Cdc2-cyclin B kinase activity links Crb2
and Rqh1-topoisomerase III
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The availability of a sister chromatid, and thus the cell cycle phase in which DNA double-strand breaks
(DSBs) occur, influences the choice between homologous recombination (HR) or nonhomologous end joining
(NHEJ). The sequential activation and destruction of CDK-cyclin activities controls progression through the
cell cycle. Here we provide evidence that the major Schizosaccharomyces pombe CDK, Cdc2-cyclin B,
influences recombinational repair of radiation-induced DSBs during the G, phase at two distinct stages. At an
early stage in HR, a defect in Cdc2 kinase activity, which is caused by a single amino acid change in cyclin B,
affects the formation of Rhp51 (Rad51°P) foci in response to ionizing radiation in a process that is redundant
with the function of Rad50. At a late stage in HR, low Cdc2-cyclin B activity prevents the proper regulation
of topoisomerase III (Top3) function, disrupting a recombination step that occurs after the assembly of Rhp51

foci. This effect of Cdc2—cyclin B kinase on Top3 function is mediated by the BRCT-domain-containing
checkpoint protein Crb2, thus linking checkpoint proteins directly with recombinational repair in G,. Our
data suggest a model in which CDK activity links processing of recombination intermediates to cell cycle

progression via checkpoint proteins.
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DNA double-strand breaks (DSBs) pose a considerable
threat to genomic integrity and cell survival. If not re-
paired, a single DSB can result in cell death (Rudin and
Haber 1988). DSBs arise both spontaneously, for ex-
ample, during DNA replication, and in response to ex-
ogenous agents such as ionizing radiation (IR). The two
major DSB repair pathways in eukaryotic cells are non-
homologous end joining (NHE]J) and homologous recom-
bination (HR). NHE] results in the ligation of broken
DNA ends irrespective of their sequence information.
This process is potentially error-prone and can result in
loss of genetic information. In contrast, HR uses the ge-
netic information stored in the sister chromatid (or po-
tentially the homologous chromosome) to repair DSBs
with high fidelity.

Genetic studies in Saccharomyces cerevisiae have es-
tablished that HR is performed by the products of the
RADA52 epistasis group of genes (Paques and Haber 1999).
Once a DSB is formed, the ends are resected by a 5'-3’
exonuclease in a manner partially dependent on the
Rad50-Mrel 1-Xrs2 protein complex (Ivanov et al. 1994).
This results in 3’-ended single-strand DNA (ssDNA)
tails, which are channeled into different homology-de-
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pendent recombination pathways. In a minor pathway,
3’ tails can undergo intrachromosomal single-strand an-
nealing (SSA) (Ivanov et al. 1996), which results in the
deletion of the intervening sequence. The major path-
way, however, is invasion of a homologous DNA region
on a sister chromatid or on a homologous chromosome
by the 3’ tails. Invasion by one of the two ssDNA tails
generates a unidirectional replication fork, which can
migrate down the template chromosome, copying the
genetic information, a process termed DNA-break in-
duced replication (BIR) (Kraus et al. 2001). Invasion by
both ssDNA tails results in the formation of a double
Holliday Junction (HJ), which, when resolved, results in
gene conversion with or without a crossover event. SSA,
BIR, and gene conversion are all dependent on Rad52, but
only the latter pathway requires assembly of the Rad51
nucleoprotein filament, which promotes homologous
pairing and strand exchange (Paques and Haber 1999).
The availability of the sister chromatid, and therefore
the cell cycle phase in which the DSB occurs, determines
the choice of the appropriate repair pathway. The mo-
lecular mechanisms underlying this channeling event
are unknown. In G,, DSBs are rejoined by NHE], SSA, or
BIR (in a diploid), whereas after DNA replication, the
sister chromatid serves as an information donor for HR.
The cell cycle is controlled by the sequential action of
CDK-cyclin complexes, and it would thus be logical if
these were also to influence the channeling of DSBs into
different repair pathways. However, evidence for such a
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function has not been reported. There are several ways in
which CDKs could channel DSBs into specific repair
pathways. For example, CDKs could regulate the expres-
sion of key repair enzymes, thereby influencing the
choice between HR and NHE]J. It has been proposed that
Rad52 competes with proteins of the NHE] pathway for
binding to DSBs (Van Dyck et al. 1999). The increased
expression of Rad52 in late S phase and in G, (when
HR is at its highest level) in human cells might thus
affect the balance of repair events (Chen et al. 1997).
Alternatively, CDKs could directly phosphorylate pro-
teins involved in the response to DNA damage. CDK-
dependent phosphorylation has been reported for several
proteins involved in the DSB response, including single-
strand binding protein (RPA) (Dutta and Stillman 1992;
Niu et al. 1997), DNA ligase I (Aoufouchi et al. 1995),
Srs2 DNA helicase (Liberi et al. 2000), the tumor sup-
pressor protein BRCA1 (Ruffner et al. 1999), and the
Schizosaccharomyces pombe checkpoint protein Crb2
(Esashi and Yanagida 1999).

Crb2 is the S. pombe analog of the canonical S. cerevi-
siae Rad9 checkpoint protein and contains two C-termi-
nal BRCT motifs (Saka et al. 1997; Wilson et al. 1997).
Cdc2—cyclin B kinase has been shown to phosphorylate
Crb2 during metaphase, just before destruction of cyclin
B (Esashi and Yanagida 1999). Later in the cell cycle, this
modification is an essential prerequisite for the check-
point-dependent hyperphosphorylation of Crb2 by the
Rad3 protein kinase in response to DNA damage.

In this work, we provide evidence showing that a func-
tional Cdc2-cyclin B kinase complex is required for suc-
cessful HR. A point mutation in cdc13, encoding the
major G,-cyclin in S. pombe, reduces CDK activity and
renders cells sensitive to IR. The increase in sensitivity
is not caused by a checkpoint defect, but relates prima-
rily to an impaired function of topoisomerase III (Top3).
Loss of Top3 activity, which acts downstream of, or in
parallel with, the Rqgh1 DNA helicase, permits the use of
an alternative Rqhl-dependent mechanism that results
in hyperrecombination and cell death following IR. Our
data suggest that CDK targets Top3 indirectly, via the
checkpoint protein Crb2. Although Crb2, Rghl, and
Top3 all act at a late stage in HR after formation of
Rhp51 (Rad51 homolog) foci, we also find that CDK ac-
tivity plays a second role at an early stage. CDK activity
positively regulates a function that is required for the
assembly of Rhp51 foci in a redundant manner with
Rad50. Our findings show that a functional Cdc2-cyclin
B kinase complex is necessary to protect cells from the
genotoxic consequences of IR and suggest a mechanism
by which Crb2 acts at the interface between cell cycle
regulation, checkpoint function, and DSB repair.

Results

A point mutation in cdc13 renders S. pombe cells
sensitive to IR

To identify S. pombe proteins involved in the response
to DNA damage that are also essential for cell growth,
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we screened a collection of temperature-sensitive mu-
tants for sensitivity to a variety of DNA-damaging
agents. Under permissive conditions, one mutant (TC-
245) was highly sensitive to ionizing radiation (IR),
mildly sensitive to UV light, and insensitive to DNA
replication blocks caused by nucleotide depletion (Fig.
1A-C). The mutation mapped to the cdc13 gene (cdc13-
245), which encodes the major G,-cyclin in S. pombe
(Booher and Beach 1988; Hagan et al. 1988). Sequence
analysis shows that the phenotype results from a single
amino acid replacement at position 255 (E255R) within
the cyclin box (data not shown). Because loss-of-function
mutants in cdc13 undergo DNA re-replication (Hayles et
al. 1994) , we analyzed the DNA content of an asynchro-
nous cdc13-245 culture under permissive conditions.
FACS analysis revealed a 2C DNA content identical to
wild-type controls, showing that cdc13-245 cells do not
re-replicate under these conditions and that the IR sen-
sitivity is not a result of an increase in G, cells (data not
shown).

Cdc13 is known to regulate mitotic progression, and it
is possible that the sensitivity of cdc13-245 cells is a
result of checkpoint failure. To investigate this, we irra-
diated wild-type cells and cdc13-245 cells that had been
synchronized in G, by lactose gradient centrifugation
and analyzed their subsequent cell cycle progression.
Like wild-type cells, cdc13-245 cells transiently arrested
entry into mitosis, showing that checkpoint failure is
not responsible for the IR sensitivity (Fig. 1D). Interest-
ingly, unlike wild-type cells, ~40% of cdc13-245 cells
entered a catastrophic mitosis upon recovery from the
G,/M arrest, as indicated by nuclear abnormalities (Fig.
1E). This mitotic failure, despite normal G, delay, is in-
dicative of a defect in DNA repair.

The E255R substitution reduces Cdc2 kinase activity
in vivo and in vitro

Under permissive conditions, cdc13-245 cells are
slightly more elongated than wild-type cells (data not
shown), which is indicative of a moderate delay over
entry into mitosis. Because mitotic entry requires high
Cdc2-Cdc13 kinase activity, this delay suggests that the
E255R mutation reduces CDK activity in vivo. To char-
acterize the effect of the E255R substitution under in
vitro conditions, we coimmunoprecipitated Cdc2 from
soluble wild-type and cdc13-245 extracts (prepared under
permissive conditions from asynchronous cells) using a
polyclonal anti-Cdc13 antibody. The efficient coprecipi-
tation of Cdc2 from cdc13-245 extracts indicates that the
E255R substitution did not affect the interaction be-
tween Cdc2 and Cdc13. However, the loss of histone H1
phosphorylation by Cdc2 in this in vitro assay (Fig. 1F)
further suggests that the mutation in cyclin B impairs
CDK activity.

The E255R substitution compromises
homologous recombination

Given that Rad51 is essential for the repair of DSBs by
HR (Muris et al. 1993; Paques and Haber 1999), we con-
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structed a cdc13-245 rhp51-d double mutant. The double
mutant displayed the same sensitivity as the rhp51-d
single mutant (Fig. 2A), suggesting that low CDK activ-
ity affects the Rhp51-dependent DSB repair pathway.
However, compared to rhp51-d mutants, which are com-
pletely deficient in HR, cdc13-245 cells are significantly
less sensitive, especially to doses below 200 Gy (Fig. 2A).
To verify the epistatic relationship between cdc13-245
and rhp51-d, we repeated our genetic analysis using UV
light. S. pombe cells use two pathways to repair UV dam-
age. Photoproducts are either removed by nucleotide
excision repair (NER) or channeled into an Rhp51-depen-
dent pathway after being removed by the UVDE enzyme
(Murray et al. 1997; McCready et al. 2000). The cdc13-
245 rhp51-d double mutant showed an identical UV sen-
sitivity to that of the rhp51-d single mutant (Fig. 2B). In
contrast, loss of NER (rad13 deletion) in a cdc13-245
background resulted in a double mutant that was signifi-
cantly more UV sensitive than either of the two single
mutants (Fig. 2C). These data are consistent with the
involvement of HR in UV repair in fission yeast (Mc-
Cready et al. 2000) and confirm the conclusion that low
CDK activity compromises Rhp51-dependent HR.

Low CDK activity impairs Rhp51 (Rad51 homolog)
foci formation

To map the function of Cdc2-cyclin B within the HR
pathway, we combined the cdc13-245 allele with differ-

IP: Cdc13 Control

pellet. The asterisk marks a nonspecific band.
(Right panel) In vitro kinase assay. The anti-
Histone H1 Cdc13 antibody was used to precipitate Cdc2—
<+ cyclin B kinase from untreated extracts and
from extracts prepared after irradiation with a
dose of 500 Gy. The precipitated material was
incubated with histone H1 and ATP.

ent mutants deficient in recombinational repair. The
Rad50-Mrel1-Xrs2 protein complex functions upstream
of Rad51 and links processing of DNA ends with the
availability of the sister chromatid (Hartsuiker et al.
2001). rad50-d cells are more radiation resistant than
rhp51-d cells (Hartsuiker et al. 2001), indicating that the
early functions in HR can be performed by redundant
pathways. Interestingly, the rad50-d cdc13-245 double
mutant is more sensitive to IR than the rad50-d single
mutant (Fig. 3A). This increase implies that low CDK
activity impairs HR at an early stage (such as end pro-
cessing) in a manner redundant with the Rad50 function.

To seek further evidence supporting this hypothesis at
the cellular level, we used a cross-reacting anti-human
Rad51 antibody to analyze the formation of Rhp51 foci
in irradiated S. pombe cells. Human Rad51 accumulates
at sites of DNA damage in postreplicative chromatin
(Tashiro et al. 2000). Treatment of wild-type S. pombe
cells with 500 Gy of IR resulted in the assembly of
Rhp51 in bright nuclear foci within 1 h postirradiation
(Fig. 3B). Irradiation of synchronized cells confirmed that
foci formation occurred in G, (data not shown; see be-
low). Next, we visualized Rhp51 foci in different mu-
tants to characterize the role of other recombination pro-
teins. The formation of foci was dependent on the me-
diator protein Rhp55, which is thought to facilitate the
formation of the Rad51 nucleoprotein filament, whereas
it was independent of the synaptic factor Rad54, which
functions later in HR to permit strand invasion. Cells
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Figure 2. The cdc13-245 mutation affects homologous recom-
bination. (A) cdc13-245 does not increase IR sensitivity of an
rhp51-d mutant. (B) The cdc13-245 mutant is epistatic with
rhp51 in recombinational repair of photoproducts. (C) Loss of
NER renders cdc13-245 cells more sensitive to UV-induced
DNA damage.

deleted for rad50 showed only a moderate reduction in
the focal assembly of Rhp51 (Fig. 3B). Although almost
100% of wild-type cells possessed Rhp51 foci 1 h post-
irradiation, only 53% = 10% of rad50-d cells developed
bright foci (Fig. 3C) and 17% = 8% of rad50-d cells failed
to produce any foci. The diminished ability of rad50-d
cells to assemble Rhp51 foci is consistent with the
higher radiation resistance of these cells when compared
with an rhp51-d strain. Interestingly, in a rad50-d back-
ground, the ability to produce Rhp51 foci was largely
dependent on an intact Cdc2-cyclin B kinase complex.
At 1 h postirradiation, only 7% + 4% of rad50-d cdc13-
245 cells assembled bright wild-type-like foci and
53% = 5% of cells were without foci (Fig. 3B,C). Western
blot analysis confirmed that all mutants contained simi-
lar levels of Rhp51 protein (data not shown). These data
provide evidence that CDK activity positively controls
an early recombination function that is redundant with
Rad50 and required for IR-induced focal assembly of
Rhp51.

Loss of Rgh1 DNA helicase restores IR resistance
in a cdc13-245 mutant

Rghl is the only RecQ-like DNA helicase in S. pombe
(Murray et al. 1997; Stewart et al. 1997). During S phase,
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Rgh1 is thought to act at stalled replication forks during
recombination-based repair (Murray et al. 1997). The
link between Rqhl and HR prompted us to test whether
Rqh1 is also required for the response to IR in G, cells.
Survival analysis following IR revealed that rghl-d cells
are sensitive to IR and showed that Rqhl acts in the
same pathway as Rhp51 (Fig. 4A). Thus, both Rqhl and
Cdc13 contribute to successful recombinational repair of
IR-induced DSBs via an Rhp51-dependent pathway. Sur-
prisingly, deletion of rghl in a cdc13-245 background
resulted in a significant restoration of IR resistance (Fig.
4B) compared with either the rgh1-d or cdc13-245 single
mutants.

This mutual rescue indicates that Cdc2-Cdcl3 activ-
ity influences at least two distinct stages of HR. Because
the cdc13-245 mutation suppresses loss of Rqhl, Cdcl13
activity appears to control an early step that channels
DNA structures into the Rgh1-dependent pathway. That
Cdcl13 activity is required for a second step later in HR
becomes evident from the observation that inactivation
of Rghl restores IR resistance in a cdc13-245 back-
ground. This rescue strongly suggests that Cdcl3 activ-
ity is necessary to deal with recombination intermedi-
ates that are generated by Rghl DNA helicase. The fact
that this late function is not blocked by the early defect
indicates that the pathway is not linear and that Rqhl
receives DNA substrates from two parallel pathways,
and only one of these is dependent on Cdcl3.

This interpretation is consistent with our observation
that Cdc13 activity is necessary to allow focal assembly
of Rhp51 in a rad50-d background. To test whether Rqh1
shares this early function with Cdc13, we analyzed focal
assembly of Rhp51 in a rad50-d rqh1-d double mutant.
Deletion of rghl did not affect the appearance of Rhp51
foci in rad50-d cells 1 h postirradiation (Fig. 4C). This
result implies that Rqh1 does not participate in the early
step, but acts close to the late recombination function.
Taken together, these data indicate that the pathways
that provide DNA structures for Rqgh1 are under control
of Cdc13 and Rad50, respectively. This suggestion is sup-
ported by the observation that deletion of rad50 in a
cdc13-245 rghl-d background (the rghl-d cdc13-245
rad50-d triple mutant) renders cells as IR sensitive as
cdc13-245 rad50-d double-mutant cells (data not
shown).

Impaired CDK activity stabilizes both Rgh1 foci
and Top3 foci

The genetic interaction between cdc13-245 and rqhl-d
indicates a function for Rgh1 not only during S phase but
also in G,. To test this idea, we irradiated wild-type cells
that were synchronized in G, and analyzed the response
of Rghl. Neither protein levels nor electrophoretic mo-
bility of Rqh1 changed upon IR (data not shown), but, in
a proportion of cells, Rqghl relocalized from a predomi-
nantly nucleolar distribution to discrete foci in the chro-
matin compartment 1 h postirradiation (Fig. 4D,E). This
relocalization occurred in 5% = 1% of wild-type cells af-
ter 60 min and increased to 20% = 2% by 140 min post-
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of various mutant cells showing Rhp51 foci at 1 h postirradiation.

irradiation. To dissect the relationship between Rhp51
and Rqghl foci, we monitored the kinetics of Rhp51,
Rghl, and Top3 assembly in nuclear foci upon irradia-
tion of G,-synchronized cells (Fig. 4F). We included Top3
in our analysis, because the association between RecQ-
like DNA helicases and Top3 is highly conserved (Har-
mon et al. 1999; Bennett and Wang 2001). The N-termi-
nally MYC-tagged Top3 protein (L.V. Laursen, A.H.
Andersen, and J.M. Murray, unpubl.), which we used in
our study, had no obvious phenotype in either wild-type
cells or in a cdc13-245 mutant background.

At 1 h postirradiation, almost 100% of wild-type cells
possessed Rhp51 foci. The percentage of cell with Rhp51
foci declined steadily during the G,/M arrest period and
dispersed as cells re-entered the cell cycle between 180
min and 200 min postirradiation (Fig. 4F; data not
shown). In contrast, foci containing either Rqgh1 or MCY-
Top3 appeared toward the end of the arrest period, reach-
ing a maximum at ~140 min postirradiation (Fig. 4F).
This late response to IR is consistent with the idea that
both Rgh1 and Top3 function at a late stage in HR after
formation of Rhp51 foci. Moreover, it suggests that both
enzymes deal with recombination intermediates, which
appear only in a limited number of cells shortly before
the end of the arrest.

We repeated this analysis using G,-synchronized
cdc13-245 cells and found that the number of cells as-

sembling either Rqgh1 or MYC-Top3 in nuclear foci upon
IR increased significantly compared with wild-type cells.
At 140 min postirradiation, the percentage of cells pos-
sessing Rgh1 foci rose from 20% + 2% seen in wild-type
cells to 48% = 1%. Similarly, the number of cells show-
ing MYC-Top3 foci increased from 5% = 2% in wild-
type cells to 35% = 2% in cdc13-245 cells (Fig. 4F). The
protein levels of both Rghl and MYC-Top3 did not
change during the experiment (data not shown), and the
kinetic of Rhp51 foci formation and subsequent dispersal
was not affected by the cdc13-245 mutation.

To test whether the stabilization of these foci relates
to our model that Cdcl3 activity is required to process
recombination intermediates that are generated by
Rghl, we analyzed formation of Top3 foci in an rghl-d
cdc13-245 background. Loss of Rghl prevented the focal
assembly of Top3 in the double mutant (Fig. 4G), show-
ing that assembly of Top3 foci is dependent on Rghl
function and that low Cdc2-Cdcl3 kinase activity sta-
bilizes Top3 foci only when Rghl generates intermedi-
ates.

The checkpoint protein Crb2 acts in the same
recombination pathway as cyclin B

The checkpoint protein Crb2 becomes phosphorylated at
threonine 215 by Cdc2-cyclin B kinase during mid-mi-

GENES & DEVELOPMENT 1199



Caspari et al.

>

C rad50-d rgh1-d rad50-d cdc13-245
100

R
. 10
©
=
a 1
S
W g4

0 100 200 300

Dose, Gy
o 100
100 [ == Wi type &
B c 80
°__ 10 == rghi-d O &0 IR
g ——cdc13.245 £ w 4
E L 0 cc13.245 o 20
%) rqhi-d w 0
01 —
o 500 1000 0 100 200 300
Time, min
Dose, Gy
—{1— 0Gy

= E 500 Gy

DAPI Rgh1 Merge

+IR

DNA: green
Rgh1: red

MYC-Top3 MYC-Top3 cdc13-245 MYC-Top3

100 7= 100 T cdc13-245
80 0 4
60 ORpS1 m:

BRcht

2 HL =l
20 201

MYC-Top3

o= 1Bl 0 +-D=y cdc13-345

B0min  100min  140min  180min 60min  100min  140min  180min rght-d

Figure 4. Analysis of both Rqh1 foci and Top3 foci. (A) Rghl and Rhp51 act in the same recombination repair pathway. (B) Loss of
Rghl DNA helicase restores IR resistance of a cdc13-245 mutant. Note the mutual rescue, which suggests that the cdc13-245
mutation can also prevent cell death in an rgh1-d background. This rescue could relate to the involvement of Cdc2-Cdc13 in an early
recombination step such as end-processing. (C) Deletion of rghl in an rad50-d background does not affect assembly of Rhp51 in foci
at 1 h postirradiation (500 Gy). (D, left) Kinetic analysis of cell cycle progression either untreated or with a dose of 500 Gy in the second
G, phase. (Right) Untreated (0 Gy) or irradiated (500 Gy) wild-type G, cells from the same experiment. Rqgh1l was visualized with an
Rghl-specific antibody. The arrow marks damage-induced Rqh1 foci at 1 h postirradiation. (E, left) DAPI, anti-Rgh1 antibody staining,
and merge images showing representative cells irradiated in G,. Arrows indicate cells with foci. (Right) Single G, cells either before
(-IR) or 1 h after irradiation (+IR). In these merged images, chromatin is stained with DAPI (green) and Rqhl is visualized by the
anti-Rqh1 antibody (red). (F) Mean percentage of synchronized G, cells showing Rhp51 foci, Rghl foci, or MYC-Top3 foci at the
indicated periods of time after 500 Gy of IR. (G) Staining of the indicated asynchronous cells with the anti-MYC antibody at 140 min
postirradiation (500 Gy). The arrow marks damage-induced MYC-Top3 foci.

tosis. Phosphorylation of T215 is a prerequisite for sub- to create the crb2-T215A allele at the endogenous crb2
sequent Rad3-dependent hyperphosphorylation of Crb2 locus in both a wild-type background and a cdc13-245
in response to DNA damage (Esashi and Yanagida 1999). background. We observed that crb2-T215A cells are
The link between Crb2 and Cdc2-cyclin B prompted us more IR sensitive than cdc13-245 cells and that the
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double crb2-T215A cdc13-245 mutant had the same IR
sensitivity as the crb2-T215A single mutant, showing
that both proteins act in the same pathway for IR sur-
vival (Fig. 5A).

Given that the mutation in cdc13 affects two steps in
HR, we asked which of these steps might be compro-
mised in the crb2-T215A mutant. For this purpose, we
constructed a rad50-d crb2-T215A double mutant and an
rqh1-d crb2-T215A double mutant. Upon IR, the rad50-d
crb2-T215A double mutant assembled Rhp51 foci in a
manner that was quite similar to that of the rad50-d
single mutant (Fig. 5B), suggesting that the early Cdc13-
dependent function is not affected by the crb2-T215A
mutation. Interestingly, deletion of rgh1 suppressed the
IR sensitivity of the crb2-T215A mutant, but, unlike in
the case of the rghl-d cdc13-245 double mutant, IR re-
sistance was only restored to a level that is characteristic
for the rghl-d single mutant (Fig. 5C). This limited in-
crease in IR resistance suggests that Crb2 function is
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restricted to the late step in HR that requires Rqhl ac-
tivity. Consistent with this suggestion, we found that
the percentage of crb2-T215A cells containing Rqhl foci
rose from the wild-type level of 23% + 3% to 72% + 8%
at 140 min postirradiation (Fig. 5D).

Top3 is an efficient multicopy suppressor of both
cdc13-245 and crb2-T215A

During our strain construction, we noticed that MYC-
top3 crb2-T215A double-mutant cells are inviable (data
not shown). Although the MYC-top3 allele appears fully
functional (cell morphology and damage resistance as-
says) in other genetic backgrounds, the N-terminal tag
appears to impair a function that becomes essential in
crb2-T215A cells. This genetic interaction prompted us
to test whether overexpression of top3 could restore IR
resistance in crb2-T215A cells. Indeed, high protein lev-
els of Top3 proved very efficient in suppressing the sen-
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Figure 5. High levels of Top3 protein restore IR resistance in both the crb2-T215A mutant and the cdc13-245 mutant. (A) The
inability to phosphorylate Crb2 at threonine 215 renders cells sensitive to IR. The crb2-T215A mutation is epistatic with the
cdc13-245 mutation. (B) Mean percentage of the indicated asynchronous cells showing Rhp51 foci at 1 h postirradiation (500 Gy). (C)
Deletion of rghl restores IR resistance in a crb2-T215A mutant. Note that, unlike the case seen for the rghi-d cdc13-245 double
mutant, the mutation in crb2 fails to improve survival of rgh1-d cells. This is consistent with the fact that Crb2 is not involved in
an early step in recombination. (D) Mean percentage of asynchronous wild-type and crb2-T215A cells showing Rqhl foci at the
indicated periods of time upon 500 Gy of IR. (E) Overexpression of HIS,~top3 from a pREPI plasmid restores IR resistance in a
crb2-T215A mutant. (F) Overexpression of HIS~top3 restores IR resistance of cdc13-245 cells.
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sitivity to IR (Fig. 5E). Because Crb2 and cyclin B appear
to act in the same pathway, downstream of Rqhl, we
repeated this experiment in cdc13-245 cells and obtained
a similar result (Fig. 5F). This efficient rescue implies
that both the cdc13-245 and crb2-T215A mutations im-
pair Top3 activity. However, there is a potential alterna-
tive explanation for this rescue effect: as in the case of
the deletion of rgh1, high Top3 protein levels could con-
tribute to the increase in IR survival by impairing Rqh1
helicase function. To exclude this possibility, we over-
expressed top3 in wild-type cells and found that high
protein levels of Top3 did not increase the sensitivity of
wild-type cells to IR (data not shown).

An obvious link between Cdc13 and Crb2 is the Cdc2-
dependent phosphorylation of Crb2 at T215. Because the
mutation in cdc13 impairs Cdc2 kinase activity, a re-
duced phosphorylation state of T215 could explain the
observed genetic relationship. However, the use of an
antibody («a-T125-P) that recognizes Crb2 only in its
CDK-phosphorylated form revealed that the phosphory-
lation status of T215 was not significantly altered in a
cdc13-245 background under permissive conditions (data
not shown). Thus, the relationship between Crb2 and
Cdc13 appears to be more indirect (see Discussion).

Mutations in cdcl3 and crb2 cause Rqhl-dependent
hyperrecombination

As a consequence of impaired Top3 activity in cdc13-245
and crb2-T215A mutants, Rqghl DNA helicase could be-
come hyperactive. Because such an increase in uncon-
trolled activity could result in more recombination
events, we integrated a recombination substrate into
wild-type, crb2-T215A, and cdc13-245 cells to measure
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spontaneous and IR-induced HR. The recombination
substrate consists of two ade6 heteroalleles that are
separated by 4.5 kb of DNA containing a ura4" marker
(Schuchert and Kohli 1988). Recombination between the
heteroalleles restores a functional ade6 gene and allows
growth on medium lacking adenine. Two types of event
can be distinguished, gene conversion and crossover re-
combination, which results in loss of ura4*.

The spontaneous recombination frequency in a wild-
type background was 2.8 + 0.5 x 10 (0.7 x 1073/2.1 x 1073
conversion/crossover), and exposure to increasing doses
of IR did not change this rate significantly (Fig. 6A,C). A
similar rate of spontaneous recombination was observed
in a crb2-T215A background, 2.2 = 0.4 x 1072 (0.6 x 1073/
1.6 x 1073 conversion/crossover). However, in contrast
to wild-type cells, the rate of recombination increased up
to 50-fold when crb2-T215A cells were treated with in-
creasing doses of IR (Fig. 6A). In agreement with the
functional link between Cdc13 and Crb2, cells harboring
the cdc13-245 allele showed a similar phenotypic trait,
although IR-induced recombination increased only five-
fold (Fig. 6C). Interestingly, the mutation in cdc13 de-
ceased the spontaneous rate approximately fourfold,
0.8+0.3x10 (0.5x%x1073/0.3 x 10~ conversion/cross-
over), when compared with the other two strains. This
decrease in spontaneous recombination might be caused
by the early defect in HR. In no case was there a signifi-
cant difference in the ratio of conversion to crossover
events in response to IR (data not shown).

As predicted, the IR-induced hyperrecombination ob-
served in crb2-T215A and cdc13-245 mutants was
largely dependent on Rghl activity (Fig. 6A,C). Deletion
of rghl significantly reduced the number of ade6™ re-
combinants in both mutant backgrounds at the same
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Figure 6. Both crb2-T215A cells and cdc13-245 cells show Rghl-dependent hyperrecombination in response to IR. (A,C) Relative
induction of the recombination rate between two ade6 heteroalleles in response to increasing doses of IR. (B,D) Cell survival during
the recombination experiment. All data shown are the average of three independent experiments.
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time as it suppressed the IR sensitivity (Fig. 6B,D). This
increase in the survival rate indicates that Rgh1-dependent
hyperrecombination may reflect the primary cause of IR
sensitivity in both cdc13-245 cells and crb2-T215A cells.

Discussion

Our findings allow us to propose a model suggesting a
functional link between Cdc2-cyclin B kinase activity
and recombinational repair of DSB induced in G, by IR
(Fig. 7). In this model, Rqh1, in association with Top3,
processes recombination intermediates that are chan-
neled into this pathway by at least two different events.
One of these early recombination steps is dependent on
Cdc2-Cdcl13 kinase activity, whereas the other step re-
quires Rad50. In addition, Cdc2-Cdc13 kinase activity
exerts a second function later in HR by facilitating the
processing of recombination intermediates by Rqh1 and
Top3. Interestingly, this late step also requires a func-
tional Crb2 protein. Because Crb2 was so far only attrib-
uted to the checkpoint response and not to the repair
response (Wilson et al. 1997; Esashi and Yanagida 1999),
these data provide a new link between both pathways.

Is there an independent function for cyclin B?

In S. pombe, there is no evidence suggesting that cyclin
B can function independently of Cdc2 kinase. Cdc13 ap-
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pears to target Cdc2 to its nuclear destinations, and
Cdc13 has to dissociate from Cdc2 to be degraded at the
metaphase-anaphase transition (Decottignies et al.
2001). There are two plausible explanations for the IR
sensitivity of cdc13-245 cells, which are not mutually
exclusive. The mutation in cyclin B could either inter-
fere with the localization of Cdc2 to structures within
the nucleus, or it could reduce the kinase activity of the
protein complex. Our data support the second explana-
tion. Under permissive conditions, cdc13-245 cells
slightly delay entry into mitosis (data not shown), which
requires high Cdc2—-cyclin B kinase activity. Such a de-
crease in Cdc2 activity would be consistent with the
result of our in vitro kinase assay. The E255R substitu-
tion within the cyclin box of Cdcl3 did not affect the
interaction with Cdc2, but it dramatically decreased the
phosphorylation of histone H1 (Fig. 1F). These in vitro
data are in agreement with a previously published report
showing that mutations of invariant residues in the cy-
clin box, which included an E255Q substitution, result
in the accumulation of Cdc2-cyclin B kinase complexes
with impaired activity (Zheng and Ruderman 1993).

A role for cyclins in the response to DNA damage
in other systems

To our knowledge, there is only one report in the litera-
ture showing a role for cyclins in the response to DNA

cdc13-245
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DNA J/ Damage
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Hyper-recombination

Figure 7. A model indicating two functions for Cdc2—cyclin B kinase in HR. (Left panel) Cdc2-cyclin B kinase activity positively
regulates an early step in HR that is redundant with Rad50. Both steps generate recombination intermediates that are processed by
Rghl DNA helicase in association with topoisomerase III. Cdc2-cyclin B kinase activity exerts a second function together with Crb2
at a late step in HR. Both proteins are required to maintain Top3 activity until all recombination intermediates are processed.
Cdc2-Cdc13 kinase activity may prevent premature dephosphorylation of Crb2, thereby supporting Top3 function. In the absence of
Top3 activity, Rghl uses an alternative pathway resulting in hyperrecombination. (Right panel) Probable defects associated with the

cdc13-245 mutation.
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damage. Loss of the S-phase cyclins Clb5 and Clb6 ren-
ders Saccharomyces cerevisiae cells sensitive to MMS,
UV-light, and IR (Meyn and Holloway 2000). In contrast
to the normal checkpoint response of cdc13-245 cells
(Fig. 1D), a clb5-d clb6-d double mutant bypasses the
checkpoint arrest in metaphase and arrests instead with
separated sister chromatids. Because sister chromatid co-
hesion is established when cells are passing through S
phase (Uhlmann and Nasmyth 1998), loss of Clb5 and
CIb6 could indirectly affect cell cycle arrest.

The repair defect caused by cdc13-245 is G,-specific

HR is not only required to repair DSBs in G, but also
during S phase to restart stalled replication forks (Michel
et al. 2001). This dual function explains why mutants
deficient in HR are sensitive to nucleotide depletion by
HU treatment and lose viability when Okazaki fragment
processing is defective (Muris et al. 1996). In this con-
text, cdc13-245 is not a typical recombination mutant.
cdc13-245 cells are not HU sensitive (Fig. 1C), and loss of
Rad2 endonuclease, which is required for the processing
of Okazaki fragments, is not synthetically lethal (data
not shown). Hence, the repair defect in cdc13-245 mu-
tant cells appears to be restricted to postreplicative
stages in the cell cycle. A G,-specific function of Cdcl3
is consistent with its expression profile, which rises dur-
ing S phase and peaks in G, (Moreno et al. 1989). A
G,-specific role in recombination repair is also compat-
ible with our observation (Fig. 1E) that ~40% of cdc13-
245 cells, when irradiated in G,, enter a catastrophic
mitosis upon exit from the G,/M arrest.

Rghl DNA helicase is required to repair DSBs in G,

Rghl belongs to the highly conserved RecQ family of
DNA helicases, which includes S. cerevisiae Sgsl and
the human BLM and WRN proteins, which are mutated
in patients suffering from Bloom’s and Werner’s syn-
dromes, respectively (Mohaghegh and Hickson 2001). A
body of evidence suggests that these helicases function
in S phase to prepare blocked replication forks for the
recombinational repair machinery (Murray et al. 1997;
Stewart et al. 1997; Doe et al. 2000). The data we present
here show a further function for Rqhl in the repair of
DSBs in G,. Rqghl relocalizes from a predominantly
nucleolar distribution to foci in the chromatin compart-
ment of the nucleus upon irradiation in G, (Fig. 4E,F). In
addition, loss of rghl improves the survival rate of
cdc13-245 cells (Fig. 4B), strongly suggesting that Rqhl
acts upstream of, or parallel to, the recombination step
dependent on Cdc2-cyclin B kinase activity. Several
published observations support this suggestion: First,
BLM is most highly expressed in late S phase and G,,
when HR occurs. Second, BLM and Sgs1 both associate
with Rad51. And, finally, BLM colocalizes with human
Rad51 and binds to regions of ssDNA, when cells are
irradiated in G, (Bischof et al. 2001; Wu et al. 2001).
Our kinetic analysis of Rghl foci indicates that Rqhl

1204 GENES & DEVELOPMENT

helicase acts late during the G,/M arrest. Such a late
function is consistent with the finding that loss of Rqhl
did not affect focal assembly of Rhp51 in a rad50-d back-
ground (Fig. 4C). In vitro data obtained for Sgs1 and BLM
helicases indicate that Rqhl could process Holliday
junctions. Both Sgs1 and BLM catalyze branch migration
and unwind four-way junctions in vitro (Bennett et al.
1999; Karow et al. 2000).

What is the repair defect in a cdc13-245 mutant?

The correlation between DNA-damage-induced hyper-
recombination and cell viability suggests that inappro-
priate recombination may be primarily responsible for
the loss of IR resistance when Cdc2-cyclin B kinase ac-
tivity is impaired. cdc13-245 cells show a fivefold induc-
tion in the recombination rate between two ade6 hetero-
alleles after a dose of 500 Gy (Fig. 6C). Based on the
observations that loss of rghl both suppresses these re-
combination events (Fig. 6C) and restores IR resistance
of cdc13-245 mutant cells (Fig. 6D), we can speculate
that Rqhl activity might be a target either directly or
indirectly of Cde2-Cdc13 kinase and is consequently de-
regulated in cdc13-245 cells. It has been suspected for
some time that mutations in DNA topoisomerases
stimulate recombination through a mechanism that in-
volves RecQ-like DNA helicases (Wallis et al. 1989;
Gangloff et al. 1994). In several systems, it has been pro-
posed that helicases generate an intermediate that be-
comes recombinogenic if not processed by topoisomer-
ases (Gangloff et al. 1999; Goodwin et al. 1999; Harmon
et al. 1999).

Top3 is therefore a good candidate for such a function
because of its interaction with RecQ-like DNA helicases
and the fact that this is highly conserved (Bennett and
Wang 2001). Our finding that overexpression of top3 ef-
ficiently restores radiation resistance in the cdc13-245
mutant (Fig. 5F) implies that Rqghl DNA helicase be-
comes deregulated through a defect in Top3 function,
and that excess Top3 can substitute for this loss of func-
tion. An alternative explanation would be that Top3
physically dissociates from Rqghl in cdc13-245 cells, a
possibility hard to test directly because the majority of
Rgh1 and a proportion of Top3 proteins are insoluble in
S. pombe G, cells (data not shown). In S. cerevisiae, mu-
tations in the N terminus of Sgsl, which promotes the
interaction with Top3, are known to result in hyper-
recombination (Mullen et al. 2001). Our unpublished ex-
periments are not, however, consistent with the possi-
bility that Cdc2-Cdcl3 regulates Top3-Rghl interac-
tions directly: we mutated the two highly conserved
Cdc2 phosphorylation motifs in the N-terminal domain
of Rgh1 without observing any obvious phenotypes. Fur-
thermore, we were able to immunoprecipitate Rgh1 and
Top3 from both soluble wild-type and cdc13-245 ex-
tracts before and after IR (data not shown). Such experi-
ments, however, do not address the status of the in-
soluble Rqhl and Top3, which may reflect the active
component.



The role of Crb2 in the repair of DSBs

Support for the idea that checkpoint-dependent hyper-
phosphorylation of Crb2 is required for efficient Top3
activity comes from several experiments: Loss of rghl
restores IR resistance in a crb2-T215A mutant (Fig. 5C),
which cannot be hyperphosphorylated (data not shown;
Esashi and Yanagida 1999), strongly indicating that Rqh1
DNA helicase generates harmful intermediates in these
cells after IR treatment. At 140 min postirradiation, the
number of crb2-T215A cells assembling Rqhl foci in-
creased from 23% + 3% observed in wild-type cells to
72% + 8% (Fig. 5D). Finally, overexpression of top3 very
efficiently increased the survival rate of crb2-T215A
cells in an rqghl-dependent manner (Fig. 5E; data not
shown).

Although these results mirror the data obtained for
cdc13-245 cells, our observation that the state of Cdc2-
dependent phosphorylation of Crb2 at T215 was not sig-
nificantly changed in a cdc13-245 background under per-
missive conditions (data not shown) suggests an indirect
link between both proteins. We noticed repeatedly that,
in response to IR, the Rad3-dependent modifications of
Crb2 disappeared prematurely, although cells were still
arrested in G, (data not shown). This suggests that Cdc2—
Cdcl3 kinase activity exerts a regulatory role, thereby
controlling either a phosphatase that dephosphorylates
Crb2 or a kinase that modifies Crb2 upon IR. We specu-
late that premature loss of the IR-induced hyperphos-
phorylation of Crb2 terminates Top3 function before all
recombination intermediates are processed.

Crb2 shares several features with the tumor suppres-
sor protein BRCA1. Each protein contains two BRCT
domains at the C terminus, both proteins are modified
by CDKs, and, finally, both proteins become hyperphos-
phorylated in a checkpoint-dependent manner upon IR
(Scully et al. 1997; Ruffner et al. 1999). BRCAL1 seems to
act as a scaffold protein to allow assembly of both check-
point proteins and repair enzymes (Paull et al. 2000;
Wang et al. 2000). Interestingly, among the proteins that
bind to BRCA1 is the BLM DNA helicase (Wang et al.
2000). We suggest a similar scaffold role for Crb2. In
response to IR, checkpoint-dependent hyperphosphory-
lation of Crb2 might promote an interaction with Top3
that is essential for Top3 activity. Consistent with this
view, Crb2 interacts in the two-hybrid system with the
BRCT domain of Cut5 (Saka et al. 1997) and the human
homolog of Cut5, TopBP1, binds to topoisomerase II
(Makiniemi et al. 2001).

The recent finding that BRCA1 binds directly to
branched DNA structures and four-way junctions (Paull
et al. 2001), the same DNA structures recognized by
BLM and Sgs1 helicases, suggests an alternative, but not
mutually exclusive, explanation for the function of
Crb2: Crb2 could directly participate in the processing of
recombination intermediates. Such a function would be
consistent with the observation that the S. cerevisiae
homolog of Crb2, Rad9, is involved in the formation of
ssDNA following DNA damage near telomeres (Lydall
and Weinert 1995; Booth et al. 2001).

Cdc2-cyclin B kinase activity links Crb2 and Top3

Cdc2-cyclin B performs another function at an early
stage in HR

The first step to be observed after DSB formation is a
resection of the DNA ends resulting in 3’ ssDNA tails.
Whether this resection is by a 5'-3’ exonuclease or by an
endonuclease associated with a helicase is not known.
However, loss of the Rad50-Mrell-Xrs2 protein com-
plex retards the rate of 5'-3' exonuclease activity in vivo
(Ivanov et al. 1994). The fact that rad50-d cells still show
end-processing suggests the existence of redundant path-
ways. This is consistent with our observation that dele-
tion of rad50 only reduces, but does not abolish Rhp51
foci formation upon IR (Fig. 3B,C). Interestingly, in these
cells assembly of Rhp51 foci is highly dependent on a
functional Cdc2-cyclin B kinase (Fig. 3B,C), indicating
that CDK activity controls an early step in HR that is
redundant with Rad50. In S. cerevisiae, one endonucle-
ase that appears to act as a backup system for Rad50 is
Exol (Tsubouchi and Ogawa 2000). Given this informa-
tion, we explored the role of Exol in S. pombe. Like
cdc13-245 rad50-d cells, an exol-d rad50-d double mu-
tant was unable to assemble Rhp51 foci 1 h postirradia-
tion (data not shown). However, we have been unable to
find further evidence for a functional link between Exol
and Cdc2-cyclin B kinase.

Conclusion

Our data provide a link between Cdc2-cyclin B activity,
the BRCT-domain-containing checkpoint protein Crb2,
and the control of DNA repair in G,. Intriguingly, the
closest analog to Crb2 in mammalian cells is BRCAI,
which is also known to be CDK-phosphorylated (Ruffner
et al. 1999) and which has been implicated in channeling
DSBs into different repair pathways (Moynahan et al.
1999). 1t is tempting to speculate that the control of re-
combinational repair by CDK complexes reflects a fun-
damental mechanism whereby the chromatin’s replica-
tion status, and therefore the repair processes most ap-
propriate for DSB repair, are ‘hard wired’ into the
chromatin. Mechanistically, we have implicated the
BRCT-domain protein Crb2 in this process, where it ap-
pears to control a late stage of recombination by influ-
encing the activity of Top3 and its associated RecQ-like
DNA helicase, Rqhl.

Materials and methods

Genetics and cell biology techniques

Strains were constructed by standard genetic techniques. The
protocols for checkpoint measurements, cell scoring, irradia-
tion, lactose gradient centrifugation, centrifugal elutriation, and
fluorescence-activated cell sorter (FACS) analysis are all de-
scribed in Edwards and Carr (1997). Indirect immunofluores-
cence microscopy was performed according to the protocol pre-
viously published in Caspari et al. (2000), with the following
changes: Both the anti-MYC antibody and the anti-hRad51
(Santa Cruz H-92) were diluted 1:100, whereas the anti-Rqhl
antibody was diluted 1:400. To determine the percentage of
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cells showing nuclear foci, we visually scored 1000 cells for
each sample.

Isolation of the cdc13-245 mutant

Wild-type cells (leu1-32 ura4-D18 ade6-704 h~) were subjected
to EMS (ethylmethane sulfonate) mutagenesis as described in
Lawrence (1991). Mutants were grown on rich medium plates at
27°C and replica-plated onto two sets of plates, which were
incubated at 27°C and at 36°C. Temperature-sensitive strains
were isolated and tested for their sensitivity to various DNA-
damaging agents. Sensitive strains were crossed three times
with the wild-type strain to determine whether the sensitivity
relates to a single mutation. The restrictive temperature for the
cdc13-245 strain is 33°C. All experiments presented here were
performed at the permissive temperature of 27°C.

Construction of the crb2-T215A mutant

Strain construction was based on the method described in Ed-
wards et al. (1999). The crb2-T215A mutant was constructed as
follows: The sequence between S43 and T215 (including both
codons) was replaced by ura4* in a wild-type background. The
deletion mutant was transformed with an Ndel fragment con-
taining the T215A single mutation. Strains that had replaced
the urad* gene with the mutated crb2 fragment were counters-
elected on YEA plates containing 1 mg/mL 5-FOA (5-fluo-
roorotic acid).

Cell extracts, immunoprecipitation, and in vitro kinase assay

The protocols for total cell extracts, soluble extracts, and im-
munoprecipitation experiments are all described in Caspari et
al. (2000). Insoluble extracts were prepared with the following
changes: In buffer B, sodium phosphate was substituted by 100
mM HEPES (pH 7.0; called buffer D). Cells were broken with
glass beads in a Ribolyser (Hybaid); 400 uL of buffer D was added
after homogenization, and the cell homogenate was spun (Her-
aeus, 4K) into a new test tube. The protocol for the in vitro Cdc2
kinase assay is published in Moreno et al. (1989).

Recombination assay

Mitotic recombination was assayed by the recovery of Ade6*
recombinants from strains containing the recombination sub-
strate described in Schuchert and Kohli (1988). The assay was
performed according to the protocol published in Paulovich et
al. (1998). To assay the recombination frequency in response to
IR, cells were treated with the indicated doses of IR before being
plated onto selective medium.
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