dip at

1 h in cells passing mitosis for all strains, presumably due to a

heat shock-induced cell cycle delay. In the vector control

strain, the proportion of cells passing mitosis decreased to

p5% at 4–7 h due to checkpoint initiation. This decrease in

mitotic cells was significantly diminished in Dis2-overexpres-

sing cells and, moreover, there was an increase in the number

of aberrant mitoses, albeit to a level somewhat lower than

that observed for the chk1Dcdc17-K42 strain, which is con-

sistent with the semidominance of Dis2 overexpression.

dis2 null cells have a prolonged checkpoint arrest

in response to DNA damage

If dis2 were involved in release from the G2 DNA damage

checkpoint, then deletion of the dis2 gene would be expected

to result in hypersensitivity to DNA damage due to an

inability to recover from checkpoint arrest. Indeed, dis2D
cells were found to be hypersensitive to both MMS and

4-NQO (Figure 2A). As previously reported (Ohkura et al,

1989), dis2D cells were indistinguishable from wild-type cells

when grown in the absence of DNA-damaging drugs

(Figure 2B), but in the presence of MMS were hyperelongated

compared with wild-type cells, indicative of a prolonged

checkpoint arrest. Additionally, a small percentage of cells

showed hypercondensed nuclei. Similar results were ob-

tained for the cold-sensitive dis2-11 mutant, which was

hypersensitive to MMS at the semirestrictive temperature

of 221C, and became hyperelongated in the presence of

MMS at the restrictive temperature of 201C. Cells null for

the other S. pombe PP1, sds21, were not hypersensitive to or

hyperelongated in the presence of MMS (Supplementary
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Figure 1). The sensitivity of dis2D cells to an acute dose of

UV-C or IR was also examined by survival assays, and was

found to be comparable with that of wild-type cells

(Figure 2C). These data suggest that dis2D cells are able to

recover from an acute dose of DNA damage, perhaps follow-

ing a single prolonged checkpoint (see below). These effects

are not extensive on cell viability, but do have a significant

effect on cell proliferation. This physiology is accentuated by

chronic exposure to low doses of DNA-damaging agents,

resulting in additive prolonged checkpoint arrests across

several cell cycles in the absence of dis2, eventually leading

to cell death.

Next, we directly analysed the checkpoint kinetics of dis2D
cells using synchronous cultures. G2 populations of wild type

and dis2D cells were obtained by centrifugal elutriation, and

were either left untreated or given 150 J/m2 of UV-C radiation,

and mitotic indices were analysed at 10 min intervals. In a

wild-type strain, we observed a 30 min checkpoint arrest

(Figure 2D), while a dis2D strain had a damage-induced

arrest of B90 min. We conclude that deletion of dis2 results

in a substantially prolonged G2 DNA damage checkpoint,

consistent with a role for dis2 in checkpoint release.

DNA damage repair in dis2D cells

Given the precocious entry into mitosis observed for cells

overexpressing Dis2 in the presence of MMS or 4-NQO,

together with the lack of hypersensitivity to acute DNA-

damaging regimes for either dis2D or Dis2-overexpressing

cells, it is highly unlikely that the prolonged G2 DNA damage

checkpoint arrest observed in dis2D cells results from com-

promised DNA damage repair. However, to confirm this, we

examined the DNA damage sensitivity of dis2D combined

with mutants defective in nucleotide excision (rad13-A),

recombination (rhp51D) and postreplication (rhp18D) repair

with the appropriate DNA-damaging drugs 4-NQO, MMS and

4-NQO/MMS, respectively. In such epistasis experiments,

two genes are considered to function in different DNA

damage sensitivity pathways when a double mutant is

more sensitive than either parent to an appropriate lesion.

In each case, we found that the dis2D double mutants were

more sensitive than either parent (Figure 3A). Thus, dis2

does not appear to be affecting any single DNA damage repair

pathway.

We also directly assayed the repair rate of thymidine

dimers in wild type and dis2D strains following 150 J/m2 of

UV-C radiation. The rate of repair in dis2D and wild-type cells

was indistinguishable, and both strains excised 490% of

dimers by 45 min postirradiation (Figure 3B). dis2D cells

showed a modest retention of thymidine dimers for one

time point at 60 min postirradiation, perhaps accounted for

by a subpopulation of cells, but the dimers fell below levels of

detection before wild type and dis2D cells entered mitosis in

these elutriations (see Figure 2D).
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Figure 1 Dis2 overexpression sensitises cells to DNA damage. (A)
Wild-type cells transformed with vector or nmt1::dis2 plasmid were
grown in the absence of thiamine for 16 h at 301C and, together with
checkpoint mutant strains rad3-136 and chk1D, serial dilutions were
spotted onto minimal medium agar containing no drug, 0.013%
MMS or 62 ng/ml 4-NQO. (B) DAPI-stained cells of strains grown as
described in (A), and treated with 0.01% MMS for 16 h. (C) Wild-
type cells transformed with vector (J) or nmt1::dis2 plasmid (K),
together with chk1D (&) and rad3-136 (n), were treated with the
indicated doses of UV-C and ionising radiation, and per cent
survival compared with unirradiated controls was determined.
(D) Wild-type and t.s. mutant strains transformed with vector
(J) or nmt1::dis2 (K), or crossed with chk1D (&), were grown
in the absence of thiamine for 24 h at 251C, then shifted to the
restrictive temperature of 361C, and the per cent of cells passing
mitosis or with aberrant mitoses was followed over time.
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dis2 affects chk1-dependent but not chk1-independent

checkpoint pathways

In addition to their role in the G2 DNA damage checkpoint,

rad3 and the other checkpoint rad genes are also required for

the S-phase checkpoint induced by hydroxyurea (HU), which

inhibits ribonucleotide reductase and results in the depletion

of dNTPs and stalling of replication forks early in the S-phase.

chk1 and crb2, however, are not required for the HU check-

point (O’Connell et al, 2000). If Dis2 were affecting check-

point release via Rad3 or the other checkpoint Rad proteins,

then Dis2-overexpressing or dis2D cells would be expected to

be hypersensitive to HU. However, neither strain was hyper-

sensitive to HU (Figure 4A).

The t.s. cdc22-M45 ribonucleotide reductase mutant also

results in dNTP depletion and stalled replication forks at

361C. Therefore, the effect of Dis2 overexpression on this

strain was analysed, together with vector and chk1D controls.

Consistent with their lack of HU hypersensitivity, Dis2-over-

expressing cells behaved like vector control cells and had

negligible aberrant mitoses when Cdc22 was inactivated at

361C (Figure 4B).

The cdc1-7 DNA pold t.s. mutant strain results in stalled

replication forks and checkpoint arrest in the mid–late

S-phase at 361C. Unlike the dNTP-depletion checkpoint, this

checkpoint requires Chk1 (O’Connell et al, 2000). Therefore,

we examined the effects of Dis2 overexpression in a cdc1-7

background at 361C. Cultures overexpressing Dis2 had a

significantly higher proportion of cells passing mitosis than

the vector control strain from 3 h onwards, and by 6 h had
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Figure 2 dis2D cells have a prolonged G2 DNA damage checkpoint.
(A) Serial dilutions of the indicated strains were spotted onto YES
agar containing no drug, 0.01% MMS or 62 ng/ml 4-NQO. (B) DAPI-
stained cells of strains grown in the presence of 0.008% MMS for
16 h. (C) Wild type (J), dis2D (K), chk1D (&) and rad3-136 (n)
strains were treated with the indicated doses of UV-C and ionising
radiation, and per cent survival compared with unirradiated con-
trols was determined. (D) Synchronous G2-phase cultures of wild-
type and dis2D strains, obtained by centrifugal elutriation, were
treated with 150 J/m2 UV-C radiation (J) or left untreated (K), and
the per cent of cells passing mitosis was followed over time.
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Figure 3 Analysis of DNA repair in dis2D strains. (A) Serial dilu-
tions of strains were spotted onto YES agar containing no drug or
the indicated concentrations of MMS or 4-NQO. (B) Synchronous
G2-phase cultures of wild-type and dis2D strains, obtained by
centrifugal elutriation, were treated with 150 J/m2 UV-C radiation,
and the presence of thymidine dimers was monitored over time by
immunoblotting dot blots of genomic DNA with an antibody against
thymidine dimers (TDM-2). Ethidium bromide staining of genomic
DNA was used as a loading control. The intensity of TDM-2 staining
over time for wild-type DNA (&) and dis2D DNA (K) was
quantified and expressed as a percentage of that at time 0
(U¼unirradiated).
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27% aberrant mitoses compared with only 7% in control

cells. By 6 h, 30% of chk1Dcdc1-7 cells had aberrant mitoses,

consistent with the reported requirement of chk1 for this

checkpoint.

We conclude that Dis2 overexpression over-rides chk1-

dependent checkpoints, but has no effect on the chk1-inde-

pendent early S-phase checkpoint.

Dis2 does not affect a Rad3-independent delay caused

by Chk1 overexpression

Two key observations indicate that Dis2 is unlikely to cause

checkpoint release downstream of Chk1 by altering the

phosphorylation of Cdc25 and Wee1: (i) Dis2 has no discern-

ible effect on the cell cycle in the absence of DNA damage

(Ohkura et al, 1989; Yamano et al, 1994) (Figures 1 and 2);

and (ii) checkpoint arrest in response to stalled replication

forks, which acts via Cdc25 and Wee1 (O’Connell et al, 2000),

but in a manner independent of Chk1, is not affected by Dis2

levels. To verify this assertion by yet another means, we

utilised the ability of Chk1, when overexpressed, to induce a

cell cycle arrest via phosphorylation of Cdc25 and Wee1. This

is independent of Chk1 S345 phosphorylation and of all other

checkpoint proteins. When expressed from a multicopy plas-

mid, Chk1 causes a sustained G2 arrest and cell death

(Walworth et al, 1993), whereas from an integrated single

copy plasmid, Chk1 overexpression results in a G2 delay with

minimal effects on cell viability (Figure 5A). We reasoned,

therefore, that if Dis2 were causing checkpoint release by

dephosphorylating cell cycle proteins downstream of Chk1,

then dis2D should lead to further cellular elongation in

response to Chk1 overexpression from a single integrated

copy, reducing cell viability. Conversely, Dis2 overexpression

would be expected to force Chk1-overexpressing cells into

mitosis, suppressing the G2 delay and accompanying cellular

elongation.

As can be seen in Figure 5, dis2D had no effect on cell

elongation or viability in response to Chk1 overexpression.

Surprisingly, cooverexpression of both Dis2 and Chk1 was

lethal, corresponding to a moderately enhanced cell cycle

arrest. Thus, while there appeared to be a genetic interaction

between combined Dis2 and Chk1 overexpression, we saw no

evidence for Dis2 overexpression forcing Chk1-overexpres-

sing cells into mitosis.

As the effects of Chk1 overexpression are independent of

its phosphorylation by Rad3, any effect of Dis2 on the

duration of chk1-dependent arrests is confined to circum-

stances where the Rad3-Chk1 cascade is intact. Considering

these data together with the lack of effect on HU-induced

checkpoints, our observations link Dis2 to Chk1 regulation by

Rad3-mediated phosphorylation. Indeed, the prolonged

checkpoint arrest of dis2D cells was found to be dependent

on Chk1 activation, as it was completely suppressed in a

chk1Ddis2D strain, resulting in the induction of DNA damage-

dependent aberrant mitoses (Figure 5C).

Regulation of Chk1 phosphorylation and activity by Dis2

Chk1 becomes activated when phosphorylated by Rad3 on

S345, an event that retards its mobility in SDS–PAGE

(Capasso et al, 2002). We therefore examined the effect of

Dis2 overexpression on Chk1 phosphorylation and kinase

activity in response to 150 J/m2 of UV-C radiation. In res-

ponse to UV radiation, Chk1 kinase activity increased B7-

fold in an asynchronously growing chk1::HA strain

(Figure 6A). Note that Chk1 appeared to be phosphorylated

and activated in asynchronous wild-type cultures long after

cells enter mitosis. This is likely to be because, following

transient dephosphorylation upon mitotic entry, Chk1 is

rephosphorylated in the G1/S-phase (see below, Figure 8B).

Importantly, in Dis2-overexpressing cells, Chk1 activation

was substantially attenuated, being only B40% that of wild

type. This corresponded to a marked reduction in the levels

of phosphorylated Chk1 in Dis2-overexpressing cells

(Figure 6B), suggesting that Dis2 was antagonising Rad3

phosphorylation of Chk1. Dis2 did not appear to dephos-

phorylate globally Rad3 substrates at random. Crb2, which

migrates as multiple species that are further retarded by

DNA damage-induced phosphorylation (Smeets et al,

2003), showed a small reduction in phosphorylation in
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Figure 4 Dis2 does not affect the dNTP-depletion checkpoint. (A)
Serial dilutions of the indicated strains were spotted onto minimal
medium or YES agar7HU. Wild-type cells transformed with vector
or nmt1::dis2 were grown in the absence of thiamine for 16 h at
301C prior to plating. The pictures shown are of the highest HU
concentrations at which chk1D cells were not sensitive (4 mM for
minimal medium agar and 3 mM for YES agar). (B) t.s. mutant
strains transformed with vector (J) or nmt1::dis2 (K), or crossed
with chk1D (&), were grown in the absence of thiamine for 24 h at
251C, then shifted to the restrictive temperature of 361C, and the per
cent of cells passing mitosis or with aberrant mitoses was followed
over time.
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Dis2-overexpressing cells, but to a significantly lesser degree

than that observed for Chk1 (Figure 6C). It should be noted

that hyperphosphorylated Crb2 binds to phosphorylated

Chk1 (Mochida et al, 2004), and so it is not clear whether

the large decrease in DNA damage-induced Chk1 phosphory-

lation in Dis2-overexpressing cells could indirectly affect

Crb2 phosphorylation. Moreover, Dis2 overexpression had

no effect on the UV-induced phosphorylation of Rad9, which

is also catalysed by Rad3 (Chen et al, 2001) (Figure 6D), a

result consistent with the lack of effect of Dis2 on HU-induced

checkpoint arrest, which is Rad9-dependent.

To determine whether Dis2 could dephosphorylate Chk1

directly, phosphorylated Chk1 immunoprecipitated (IPed)

from a UV-C-irradiated dis2Dchk1::HA strain was incubated

with Dis2 IPed from UV-C-irradiated sds21D cells using the

D2C antibody, which recognises both Dis2 and Sds21 proteins

(Stone et al, 1993). Chk1 dephosphorylation was assayed by

the loss of the slower-migrating phosphorylated Chk1 band

on SDS–PAGE gels. Despite the reduced mobility of a double

solid-phase assay, Dis2 could readily dephosphorylate Chk1

in vitro, reducing the amount of phosphorylated Chk1 within

30 min (Figure 7A). Chk1 dephosphorylation by Dis2 was

abolished by inhibitor-2 (I-2), which specifically inhibits PP1.

Sds21 IPed from UV-C-irradiated dis2D cells had no discern-

ible effect on Chk1 phosphorylation. The weaker band for

Sds21 in Westerns of D2C antibody IPs mimicked results for

whole-cell extracts (data not shown), and is consistent with

published observations (Stone et al, 1993). Recombinant

PP1a also dephosphorylated Chk1 within 30 min (Figure 7B).

The mobility shift of phosphorylated Chk1 in SDS–PAGE is

dependent on phosphorylation of S345 (Capasso et al, 2002).

Therefore, the removal of this phosphorylated band by Dis2

and PP1a suggests that they can dephosphorylate phospho-

S345. To test this, phosphatase activity towards a 15-amino-

acid phospho-S345 Chk1 peptide was determined for Dis2

IPed from sds21D cells and recombinant PP1a. Dis2 dephos-

phorylated the phospho-S345 Chk1 peptide at a rate of

B90 pmol/min/mg of cell extract (Figure 7C), comparable

to rates published for IPed human PP1 isoforms on phosphory-

lase a and a substrate peptide KRpTIRR (Puntoni and

Villa-Moruzzi, 1997; Guo et al, 2002). Recombinant PP1a
dephosphorylated phospho-S345 Chk1 peptide at a

rate of 2.4 nmol/min/U of PP1a, where 1 U hydrolyses

1 nmol of p-nitrophenyl phosphate/min (Figure 7D). Phospha-

tase activity of Dis2 and PP1a was abolished by treatment

with I-2, and Sds21 IPed from dis2D cells had negligible

activity towards phospho-S345 Chk1 peptide.

To ensure that the in vivo effect of Dis2 on Chk1 phos-

phorylation and activity was not an artefact of overexpres-

sion, we also examined Chk1 phosphorylation and kinase

activity in dis2D cells. Synchronous G2 populations of

chk1::HA and chk1::HAdis2D cells were obtained by centri-

fugal elutriation, and either left untreated or irradiated with

150 J/m2 of UV-C. Checkpoint kinetics and Chk1 activity and
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Figure 5 Effect of Dis2 on the G2 checkpoint requires Rad3-
dependent phosphorylation of Chk1. (A) Strains were streaked
onto minimal medium agar containing phloxin B and lacking
thiamine, and were grown at 301C for 3 days to determine cell
viability. nmt1::chk1 refers to strains where a single copy of
nmt1::chk1 was integrated into the genome, and integrated
pRep5 acted as a control for these strains. Vector refers to cells
transformed with pRep1, which acted as a control for cells over-
expressing Dis2 from an nmt1::dis2 plasmid. (B) Strains shown in
(A) were grown in the absence of thiamine for 16 h at 301C, DAPI-
stained and measured for average cell length7standard deviation
(mm, n¼ 25). (C) Synchronous G2-phase chk1Ddis2D cells, ob-
tained by centrifugal elutriation, were treated with 150 J/m2 UV-C
radiation (J) or left untreated (K), and the per cent of cells
passing mitosis or with aberrant mitoses was followed over time
(compare with Figure 2D).
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Figure 6 Dis2 overexpression reduces Chk1 phosphorylation and
activation in response to DNA damage. (A) chk1::HA cells trans-
formed with vector (J) or nmt1::dis2 (K) were grown in the
absence of thiamine for 16 h at 301C, treated with 150 J/m2 UV-C
radiation and in vitro Chk1 kinase activity was assayed each hour.
Kinase activity averaged from three independent assays is shown
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actin was used as a loading control. (C) Western blot of crb2::18myc
cells treated with 150 J/m2 UV-C radiation. Crb2 was detected
with anti-myc antibody. (D) Western of rad9::HA cells treated
with 150 J/m2 of UV-C radiation. Rad9 was detected with anti-HA
antibody.
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m2 UV-C radiation, were incubated at 301C with IPs of phosphory-
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Westerns of reactions were probed for Chk1 using anti-HA antibody
and Dis2/Sds21 using D2C antibody. (B) Phosphatase assay as in
(A), but using 0.05 U of recombinant rabbit PP1a in place of Dis2/
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green. (D) Recombinant rabbit PP1a (0.05 U)71mg I-2 was incu-
bated at 301C with a 15-amino-acid phospho-S345 Chk1 peptide,
and phosphate release was detected using malachite green.
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phosphorylation were assayed over a time course at hourly

intervals. In these experiments, where large populations of

cells were required for biochemical analyses, synchrony was

somewhat compromised, resulting in broader mitotic peaks

and a checkpoint delay of B90 min in chk1::HA cultures

(Figure 8A). Irradiated chk1::HAdis2D cells again had an

extended checkpoint delay, and entered mitosis over a

broad period beginning 105 min after unirradiated controls.

As previously reported for chk1::HA, 150 J/m2 of UV-C

radiation resulted in a rapid increase in Chk1 activity

(Figure 8B) (Capasso et al, 2002). The magnitude of this

induction was always greater in extracts prepared from

synchronous cultures than in those from asynchronous cul-

tures. This increase in Chk1 activity was reproducibly fol-

lowed by a decrease of 30–50% at the beginning of mitotic

entry (2 h), and an increase in activity at 3–5 h, presumably

due to activation of a DNA damage checkpoint in the G1- or

S-phase. The decrease in activity at mitotic entry coincided

with a decrease in the proportion of Chk1 in the phosphory-

lated form (Figure 8B, 2 h time point). The transient nature of

Chk1 dephosphorylation in synchronous cultures can explain

why we do not observe Chk1 dephosphorylation in asyn-

chronous time courses. As asynchronous cultures contain

o10% mitotic cells, decreases in Chk1 phosphorylation/

activity during mitosis would be masked by phosphorylated

Chk1 in interphase-arrested cells. The transient decrease in

Chk1 phosphorylation and activity during mitosis, together

with the reduced degree of synchrony in these large elutria-

tions, means that the 30–50% decrease in Chk1 activity upon

mitotic entry observed here is likely to be an underestimate.

Importantly, in synchronous chk1::HAdis2D cultures, no de-

crease in Chk1 activity was observed 2–5 h after UV radiation,

and there was no concomitant decrease in the level of

phosphorylated Chk1.

To analyse the effect of dis2 deletion on Chk1 phosphory-

lation in response to UV radiation more precisely, we re-

peated the above experiment for chk1::HA and chk1::HAdis2D
cultures, and quantified the proportion of Chk1 that was

phosphorylated at 30 min intervals. Clearly, while there was

a decrease in the proportion of Chk1 in the phosphorylated

form in chk1::HA cells from 2 h, this decrease was not

observed in chk1::HAdis2D cells, which also generated a

greater proportion of Chk1 in the phosphorylated form

following irradiation (Figure 8C).

Together, these data convincingly show that levels of Dis2

phosphatase affect the in vivo level of Chk1 phosphorylation

and resultant kinase activity in response to DNA damage.

Discussion

The G2 DNA damage checkpoint prevents mitotic entry in the

presence of DNA damage. Just as the establishment of this

checkpoint is essential for viability in the presence of DNA

damage, so too release from the checkpoint must be tightly

controlled such that it is delayed until repair is completed.

While many components involved in activation of the G2

DNA damage checkpoint have been identified, the means by

which the checkpoint is turned off has remained an impor-

tant gap in our understanding of this signalling network.

Given that the DNA damage checkpoint consists of an S/T

phosphorylation cascade, one mechanism of shutting off the

pathway would be through dephosphorylation by an S/T

protein phosphatase. However, equally possible are proteo-

lytic degradation, interaction with other regulatory proteins

or alterations in the localisation of checkpoint proteins. We

have shown here that, like classical checkpoint mutants,

overexpression of S. pombe PP1 Dis2 sensitises cells to

DNA damage, resulting in mitotic catastrophe. Consistent

with a role for dis2 in release from G2 DNA damage check-

point arrest, dis2D and dis2-11 cells have a prolonged delay in

response to DNA damage in the G2-phase. Moreover, we have

shown that DNA damage-induced Chk1 phosphorylation and

activation are compromised in cells overexpressing Dis2,

while in cells lacking Dis2, the dephosphorylation and in-

activation of Chk1 upon release of the G2 DNA damage

checkpoint are abrogated. This, together with our recent

finding that inactivating a t.s. Chk1 mutant following check-

point initiation prematurely terminates G2 checkpoint arrest

(Latif et al, in prep), clearly implicates the inactivation

of Chk1 by Dis2 in release from the G2 DNA damage

checkpoint.
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Figure 8 Chk1 dephosphorylation and inactivation are abrogated
in dis2D cells. (A) Synchronous G2-phase cultures of chk1::HA and
chk1::HAdis2D strains, obtained by centrifugal elutriation, were
treated with 150 J/m2 UV-C radiation (J) or left untreated (K),
and the percentage of cells passing mitoses was followed over time.
(B) Chk1 kinase activity and phosphorylation of the irradiated
cultures in (A) were analysed at hourly intervals by in vitro kinase
assay and immunoblotting with anti-HA antibody, respectively.
Data shown are representative of three such experiments. (C)
Chk1 phosphorylation of samples from an experiment identical to
(A), but in which samples were taken at 30 min intervals, was
monitored by immunoblotting with anti-HA antibody. The percen-
tage of Chk1 in the phosphorylated form at each time point for
chk1::HA cells (solid bars) and chk1::HAdis2D cells (open bars) was
quantified. Data shown are representative of two such experiments.
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The effect of Dis2 on Chk1 phosphorylation is direct and

specific. It was shown both by means of overexpression and

gene disruption in vivo, and by the direct dephosphorylation

of Chk1 and a phospho-S345 Chk1 peptide by Dis2 and

recombinant PP1a in vitro. Further, Dis2 does not affect the

function or phosphorylation of other checkpoint components:

Rad3 and downstream Rad proteins function normally irres-

pective of Dis2 levels, shown by the ability of cells to arrest

normally in response to stalled replication forks; and the

phosphorylation of the Rad3 substrate Rad9 is not affected by

Dis2 overexpression. Dis2 overexpression also only modestly

reduces the DNA damage-induced phosphorylation of Crb2,

which may be due to an indirect effect involving Crb2’s

association with Chk1. The lack of effect of Dis2 on phos-

phorylated Rad3 substrates other than Chk1, which in other

systems have been shown to bind to sites of DNA damage

(Carr, 2003), may be because they are not accessible to Dis2

in that context.

During the revision of this manuscript, Margolis et al

(2003) reported a role for PP1 in the M-phase entry in

Xenopus oocytes via dephosphorylation of Cdc25 on

Ser287. However, there is no evidence for the regulation of

Cdc25 by Dis2 in S. pombe. The cell cycle is normal in dis2D
and Dis2-overexpressing cells (Ohkura et al, 1989; Yamano

et al, 1994); checkpoint arrest in response to stalled replica-

tion forks, which is dependent on Cdc25 and Wee1, is

unaffected by Dis2 levels; and Dis2 does not affect a Chk1

overexpression-induced cell cycle arrest, which is also via

Cdc25 and Wee1 regulation. This apparent discrepancy is

likely to be explained by differences between species or

between meiosis versus mitosis, including the absence

of a functional G2 DNA damage checkpoint in intact

oocytes.

Finally, we show that Dis2 is unique in its ability to cause

Chk1 dephosphorylation and release of the G2 DNA damage

checkpoint because deletion of the other S. pombe PP1, sds21,

does not affect DNA damage checkpoint arrest, and no other

S/T phosphatases were isolated in our screen. This is con-

sistent with the finding that Sds21 overexpression actually

causes a cell cycle delay (Ohkura et al, 1989; Yamano et al,

1994), and that overexpression of either of the S. pombe type

IIA phosphatases, Ppa1 and Ppa2, results in an interphase

arrest, whereas ppa2 deletion gives a semi-wee phenotype

(Kinoshita et al, 1993). The other characterised S. pombe S/T

phosphatases have been implicated in diverse cellular func-

tions, but none in DNA damage responses.

Observations regarding PP1 isozymes from other organ-

isms relate to its role here in release from the G2 DNA

damage checkpoint. In S. cerevisiae, the PP1 homologue,

Glc7, is implicated in release from the pachytene checkpoint,

a meiosis-specific checkpoint that prevents chromosome

segregation during first meiotic division until recombination

and chromosome synapsis are completed (Bailis and Roeder,

2000). A downstream target of this checkpoint is the S.

cerevisiae homologue of S. pombe Wee1, Swe1, which is

hyperphosphorylated and increases in abundance in the

pachytene checkpoint (Leu and Roeder, 1999), reminiscent

of the increase in stability of Wee1 in the S. pombe G2 DNA

damage checkpoint (Raleigh and O’Connell, 2000). In mam-

malian cells, PP1a has been shown to dephosphorylate a

fragment of BRCA1 in vitro, and PP1a and BRCA1 coimmu-

noprecipitate (Liu et al, 2002). Furthermore, PP1C is acti-

vated following ionising radiation in Jurkat cells, in an ATM-

dependent manner (Guo et al, 2002).

We propose a model whereby, in response to DNA lesions,

the G2 DNA damage checkpoint kinase Rad3 is activated,

resulting in the phosphorylation and activation of the effector

kinase Chk1, and resultant inhibition of the mitosis-promot-

ing cyclin B/Cdc2 kinase complex. Chk1 phosphorylation,

and thus checkpoint arrest, may be maintained either by

continued phosphorylation of Chk1 by Rad3 or another

kinase, protection of Chk1 phosphorylation by another pro-

tein (e.g. 14-3-3 or Crb2, which associate preferentially with

the phosphorylated form of Chk1 (Chen et al, 1999; Mochida

et al, 2004)) and/or by prevention of Dis2-mediated Chk1

dephosphorylation. Upon completion of DNA repair, Dis2-

mediated dephosphorylation and inactivation of Chk1 would

allow cell cycle re-entry. With respect to the maintenance of

Chk1 phosphorylation during DNA repair, it is noteworthy

that BRCT domains, of which Crb2 contains two, and 14-3-3

proteins both bind to phospho-proteins, and that 14-3-3

proteins have been implicated in the protection of a phos-

phorylated motif of Cdc25 (Muslin et al, 1996; Manke et al,

2003; Margolis et al, 2003; Yu et al, 2003). Although we do

not detect any change in Dis2 activity following UV irradia-

tion (Figure 7C), PP1s have been shown to be regulated in

vivo through association with an assortment of regulatory

subunits and through varied subcellular localisations (Cohen,

2002). Also, while Dis2 activity has been shown to be down-

regulated by Cdc2 kinase (Yamano et al, 1994), this is not

inconsistent with a role for Dis2 in checkpoint release, as

Cdc2 is inactive prior to checkpoint release. Dis2 is unlikely

to be the only protein responsible for cell cycle re-entry

following DNA damage checkpoint arrest because the major-

ity of dis2D cells do eventually recover, albeit several hours

later than wild-type cells.

Dis2 is the first identified component of a checkpoint

release pathway upstream of Cdc2 activation in S. pombe.

With the conservation of the G2 DNA damage checkpoint

among S. pombe and higher eukaryotes, PP1 enzymes are

likely to play a conserved role in recovery from the G2 DNA

damage checkpoint in eukaryotic cells. Future studies will

determine how these events are regulated in time and space.

Materials and methods

S. pombe methods
All strains are derivatives of wild-type 972h� and 975hþ . Standard
methods were used for growth and genetic manipulation (Moreno
et al, 1991). For sensitivity assays, exponentially growing cultures
were serially diluted to 106, 105, 104 and 103 cells/ml, and 5ml of
each dilution was spotted onto agar plates containing the
appropriate drugs. Cells containing nmt1 promoter plasmids were
maintained in thiamine, and cDNA expression was derepressed by
three washes in minimal medium and growth in minimal medium
for six cell cycles prior to experimentation. An S. pombe cDNA
library in pRep1 was used for an overexpression screen. The
nmt1::dis2 plasmid used for subsequent experiments consisted of
179 base pairs of the 50 untranslated region (UTR), the dis2 open
reading frame and the entire 30 UTR. Synchronous, early G2-phase
cells were collected by centrifugal elutriation and irradiated as
described (Verkade et al, 2001). Passage through mitosis was
monitored by the septation index for asynchronous cultures. For
synchronous cultures and experiments with cell cycle mutants,
mitosis was monitored using fixed cells stained with 1 mg/ml 40,6-
diamino-2-phenylindole (DAPI). Cells passing mitosis included
those cells with dividing nuclei, and cells joined by a septum
(equivalent to G1- and early S-phase cells). Total and aberrant
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mitoses were averaged from at least three counts of 100 cells and
each expressed as a percentage of total cells. UV-C and IR
irradiation of S. pombe cultures were performed as described
(Verkade et al, 1999).

Detection of thymidine dimers
G2-synchronised cells were either untreated or given 150 J/m2 UV-C
radiation, and cell samples were snap-frozen in liquid nitrogen at
the following time points. Cells were disrupted in a bead beater, and
DNA was extracted in 50 mM Tris �Cl, pH 8, 5 mM EDTA, 1% SDS,
followed by phenol–chloroform extraction and ethanol precipita-
tion, RNase A treatment, and a further round of phenol–chloroform
extraction and ethanol precipitation. DNA (1 mg) was dot blotted
onto nitrocellulose, and an aliquot was stained with ethidium
bromide and dot blotted to a duplicate filter to visualise DNA on a
transilluminator. Thymidine dimers were detected with the TDM-2
monoclonal antibody and horseradish peroxidase (HRP)-linked
anti-mouse antibody (Amersham), followed by chemiluminescence
(Amersham).

Western blotting
Pellets of B2�108 cells were snap-frozen in liquid nitrogen. For
Chk1-HA, Rad9-HA and Crb2-18myc proteins, cells were lysed as
described for Chk1-HA (Harvey et al, 2004). For Dis2 and Sds21
proteins, cells were lysed in 50 mM Tris �Cl, pH 7.5, 400 mM NaCl,
1 mM EDTA, 1 mM 2-mercaptoethanol and 1 mM PMSF. Debris was
removed by centrifugation at 5000 g for Crb2-18myc and 16 000 g for
other proteins. Protein extracts (10–50mg) and IPs were run on
6–10% SDS–PAGE gels and transferred to nitrocellulose in 25 mM
Tris, 192 mM glycine, 20% methanol or 10 mM CAPS, pH 11 and
10% methanol. Chk1-HA and Rad9-HA were detected using 12CA5
monoclonal antibody; Dis2 and Sds21 were detected with rabbit
polyclonal D2C antibody (Stone et al, 1993); and Crb2-18myc was
detected using 9E10 anti-myc antibody. Actin, detected using a
monoclonal anti-actin antibody (Chemicon), was used as a loading
control. HRP-linked secondary antibodies (Amersham) were
followed by chemiluminescence. Quantification of bands was
performed using a BioRad GS-800 densitometer and Quantity One
software.

Chk1 IPs and kinase assays
Chk1-HA IPs and in vitro kinase assays were performed as
described (Harvey et al, 2004), using 1 mg of extract per reaction.
For comparison of Chk1 kinase activity in different strains, kinase
assays were performed simultaneously. Background, measured by
incubating kinase reaction buffer in the absence of any protein
A-sepharose-IP, was found to be equivalent to background from IPs
using isotype control IgG antibody or from anti-HA IPs of untagged
Chk1 strains. Thus, the former was used to remove background
from kinase activity measurements.

Dis2 IPs and phosphatase assays
Chk1-HA protein extracts were prepared from dis2Dchk1::HA
cultures 60 min post-treatment with 150 J/m2 UV-C radiation. Dis2

and Sds21 protein extracts were prepared from sds21D and dis2D
strains, respectively, either pre- or 60 min post-treatment with
150 J/m2 UV-C radiation. Chk1-HA and Dis2/Sds21 were IPed with
2.5 mg of 12CA5 (Roche) and 3ml of D2C antibody per milligram of
protein, respectively, on a rotator for 2 h at 41C, followed by
incubation with 20ml (Chk1) or 30 ml (Dis2/Sds21) of 50% protein
A-sepharose (Amersham) per mg for 1 h at 41C. Protein A-sepharose
was washed six times with extraction buffer and four times with
phosphatase assay buffer (50 mM Tris, pH 7.5, 30 mM NaCl, 5 mM
DTT, 0.5 mM PMSF and 1 mM MnCl2). Recombinant rabbit PP1a
(New England Biolabs) was assayed in the buffer supplied (50 mM
Tris, pH 7.0, 0.1 mM EDTA, 5 mM DTT, 0.025% Tween-20, 1 mM
MnCl2). For phosphatase assays, a 15ml bed volume of protein A-
sepharose-Dis2/Sds21 IP (equivalent to 0.5 mg of original extract)
or 0.05 U of PP1a was incubated at 301C for 15 min in 80ml of assay
buffer71mg I-2 (New England Biolabs). In all, 20 ml of 50% protein
A-sepharose-Chk1-HA IP (equivalent to 0.5 mg of original extract)
was then added, and reactions were incubated at 301C. Reactions
were stopped by the addition of SDS–PAGE loading dye, and run on
SDS–PAGE gels, followed by Western analysis.

For phosphatase assays using the phospho-S345 Chk1 peptide
VEVYGALpSQPVQLNK (Auspep), Dis2 and Sds21 were IPed as
above, but were washed and assayed in PP1a assay buffer. A 15 ml
bed volume of Dis2/Sds21 IP or 0.05 U PP1a was incubated at 301C
for 15 min in 25ml of assay buffer71 mg I-2. In all, 25 ml of assay
buffer containing 10 nmol of peptide was added, and reactions were
incubated at 301C for 7.5 or 15 min. Protein A-sepharose was
pelleted by centrifugation at 41C, and 40ml of each reaction was
added to 100ml of malachite green (Upstate). Phosphate release
was determined by comparing absorbance at 650 nm to a standard
curve according to the manufacturer’s instructions. Appropriate
incubation times were used to ensure that phosphate release was
linear at the time point measured. Protein A-sepharose, anti-D2C
antibody, PP1a and I-2 had no effect on A650 values when incubated
in the absence of peptide. For IP-phosphatase assays, A650

measurements obtained for IPs without D2C antibody were used
as background and subtracted from all measurements. For PP1a
phosphatase assays, assay buffer containing peptide but lacking
enzyme was used as background.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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