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ABSTRACT

Although it is well established that Cdc2 kinase
phosphorylates the DNA damage checkpoint protein
Crb253BP1 jn mitosis, the full impact of this modifica-
tion is still unclear. The Tudor-BRCT domain protein
Crb2 binds to modified histones at DNA lesions to
mediate the activation of Chk1 by Rad3A™® kinase.
We demonstrate here that fission yeast cells har-
bouring a hyperactive Cdc2¢PX! mutation (cdc2.1w)
are specifically sensitive to the topoisomerase 1 in-
hibitor camptothecin (CPT) which breaks DNA repli-
cation forks. Unlike wild-type cells, which delay only
briefly in CPT medium by activating Chk1 kinase,
cdc2.1w cells bypass Chk1 to enter an extended cell-
cycle arrest which depends on Cds1 kinase. Intrigu-
ingly, the ability to bypass Chk1 requires the mitotic
Cdc2 phosphorylation site Crb2-T215. This implies
that the presence of the mitotic phosphorylation at
Crb2-T215 channels Rad3 activity towards Cds1 in-
stead of Chk1 when forks break in S phase. We also
provide evidence that hyperactive Cdc2.1w locks
cells in a G1-like DNA repair mode which favours
non-homologous end joining over interchromosomal
recombination. Taken together, our data support a
model such that elevated Cdc2 activity delays the
transition of Crb2 from its G1 to its G2 mode by block-
ing Srs2 DNA helicase and Casein Kinase 1 (Hhp1).

INTRODUCTION

Despite the importance of cyclin-dependent kinases
(CDKs) for the regulation of the DNA damage response
(DDR) (1,2,3), it is still enigmatic how CDKs act as
activators of DNA repair while being down-regulated by

the DNA damage checkpoint. Two possible answers to this
puzzle may lie in the temporal or spatial organization of
CDKs.

The activity of CDK1-cyclin B kinase peaks early in mi-
tosis (4) and this rise could prime DDR proteins for their
roles in the next cell cycle. Between the end of G2 and the
start of the subsequent S phase, cells repair broken chromo-
somes by non-homologous end-joining (NHEJ) (5,6). To fa-
cilitate NHEJ, the Ku70-Ku80 DNA binding complex and
the chromatin protein 53BP1¢7°2-RadY prevent the resection
of broken DNA ends (7,8,9). It is widely assumed that the
transition from NHEJ to homologous recombination (HR)
in S phase requires the activity of CDKs. Interestingly, nei-
ther progression through S phase nor the presence of the
sister chromatid are necessary to initiate HR (10).

Alternative to this temporal regulation, the DNA repair
choice could be controlled by CDKs directly at the chro-
matin. In fission yeast, Cdc2-cyclin B kinase associates with
origins of replication on chromosomes during the G1/S
transition to prevent reinitiation of S phase (11). Whether
this chromosomal pool of Cdc2 also activates HR is cur-
rently unknown. In human cells, the Mrell subunit of
the MRN (Mrel1-Rad50-Nbsl) complex recruits CDK2-
cyclin A to broken chromosomes to promote the forma-
tion of a complex between BRCA1 and the endonuclease
CtIPCP1Sae2 (12 13). This BRCA1-CtIP complex stimulates
end resection and HR. Such a spatial separation would al-
low the DNA damage checkpoint to stop progression into
mitosis by targeting CDK at the centrosome (14) while leav-
ing the chromosomal CDK pool active to promote DNA
repair.

A DDR protein which exhibits an oscillating change in
its activity throughout the cell cycle is the BRCT and tu-
dor domain protein 53BP1¢"°2Rad% 1y G1, human 53BP1
recruits Rifl to broken DNA to block end resection, a
step which is antagonized in S/G2 by BRCAI in associ-
ation with CtIPC®!522 (13.9,15). After the G1/S transi-
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tion, 53BP1 turns into an activator to promote the associa-
tion between the checkpoint kinases ATM ™! and Chk2¢9s!
(16). This activator role is later switched off by Polo-like ki-
nase when cells enter mitosis (17). Despite this cyclic regu-
lation, the relationship between human 53BP1 and CDKs
is only poorly understood (17). At the mechanistic level,
much more is known about the CDK 1-dependent regula-
tion of the 53BP1 paralog, Crb2, in fission yeast (Schizosac-
charomyces pombe). Cdc2 phosphorylates the N-terminus
of Crb2 at threonine-215 in mitosis which triggers the for-
mation of a complex between Crb2 and the BRCT domain
protein Rad4¢t>-Ppo1LTopBPL oy the chromatin (18,19). The
cellular activities of the mitotic Crb2-Rad4 complex are
not known and are not related to the recruitment of Crb2
to a broken chromosome. The latter process depends on
the association of Crb2 with phosphorylated histone H2A
through its C-terminal BRCT domains and with K-20
methylated histone H4 through its Tudor domains (20). The
mitotic T215 phosphorylation primes, however, the Crb2-
Rad4 complex for its rearrangement in G2. Once Cdc2 ac-
tivity has increased again at the start of G2, Rad4 recruits
the kinase to the complex where it modifies a non-canonical
Cdc2 site at T187. This enables Crb2 to bind to Chkl, and
Rad4 to associate with the Rad9-Radl-Husl checkpoint
clamp (21).

Since most studies concerning the DNA repair roles of
CDKs were conducted with inhibitors or proteins lacking a
CDK phosphorylation site (22), we took advantage of the
hyperactive cdc2.1w allele in S. pombe to investigate how
the untimely activation of CDK 1¢4°2 might affect the DDR.
Like most wee mutations (‘wee’ cells are short), the cdc2. Iw
(wee2—1) mutant enters mitosis prematurely (23,24). The
Cdc2.1w kinase carries a glycine-to-aspartate (G146D) re-
placement in the vicinity of its ATP binding site which ren-
ders it insensitive to the inhibition by Weel kinase (25). Al-
though cdc2. 1w and weel deletion cells share the same cell
cycle phenotype, only Aweel cells are known to be sensi-
tive to the DNA replication inhibitor hydroxyurea, UV light
and ionizing radiation (26,27).

We report here that elevated Cdc2 activity renders S.
pombe cells specifically sensitive to the topoisomerase 1 poi-
son camptothecin (CPT), an anti-cancer drug which breaks
DNA replication forks. While wild-type cells delay mitosis
only briefly in G2 when replication forks collapse by acti-
vating the Rad3ATR-Crb23*BP1.Chk1 checkpoint pathway,
cde2.1w cells enter a prolonged G2 arrest independently
of Chkl. Our data suggest that hyperactive Cdc2.1w traps
Crb2 in its G1 mode by blocking Srs2 DNA helicase and
Casein Kinase 1 (Hhpl). As this correlates with an increase
in NHEJ and a decrease in interchromosomal recombina-
tion, the repair of broken replication forks may be delayed
leading to the aberrant activation of Cdsl and an extended
G2 arrest.

MATERIALS AND METHODS

Strains

The following S.pombe strains were used in this study:
wild-type 804 (h- ade6-M210 leul-32 ura4-DI18), Achkl
(h- ade6-M210 chkl::ura4+ leul-32 ura4-DI18), cdc2.1w
(h- ade6-M210 leul-32 ura4-DI18 cdc2.1w), cdc25.22 (h-
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cdc25.22 ade6-M210 leul-32 ura4-D18), Ahhpl (h- ade6-
M210 hhpl::hphM X6 leul-32 ura4-D18), Aweel (h- ade6-
M210 weel : :urad4+ leul-32 ura4-D18), Hhpl-HA5 (h- ade6-
M210 leul-32 ura-DI18 hhpl::hhpl-HA3-kanM X4), Ku70-
GFP-HA; (h90 ade6-M210 leul-32 lysi—131 ku70.:ku70-
GFPHA3-kanMX4), Ku80-HA; (h90 ade6-M210 leul—
32 wra-DI18 ku80.:ku80-HA3-ura4+), Radl6-GFP-HA;
(h90 ade6-216 leul-32 lysl-131 ura4-DIS8 radl6::radl6-
GFP-HA3-kanM X4), Srs2-Mycis (h- ade6-216 leul-32
ura-DI18 srs2::srs2-HA3-kanM X4), Cdcl3-HA; (h- ade6—
216 leul-32 wura-DI18 cdcl3::cdcl3-HA3-ura4+), Chkl-
HA; (28), Myci3-Rghl (2), Mus81-Myc; (29), Hhpl-
GFP (hhpl-GFP-kanM X4 ade6-216 leul-32 ura4-D18)
(30). To construct multiple deletion strains, the follow-
ing gene deletions were employed: Acdsl (ade6-M210
cdsl::ura4+ ura4-D18), Achkl (ade6-M210 chkl::kan M X4
leul-32 ura4-D18), Asrs2 (ade6-M210 srs2::kan M X4 leul—
32 ura4-D18), Arad3 (ade6-M210 rad3::ade6+ leul-32
ura4-D18), Acrb2 (ade6-M210 crb2::ura4+ leul-32 ura4-
DI18). The crb2-T215 mutant is described in (18).

Biochemical techniques

Isoelectric focusing, native protein extracts and total pro-
tein extracts are described in (31) and size fractionation is
documented in (32).

Cell synchronisation and DNA repair assays

The preparation of lactose gradients has been reported in
(31) and the inter-sister recombination assay is described
in (33). The strains used in the recombination tests were:
wild type (h- ade6-M210 leul-32 ura4-DI18 ade6-1469-
urad4*-ade6-M375), Asrs2 (h- ade6-M210 srs2::kanMX4
leul-32 ura4-DI8 ade6-L469-ura4* -ade6-M375), cdc2.1w
(cdc2.1w ade6-M210 leul-32 ura4-D18 ade6-L469-urad™-
ade6-M375) and cdc2. 1w Asrs2 (h- cdc2. 1w srs2::kanM X4
ade6-M210  leul-32 wra4-DI8  ade6-1.469-ura4™ -ade6-
M375).

Break-induced recombination: The assay uses
the S.cerevisiae HO (Homothallic switching) endonu-
clease to cleave the Ch'®-MG minichromosome at one
defined DNA sequence as described in (34). The assay was
performed with the following changes: wild-type cells and
cdc2. 1w cells containing Ch'®-MG were transformed with
the plasmid pREP81X-HO-Leu2+ and maintained on min-
imal medium plates (+thiamine, + uracil). Single colonies
were grown into stationary phase either in the absence or
presence of thiamine (15wM thiamine (Sug/ml)) at 30°C
in 10 ml of minimal medium (+ uracil). Dilutions were
plated on minimal medium plates (+thiamine, +uracil).
Colonies were then replica-plated onto rich medium plates
with 75 pg/ml G418 to determine the ration of recom-
binogenic cells. Adenine was omitted at all stages to avoid
false-positive colonies which can arise due to the loss of the
mini-chromosome.

Plasmid repair assay: cells were transformed with equal
amounts of either cut (Sacl) or uncut pREP41-Leu2+ plas-
mid. Cells were plated on minimal medium plates with
uracil and adenine and leu2* colonies were counted after
4-5 days at 30°C.
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Antibodies

The following antibodies were used: anti-HA (Santa
Cruz: SC7392), anti-Myc (Santa Cruz SC40), anti-Cdc2
(Abcam AB70860), anti-GFP (Roche Applied Science
11814460001).

GFP-Trap

Soluble protein extracts were prepared by breaking 5x10%
cells in lysis buffer (50 mM HEPES pH 8.0 200 mM KoAC,
20 mM NaCl, 1 mM EDTA, 0.1% Nonidet, 20 mM beta-
glycerol phosphate, 0.1 mM NakF, 1:100 diluted Melford
protease inhibitors (IV, P2402), | mM DTT). Proteins fused
to the Green Fluorescent Protein (GFP) were purified by
adding 10 pl of GFP-nAb Agarose (Insight Biotechnology,
ABP-NAB-GFPA025) to 1 ml of the lysis buffer containing
100-200 ul soluble protein extract.

RESULTS

Elevated Cdc2 activity renders S. pombe cells sensitive to
CPT

We took advantage of the cdc2. 1w (wee2—1) mutation in fis-
sion yeast to find out whether elevated CDK levels inter-
fere with the DDR. The Cdc2.1w kinase is hyperactive due
to a glycine-to-aspartate (G146D) replacement at the en-
trance to its ATP binding site (Figure 1A). This mutation
renders Cdc2.1w insensitive to the inhibition by Weel ki-
nase (23,24). Although loss of Weel (Aweel) advances en-
try into mitosis like the cdc2. Iw mutation, only Aweel cells
are known to be DNA damage sensitive (26,27).

Our own survival assays performed with wild type, Aweel
and cdc2. Iw cells confirmed the previous findings for Aweel
cells, but also revealed a yet unknown sensitivity of cdc2. Iw
cells to the topoisomerase 1 (Topl) poison camptothecin
(CPT) (Figure 1B). CPT immobilises Topl at the DNA in
front of advancing replication forks which break upon their
collision with this obstacle (35). To test whether the CPT
sensitivity is a consequence of elevated Cdc2 activity, we in-
troduced a temperature-sensitive loss-of-function allele of
Cdc25 phosphatase (cdc25.22) into the cdc2. Iw strain. This
mutant allele is known to lower Cdc2 activity due to the re-
duced removal of the inhibitory tyrosine-15 phosphoryla-
tion (Figure 1A) (36). As shown in Figure 1C, the cdc2. 1w
cdc25.22 double mutant was CPT resistant strongly indi-
cating that high Cdc2 activity interferes with the repair of
broken replication forks. We also constructed a cdc2. 1w
Aweel double mutant to test whether Cdc2.1w and Weel
act jointly in the response to CPT. Although the cdc2. 1w
Aweel strain grew more slowly in the presence of the drug,
the sensitivity of the double mutant was not increased thus
placing both kinases in the same pathway (Supplementary
Figure S1A).

Hyperactive Cdc2 prolongs the G2 /M arrest when replication
forks break

Yeast cells differ in their response to collapsed replication
forks from human cells which arrest in S phase, as they
progress through S phase without a delay before briefly (20—
40 min) arresting in G2 (37).

We used lactose gradients to synchronze wild type,
Achkl, cde2. 1w and cdc2. 1w cdc25.22 cells in G2 to anal-
yse their cell-cycle response to 40 pM CPT. Synchronized
cells were released into rich medium with and without the
drug, and samples were withdrawn every 20 min over 6 h.
As shown in Figure 1D, wild-type cells progressed with the
same rate through the first G1/S phase (first peak of sep-
tation), but delayed entry into the second cycle by 20 min
in CPT medium. As expected, this checkpoint response was
abolished upon deletion of chkl (Figure 1E). Cells with el-
evated Cdc2 activity showed, however, an unexpected be-
haviour. They postponed entry into mitosis for 2 h before
slowly continuing to cycle (Figure 1F). This extended G2 ar-
rest could be caused by unrepaired replication forks, which
continue to send a Rad3ATR-Chk1 signal, or by the inabil-
ity of cdc2.1w cells to restart the cell cycle. In contrast to
the CPT sensitivity, a reduction in Cdc2.1w activity by the
introduction of the cdc25.22 allele failed to suppress the ex-
tended arrest (Figure 1G). This intriguing observation im-
plies that the CPT sensitivity and the prolonged G2/M ar-
rest are two distinct manifestations of the cdc2. Iw mutation.
A possible explanation for the inability of Cdc25.22 to cor-
rect the cell-cycle defect lies within mitosis. Although the
point mutation lowers the phosphatase activity during in-
terphase, this effect may be neutralised by the 10-fold in-
crease in Cdc25 activity in mitosis (4). If this were to be the
case, Cdc2.1w may trigger the cell-cycle defect while cells
progress through mitosis, whereas the hyperactive kinase
may affect the repair of collapsed forks in G2.

The G2 arrest in cdc2.1w cells is independent of Chk1

Intrigued by this finding, we asked whether hyperactive
Cdc2 would also impose a G2/M arrest in Achkl cells given
the importance of the Rad3ATR-Crb233BP1.Chk1 signalling
pathway in the presence of CPT (38). Rather unexpectedly,
synchronized cdc2. 1w Achkl cells showed a similarly ex-
tended G2 arrest in CPT medium as the cdc2.Iw single
mutant (Figure 2C). This shows that hyperactive Cdc2 by-
passes Chk1 to block entry into mitosis when replication
forks break. Since Rad3 kinase signals either through Chk1
or Cds1¢"%2 (39), we also tested a cdc2. 1w Acdsl double mu-
tant. Elevated Cdc2 activity did also impose a G2 arrest in
the absence of Cdsl but this arrest was ~1 h shorter com-
pared to the cdc2. Iw Achkl mutant (Figure 2D). The abil-
ity of the cdc2. 1w Acdsl mutant to arrest and the observa-
tion that Chkl is not required in cdc2. Iw cells (Figure 2C)
could be explained in two ways. Either a third unknown ki-
nase is involved, or Chkl1 is not important in cdc2. 1w cells
aslong as Cdsl is intact. To distinguish between these possi-
bilities, we measured the cell-cycle arrest of a Achkl Acdsl
cdc2. 1w triple mutant in CPT medium. Interestingly, loss of
both kinases completely abolished the G2/M arrest (Figure
2E) showing that Cdsl acts first in cdc2. Iw cells when forks
break rendering Chk1 redundant. This is an intriguing ob-
servation since Chk1 is normally the key kinase in the pres-
ence of CPT (38).
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Figure 1. Cells with hyperactive Cdc2.1w kinase are CPT sensitive and enter an extended cell-cycle arrest. (A) The G146D mutation in the S. pombe
Cdc2.1w kinase and the highly conserved Y15 phosphorylation site have been mapped onto the structure of the closely related human CDK2-cyclin A
complex (PDB ID: 1FIN) using the program Polyview 3D. (B) Drug sensitivity of cdc2. 1w cells. Serial dilutions (10-fold; starting with 107 cells/ml) of the
listed strains were spotted onto YEA plates containing the indicated drugs. The plates were incubated at 30°C for 3 days. One YEA plate was incubated at
37°C. (C) Introduction of the cdc25.22 allele into cdc2. Iw cells suppresses the CPT sensitivity. (D-G) Hyperactive Cdc2.1w causes an extended cell-cycle
arrest in the presence of CPT which is not suppressed by the cdc25.22 allele. The indicated strains were synchronized by lactose gradient centrifugation in
early G2 and released into YEA medium with or without 40 pM CPT at 30°C. 40 pl aliquots were withdrawn in 20 min intervals and added to 300 .l
methanol. Cells were stained with hoechst (1:1000) and calcofluor (1:100) (calcoflour 1 mg/ml in 50 mM sodium citrate, 100 mM sodium phosphate pH
6.0; hoechst 10 mg/ml in water) prior to scoring under a fluorescence microscope. Open symbols: no CPT, closed symbols: 40 uM CPT.
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Figure 2. The extended cell-cycle arrest of cdc2. 1w cells is independent of Chk1 but requires Crb2 and its Cdc2 phosphorylation site T215. (A-E, J) Crb2,
its phosphorylation site T215 and Cdsl are required for the extended arrest. The indicated strains were synchronized in G2 and released into YEA medium
with or without 40 .M CPT at 30°C. Open symbols: no CPT, closed symbols: 40 uM CPT. (F) CPT (40 pM) was added to asynchronous cultures of the
indicated strains in YEA medium at 30°C and the septation index was analysed over 5 h. (G) Loss of ¢rb2, but not deletion of chk! prevents cell elongation
in the presence of CPT. Cells harvested at the start of the experiment (¢ = 0 h) and after 4 h (+ = 4 h) were inspected under a fluorescence microscope
after staining with hoechst (DNA) and calcofluor (septum). (H) Cell survival was analysed by incubating 5 x 10* cells/ml of the indicated strains for 8 h
in the presence of 40 uM CPT in YEA medium at 30°C. Samples were withdrawn at the indicated time points, plated on YEA plates and incubated for
3 days to analyse viability by colony formation. (I) Crb2 is required for the phosphorylation of Chkl in cdc2. 1w cells. Chk1-HA cells (WT), Chk1-HA
cde2. 1w and Chk1-HA cdc2.1w Acrb2 cells were left untreated or were incubated for 4 h with 40 uM CPT in YEA medium at 30°C. Total protein extracts
were separated on a 10% SDS PAGE and the Chk1 protein was visualized with an anti-HA antibody after western blot. The arrow highlights the slower

migrating phospho-band of Chk1. The low levels of phosphorylated Chk1 in undamaged cdc2. 1w cells as well as the DNA damage induced modification
are dependent on Crb2.



The G2 arrest in cdc2.1w cells requires the CDK phosphory-
lation site T215 in Crb2

Although cdc2. 1w cells bypass Chk1, we still wanted to test
the requirement of the Chk1-adaptor protein Crb233BP1.Rad?
given that Cdc2 phosphorylates Crb2 at T215 in mitosis
(18). Deletion of ¢rb2 in cdc2. Iw cells resulted in very short
cells which were difficult to synchronise (Figure 2G). To cir-
cumvent this problem, we added 40 uM CPT directly to
asynchronous cultures of wild type, cdc2. 1w, Achkl cdc2. 1w
and Acrb2 cdc2. 1w cells and followed the septation index
over 5 h. As shown in Figure 2F, the septation index of
cde2. 1w and Achkl cdc2.1w cells dropped after the first
hour to 2% and started to rise again after 4 h. This decline
in dividing cells is consistent with an extended G2/M ar-
rest. We also took samples at the start of the experiment (¢
= 0) and after 4 h to examine cells under the microscope.
Fission yeast cells which stop in G2 continue to grow and
become elongated (27). While cdc2. 1w and cdc2. 1w Achkl
cells clearly elongated in CPT medium, cdc2. 1w Acrb2 cells
maintained their short cell size (Figure 2G). Consistent with
the absence of cell elongation, the septation index of this
double mutant failed to drop (Figure 2F). These findings
show that Crb2 is required for the arrest in cdc2. Iw cells de-
spite the independence on Chkl. Since cdc2. Iw Acrb2 and
cdc2. 1w Achkl cells lost their viability to a similar extent
in the presence of CPT (Figure 2H), the ability to postpone
mitosis is not linked with enhanced cell survival.

To identify Crb2 but not Chk1 as a component of the ex-
tended G2 arrest in cdc2. 1w cells was a surprise especially
since our earlier observations implicated Cdsl kinase which
is normally activated by Mrcl and not by Crb2 (40). The
requirement for Crb2 left us, however, with a conundrum
since we and others have found that Chkl1 is phosphory-
lated in undamaged cells with hyperactive Cdc2 as well as in
the presence of CPT (Figure 21) (41,31). Consistent with the
role of Crb2 as a Chk1 adaptor, the band shift caused by the
phosphorylation of Chk1 at S345 in response to CPT was
abolished in cdc2. 1w Acrb2 chkl-HA cells (Figure 21). An
explanation of why Chk1 is modified in a Crb2-dependent
manner in cdc2. Iw cells in the presence of DNA damage de-
spite its unimportance for the mitotic arrest could be pro-
vided by the two independent modes of Crb2 recruitment to
DNA. Phosphorylation of Crb2 at T215 by Cdc2 in mito-
sis directs the protein to undamaged DNA (18), whereas its
T215-independent interactions with methylated and phos-
phorylated histones direct Crb2 to damaged DNA in G2
(20). Hence, hyperactive Cdc2.1w may only affect the T215
phosphorylated pool of Crb2, but not the DNA damage
activated pool. Consistent with this notion, replacement of
T215 by an alanine residue (T215A) prevented crb2-T215A
cdc2. 1w cells from arresting the cell cycle in CPT medium
(Figure 2J). This important finding suggests that the mitotic
modification of Crb2-T215 by Cdc2 may interfere with the
activation of Chkl when replication forks break in cdc2. 1w
cells.

Elevated Cdc2 activity locks cells in a G1-like DNA repair
state

Given the importance of Cdc2¢4?® activity for the recom-

binogenic repair of broken chromosomes in S. cerevisiae (1),
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we wanted to test whether elevated recombination levels
interfere with the repair of collapsed replication forks in
cde2. 1w cells. To test this idea, we measured break-induced
HR by using a genetic system which allows for the ge-
netic exchange between chromosome III and the homol-
ogous mini-chromosome Ch'®-MG upon its cleavage by
HO endonuclease (Figure 3A) (34). Prior to HO expres-
sion from the inducible nmt81 promotor (pREP81X-HO),
cells containing Ch'®-MG grow in the absence of adenine
(ade6*) and in the presence of the antibiotic G418 (G418R).
Following HO induction, the cleavage of Ch!®-MG at its
unique HO site within the engineered rad? 1 gene will trigger
DNA repair. While homologous recombination between
the two rad21 genes will result in the loss of the G418 re-
sistance cassette due to DNA end resection (ade6™ G4185),
NHEJ of the HO break will retain the antibiotic resistance
(ade6™ G418R). Approximately 30%—40% of wild-type cells
grown in minimal medium without thiamine (repressor of
the nmt81 promotor) underwent recombination, whereas
only ~10% were recombinogenic in the presence of the
repressor (Figure 3B). The latter is due to the leaky na-
ture of the nmt81 promotor. Unexpectedly, less than 2%
of cdc2. 1w cells underwent recombination in thiamine-free
medium (Figure 3B). This intriguing finding suggests that
elevated Cdc2.1w activity favours NHEJ over interchromo-
somal recombination as previously reported for S. pombe
cells arrested in G1 (3). While this observation contradicts
the importance of Cdc2¢4? activity for DNA end resec-
tion as observed in S. cerevisiae (1), it is consistent with a re-
cent report showing that an aberrant increase in Cdc2 activ-
ity blocks interchromosomal recombination in human cells
(42).

Since this finding suggests an increase in NHEJ in
cde2. 1w cells, we measured NHEJ using a plasmid repair
assay (3). The plasmid pREP41 was linearized at its unique
Sacl restriction site (Figure 3C) and equal amounts of cut
and uncut plasmid were transformed into asynchronous
wild type, cdc2. 1w and NHEJ-deficient Aku70 cells. While
less than 20% of wild type cells were able to repair the plas-
mid, more than 90% of cdc2. Iw cells were proficient in this
assay (Figure 3D). As Gl cells utilize NHEJ over HR (3),
we analysed the DNA content of asynchronous wild type
and cdc2. Iw cultures grown in rich and minimal medium us-
ing flow cytometry (43). Although G2 is ~20 min shorter in
cdc2. 1w cells than in wild type cells (Figure 1F, Supplemen-
tary Figure S1B-E), we did not detect an increase in G1 cells
in cdc2. 1w cultures independently of the growth medium
(Figure 3E). Taken together, these experiments support the
conclusion that elevated Cdc2 activity locks S.pombe cells
in a G1l-like DNA repair state which may compromise the
recovery of collapsed replication forks.

Cdc2 associates with Srs2 DNA helicase, Hhp1 kinase, Chk1
kinase and the Ku70-Ku80 DNA binding complex

To find out how Cdc2.1w affects Crb2 and the DNA repair
status of cells, we performed a small-scale immunoprecip-
itation screen to identify DDR proteins which bind to the
kinase. Soluble extracts prepared from undamaged strains
expressing affinity-tagged versions of Srs2 DNA helicase,
Rqh1B™ DNA helicase, Ku70, Ku80, Mus81 endonucle-
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Cdc2 antibody over night. Protein-antibody complexes were harvested
from the supernatant by the addition of 30 pl protein A/G beads (Cal-
biochem) and analysed using an affinity tag-specific antibody (Srs2-Myc,
Myc-Rghl, Ku70-GFP-HA, Ku80-HA, Mus81-Myc, Rad16-GFP-HA,
Chk1-HA, Hhpl-HA). (B) Size fractionation of the affinity tagged strains
on a Superdex-200 column. (Total = native protein extract). The fractions
obtained from the Cdc13-HA extract were also probed with an anti-Cdc2
antibody.

ase, Rad16XPF, Chk1 kinase or Casein kinase 1 (Hhp1) were
incubated with an anti-Cdc2 antibody and an unrelated im-
munoglobulin G (IgG) antibody and then precipitated with
protein A/G beads. As shown in Figure 4A, small amounts
of Ku70-Ku80, Srs2, Chkl and Hhpl were pulled down
with the anti-Cdc2 antibody identifying these proteins as
potential binding partners. Casein Kinase 1 was included
in this experiment because we noted a strong genetic inter-
action between a loss-of-function weel mutation (weel—50)
and the deletion of 4/ip1 in an independent experiment (Fig-
ure 6A).

Size fractionation of soluble extracts obtained from these
strains revealed two peaks of Cdc2 and cyclin B (Cdc13) at
600 kDa and 250 kDa, respectively (Figure 4B). All poten-
tial Cdc2 binding partners coeluted with Cdc2 in the higher
molecular weight range of 600 kDa suggesting that they
form larger protein complexes. Interestingly, monomeric
protein was only detected for Ku70 and Hhpl, whereas all
other proteins eluted with an apparent molecular weight
well above their expected sizes.

For the rest of the project, we focused on Srs2 and Hhpl
since deletion of either gene was epistatic with the cdc2. Iw
mutation. The biology of the interaction between Ku70-
Ku80 and Cdc2 will be reported somewhere else.

Loss of Srs2 DNA helicase prolongs the CPT-induced G2 ar-
rest in a crb2-T215A4 dependent manner

Srs2 is a multifunctional DNA helicase which helps to join
DNA ends with microhomologies during NHEJ (44), pre-
vents unwanted HR by dismantling Rad51-ssDNA fila-
ments (45), promotes HR by resolving D-loop structures
during strand invasion (46) and binds to different replica-
tion structures in vitro (47). These opposing activities are
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regulated by CDKI in S.cerevisiae which phosphorylates
Srs2 at multiple sites to stimulate HR in S/G2 (46).

Consistent with the association of Cdc2 with Srs2 (Figure
4A), we found an epistatic relationship between a srs2 dele-
tion and the cdc2. 1w allele for the survival in the presence
of CPT (Figure 5A). Since loss of srs2 increases the spon-
taneous exchange between sister chromatids (48), we mea-
sured inter-sister recombination rates by employing an as-
say which monitors the restoration of adenine independence
upon the recombination between two tandem ade6-negative
heteroalleles which are separated by a functional ura4*
marker (ade6-L469-ura4™ -ade6-M375) (33). The ura4* gene
enabled us to distinguish ade6™ recombinants that had lost
(deletion type) or retained (conversion type) the interven-
ing DNA between the ade6 repeats. Deletion of the ura4*
marker is indicative of recombination at collapsed forks
(49), whereas spontaneous recombination between sister
chromatids in G2 retains the intervening sequence (conver-
sion type). As shown in Figure 5B, wild type and cdc2. 1w
cells both suffered from a 5-fold increase in gene deletions
in the presence of 10 uM CPT (WT: no drug: 0.8 x 107%;
CPT: 4.3 x 107%; cdc2.1w: no drug: 0.8 x 10~#; CPT: 3.7
x 107*). This finding confirms the recombinogenic nature
of collapsed forks, but also shows that uncontrolled genetic
exchange at these structures is not the cause of death in
cdc2. 1w cells. Although recombination at broken forks is
normal in cdc2. Iw cells, the spontancous exchange between
sister chromatids in undamaged cells was 3-fold higher than
in wild-type cells (WT: 1.3 x 107%; cdc2.1w: 3.6 x 107%)
(Figure 5B). Since such unwanted recombination is pre-
vented by Srs2 (48), we measured the conversion rates in
undamaged wild type, cdc2. 1w, Asrs2 and Asrs2 cdc2. 1w
cells. Cells without Srs2 had a 6-fold higher rate compared
to wild type, which was not further increased in the Asrs2
cdc2. 1w double mutant (WT: 0.7 x 107%; cdc2.1w: 2.7 x
1074; Asrs2: 4.5 x 107%; cdc2.1w Asrs2: 4.3 x 10~*) (Fig-
ure 5C). In summary, these results imply that hyperactive
Cdc2 has two effects on Srs2. Its anti-recombination activ-
ity is down-regulated in undamaged cells leading to elevated
rates of spontaneous inter-sister exchange and also its DNA
repair function is blocked when replication forks collapse
resulting in CPT sensitivity. This close functional relation-
ship between Cdc2 and Srs2 implies that the kinase mod-
ifies Srs2. Although S.cerevisiae Srs2 is phosphoryated by
Cdc2C4e?8 (46), a similar modification has not yet been re-
ported in S. pombe.

Given the close functional link between Cdc2 and Srs2,
we measured the G2 arrest in synchronized Asrs2, Asrs2
Achkl, Asrs2 cde2. 1w and Asrs2 crb2-T215A4 cells. Intrigu-
ingly, loss of the helicase resembled the hyperactive cdc2. 1w
mutation because the extended G2 arrest of Asrs2 cells was
independent of Chk1 (Figure 5E) but required the phospho-
rylation of Crb2 at T215 (Figure 5F). One important dif-
ference between cdc2. 1w and Asrs2 cells was, however, the
shorter G2 arrest when forks collapsed in the absence of the
DNA helicase. While cdc2. Iw cells delayed entry into mito-
sis for up to 2 h (Figure 1F), Asrs2 cells delayed only for
40-60 min (Figure 5D).

In summary, these findings imply that Cdc2 kinase targets
Srs2 in S.pombe and that the hyperactive kinase may switch
Srs2 activity from the prevention of spontaneous inter-sister
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recombination to the promotion of NHEJ. They also show
that elevated Cdc2 activity has distinct effects on HR. While
break-induced recombination between homologous chro-
mosomes is blocked (Figure 3B), sponatenous recombina-
tion between sister chromatids, which are attached by the
cohesion complexes, is increased (Figure 5B and C).

Casein kinase 1 (Hhpl) is aberrantly modified in cdc2.1w
cells

We became interested in CK1 because the CPT sensitivity
of the Ahhpl deletion strain was partly suppressed by ele-
vated Cdc2 activity (cdc2. 1w or weel-50) (Figure 6A). This

suppression was, however, limited to the acute exposure of
cells to the topoisomerase 1 inhibitor as it was not evident
when cells were grown for several days in the presence of the
drug. This rescue places both kinases in the same CPT re-
sponse, a conclusion supported by their physical association
(Figure 4A). Since Hhpl is known to undergo autophos-
phorylation (50), we employed isoelectric focusing to inves-
tigate the modification pattern of the kinase in wild type
and cdc2. Iw cells treated with 40 wM CPT for 4 h or left un-
treated. Separation of soluble Hhpl-HA protein on a linear
pH strip ranging from pH3 to pH10 revealed two species
of CK1 (Figure 6B). The intensity of the more acidic form
(number 1 in Figure 6B) increased in cdc2. 1w hhpl-HA cells



Nucleic Acids Research, 2014, Vol. 42, No. 12 7743

A
E J
1000 ~Wild type P ) WT o o Ahhpf Acds1 Achk1
S P
<hhpl-d cdc2iw S e S o
= 100 ~hhpt-dweetso  E % REHEAEE B T iomcer
© -5 o
2 3 &
£ uiil 60 120 180 240 300 360 vO 60 120 180 240 300 360
a " F K
- :: Ahhp1 a0y Ahhp1 Arad3
1 +——r—rrr—r—rrrrrr— 3 a;l;o.
o 30 =
01234567889 g v ceT % &) .
B Time in CPT, min 2 - 40uM CPT M e L0
3 3
+ pl 1| I2 G 0. €0 120 190:,240:300 360 o% 60 120 180 240 300 360
- L
F) g
3 % ! g
a» Hhp1cdc2.1w g ?: ivcscer z fzw - toumcPT
8 H
o Hhp1 +CPT %060 130 160 240 300 360 *0 60 120 130 240 300 360
H M
Hhpl cdc2.1w = o] Achk1Ahhpt « o] crb2-T125A Ahhp1
.‘ * g n
® 30 w 30
+CPT ; 20 -o-no CPT ‘-é 20 =»=no CPT
Cc u cdc2.1w % 10 —+-40uM CPT g o ¥~ 40pM CPT
(7] LY
— + - CPT 0% 60 120 180 240 300 360 0 60 120 180 240 300 360
o Hhp1-GFP [ e, fedst Ahhod N = Achk1Asrs2 Ahhp1
S Cdc2 Protein o i P £
& ) = S 30 8 30
2O Supernatant § 12: —v-::p?\np;lzp'r g j: 423.::;”
u th1-GFP :l,I" e 00 60 120 150 240 300 360 “ el:l 60 120 180 240 300 380
own Time, min
= s 8 Cdc2 ' 0 =
5o Asrs2 Ahhp1
D no Drug 1uM 2uM 10uM CPT w0
Ullle ¢ OO 2 OON 00 & . 3 » =10 CPT
Achk1 X R RIREENELE B %10 -=-40pM CPT
Ahhp1 . o ¥ : v DD 60 120 180 240 300 360
iV 0 20 O 5% -0 0w~ @ .
Ahhp1 Achk1 [ R K.
I Islle o % . @ % 2 000 . #
Asrs2Ahhp1 L ENFE
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independently of CPT. This observation, together with the
direct association between the two kinases (Figure 4A), im-
plies that Cdc2 phosphorylates Hhpl.

While Hhpl was not further modified in CPT-treated
wild-type cells, several hypermodified species appeared
when cdc2. 1w hhpl-HA were incubated with the drug (Fig-
ure 6B, panel 4). These additional modifications could arise

from aberrant Cdc2 activity in the presence of CPT, from
a change in autophosphorylation of Hhpl in cdc2. Iw cells
or from a yet unknown kinase targeting Hhpl under these
conditions.

To test whether the association of Cdc2 with Hhpl is af-
fected by CPT treatment or elevated Cdc2 activity, we puri-
fied Hhp1-GFP protein complexes from growing cells, cells
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treated for 4 h with 40 wM CPT or untreated cdc2. /w Hhpl1-
GFP cells using the novel GFP-trap. As shown in Figure
6C, the high affinity GFP-binding protein depleted the sol-
uble Hhp1-GFP protein from the extract. The purified pool
of Hhpl-GFP contained a significant amount of Cdc2 ki-
nase independently of CPT treatment and high Cdc2 activ-
ity suggesting a stable interaction between the kinases.

Informed by the previous finding that hyperactive Cdc2
down-regulates Srs2 (Figure 5), we tested the CPT sensitiv-
ity of Asrs2 Ahhpl cells and found an epistatic relationship
between CK1 and the helicase. We also found an epistatic
relationship between Chkl and Srs2, and between Chkl
and Hhpl (Figure 6D). Taken together, these observations
imply that Hhpl and Srs2 both have to be active for Chkl
to become stimulated by broken replication forks.

Deletion of Casein Kinase 1 prolongs the G2 arrest in a crb2-
T215A4 dependent manner

To test whether Hhpl acts in the G2 arrest of cdc2. Iw cells,
we synchronized wild type, Ahhpl and cdc2. 1w Ahhpl cells
and measured cell-cycle progression in the presence of 40
wM CPT. Interestingly, deletion of iipl on its own was suf-
ficient to delay entry into mitosis by ~2 h (Figure 6F) in a
Chkl-independent manner (Figure 6H). In light of the as-
sociation of Hhpl with Cdc2 (Figure 4A) and the Cdc2.1w-
dependent change in its phosphorylation pattern (Figure
6B), it seems very likely that hyperactive Cdc2 alters Crb2
activities by blocking Hhpl kinase. Consistent with this
conclusion, loss of ¢rb2 (Figure 6L) or mutation of T215
to alanine (Figure 6M) abolished the G2 arrest of Ahhpl
cells in the presence of CPT.

Since our earlier data on cdc2.1w strongly suggest that
the mitotic Crb2-T215 modification allows Rad3 to acti-
vate Cdsl instead of Chkl (Figure 2E), we deleted cdsl,
rad3 or cdsl and chkl in the Ahhpl mutant. While loss of
Cdsl on its own had no effect on the arrest (Figure 6I),
concomitant deletion of cds! and chkl or deletion of rad3
abolished the G2 delay (Figure 6J and K). These observa-
tions are in agreement with our previous finding that Acds/
Achkl cdc2. 1w cells fail to stop in CPT medium (Figure 2E)
and show that Chk1 becomes only important in Ahhpl cells
when Cdsl is inactivated. In line with the epistatic relation-
ship between Hhpl and Srs2 (Figure 6D), loss of Srs2 in
Ahhpl or in Ahhpl Achkl cells had no further effect on the
arrest although the Ahhpl Achkl Asrs2 triple mutant reen-
tered the cell cycle earlier compared to the Ahhpl Asrs2 dou-
ble mutant (Figure 6N and O).

DISCUSSION

We report here that fission yeast cells with a hyperactive
Cdc2 kinase (cdc2. 1w) are specifically sensitive to the topoi-
somerase | inhibitor CPT (Figure 1B), enter a prolonged
G2 arrest when replication forks break in the presence of
CPT (Figure 1F) and maintain a G1-like DNA repair state
with high levels of NHEJ and low levels of interchromo-
somal recombination (Figure 3). Our genetic data strongly
suggest that the CPT sensitivity and the extended G2 ar-
rest are two independent manifestations of elevated Cdc2
activity. While the introduction of a loss-of-function muta-
tion in Cdc25 phosphatase (cdc25.22), which is known to
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Figure 7. Model. (A) The domain structure of Crb2. In the presence of
DNA damage, the C-terminal Tudor and BRCT domains allow Crb2 to
bind to methylated and phosphoryalated histones, respectively. Cdc2 phos-
phorylates Crb2 at threonine 215 (T215) in mitosis thereby promoting the
association of Crb2 with Rad4 independently of DNA damage. Chkl1 as-
sociates with Crb2 after the Rad3-dependent phosphorylation of T73 and
S80 in the response to DNA lesions once Crb2 has been modified at T187
by Cdc2 in G2. (B) Model. In wild-type cells, the Crb2-Rad4 complex
changes from its M/G1 configuration to its G2 configuration when cells
exit S phase. This transition is promoted by Srs2 DNA helicase and Hhpl
(CK1) kinase, and by the G2 modification of T187 by Cdc2. In cdc2.1w
cells, this transition is delayed due to the inhibition of Srs2 and Hhpl by
the hyperactive Cdc2.1w kinase. This locks the Crb2-Rad4 complex in its
M/G1 mode. The repair of broken replication forks may be delayed as
cdc2. 1w cells favour NHEJ over interchromosomal recombination. This
leads to the activation of Cdsl instead of Chkl, and an extended G2 ar-
rest.

lower Cdc2.1w activity (24), suppresses the CPT sensitivity
(Figure 1C), it fails to restore a normal G2/M delay (Figure
1G). This difference could be explained by the dynamics of
Cdc2 throughout the cell cycle. In vitro kinase assays have
shown that Cdc2 activity starts to increase half way through
G2 in normal fission yeast cells, but starts very early in G2
and then rises at twice the rate in cells with hyperactive Cdc2
kinase (51). This change in Cdc2 levels throughout the cell
cycle could have a profound effect on Crb2 as Cdc2 targets
the protein at least twice in one cycle. At its activity peak
in mitosis, Cdc2 phosphorylates Crb2 at T215 which allows
Crb2 to bind to Rad4 (18,19). The mitotic Crb2-Rad4 com-
plex may exist until the start of G2 when sufficient Cdc2
activity accumulated again to modify the complex at T187,
a non-canonical Cdc2 site closer to the N-terminus of Crb2
(Figure 7) (21). The phosphorylation of T187 rearranges the
Crb2-Rad4 complex so that Crb2 can bind to Chkl, and
Rad4 to the Rad9-Rad1-Husl complex (21). This temporal
order of modifications may be affected by the higher and
faster rising levels of Cdc2 in cdc2.1w cells as they fail to
activate Chk1 when replication forks collapse (Figure 2C).
Intriguingly, cdc2. Iw cells activate Cdsl kinase under these
conditions (Figure 2D and E) which implies that the mitotic
Crb2-Rad4 complex targets this kinase instead of Chkl. El-
evated Cdc2 activity may either expand the mitotic pool of
the T215 phosphorylated Crb2-Rad4 complex or it may ini-
tiate further modifications like the phosphorylation of T187
prematurely. As a result of this, the Crb2-Rad4 complex



may become trapped in its mitotic state (52) thereby pro-
moting NHEJ over interchromosomal recombination (Fig-
ure 3). If replication forks were to break under these condi-
tions, their repair may be delayed explaining the extended
G2 arrest (Figure 7). Interestingly, the aberrant modifica-
tion of the Crb2-Rad4 complex in cdc2. 1w cells requires the
inhibition of Hhp1 kinase and Srs2 DNA helicase as Ahhpl
and Asrs2 mutants both show an extended G2 arrest which
is abolished upon mutation of T215 (Figures SF and 6M).
Since Hhpl and Srs2 associate both with Cdc2 (Figure 4),
the hyperactive kinase may either block or modulate their
activities to promote NHEJ and/or to expand the pool of
T215 modified Crb2-Rad4 complexes.

Budding yeast Srs2 possesses several functions which
may help to explain how a multifunctional helicase could
regulate Crb2. Srs25¢ binds in vitro to junctions between
single- and double-stranded DNA (47) and promotes
NHEJ in G1 (44). If Crb2, like human 53BP1, prevents the
resection of DNA ends in G1, Srs2 may terminate this ac-
tivity by binding to these junctions at the G1/S transition.
In normal cells, Srs2 may therefore be down-regulated by
Cdc2 until cells initiate DNA replication. This inhibition
may well be extended beyond the start of S phase in cdc2. Iw
cells causing problems with the activation of the DNA dam-
age checkpoint kinases when forks break. Although hyper-
active Cdc2.1w clearly blocks Srs2 as indicated by the in-
crease in the spontaneous inter-sister recombination rate
(Figure 5C), it is as yet unclear whether this is by a Cdc2-
dependent modification of the helicase. The latter is, how-
ever, supported by the physical association between Cdc2
and Srs2 (Figure 4A), and by similar findings in S. cerevisiae
(46). Alternatively, Cdc2 could regulate Srs2 indirectly via
Hhpl given the epistatic relationship between Asrs2 and
Ahhpl for the CPT sensitivity (Figure 6D) and the G2 arrest
(Figure 60).

Hhpl is most closely related to human Casein kinase le
(53), which performs diverse roles in the circadian clock,
DNA repair and wnt-B-catenin signaling (54). CK1 en-
zymes are monomeric kinases which are regulated by au-
tophosphorylation and require in many cases a priming ki-
nase to recognize a substrate (54). There are several ways
how Hhpl could regulate Crb2. Hhpl could act through
Srs2, but this is less likely since the duration of the G2 ar-
rest is significantly longer in Ahhpl cells (Figure 6F) than
in Asrs2 cells (Figure 5D). Alternatively, Srs2 may asso-
ciate with and regulate Hhp1. This idea is based on the re-
cent discovery that human CKle associates with the RNA
helicase DDX3 to control wnt-B-catenin signalling (55). A
third possibility is that Cdc2 primes Crb2 for the phospho-
rylation by Hhpl and that this modification is required for
Srs2 to act on Crb2. In line with this notion, additional
phosphorylation bands were observed once Crb2 was mod-
ified by Cdc2 at T215 (18). Whether this hyperphosphory-
lation of Crb2 is dependent on CK1 is not yet clear, but the
S. cerevisiae paralog of Crb2, Rad9, is modified by Polo-like
kinase and Casein kinase 2 when cells reenter the cell cycle
from a G2 arrest (56).

In summary, our data entertain a model (Figure 7) in
which Cdc2 retains the Crb2-Rad4 complex in its M/G1
mode by blocking Srs2 DNA helicase and Hhpl kinase un-
til cells enter G2 phase. This would silence Chk1 until suffi-

Nucleic Acids Research, 2014, Vol. 42, No. 12 7745

cient Cdc2 kinase has accumulate at the start of G2, which
may be a prerequisite to promote NHEJ in G1 in wild-type
cells. In cdc2. Iw cells, this inhibition of Chk1 seems to con-
tinue beyond the start of G2 resulting in the aberrant ac-
tivation of Cdsl and a long G2 arrest when forks break
in a chromatin environment that favours NHEJ over inter-
chromosomal recombination. Further work is, however, re-
quired to establish how Cdsl is activated in cdc2. Iw cells
and how Hhpl and Srs2 are regulated by Cdc2 to modulate
Crb2.
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